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ABSTRACT 

Neurodegenerative diseases are characterised by the progressive loss of neuron function 

and structure. The most prevalent neurodegenerative diseases are hypothesized to be due 

to the misfolding and accumulation of specific proteins in the brain. Alzheimer’s disease 

(AD) is suspected to result from the aggregation of amyloid-β (Aβ) or tau proteins, 

Parkinson’s disease (PD) from the aggregation of α-synuclein (α-syn), and so on for 

numerous other diseases including Huntington’s disease, amyotrophic lateral sclerosis, 

and Creutzfeldt-Jakob disease. There are no curative therapies for any of these fatal 

diseases, only palliative care is available in some cases currently. Research is currently 

focussed on modulating the aggregation processes common amongst the diseases. 

Various projects are dedicated to targeting the protein monomers, or small oligomeric 

assemblies, present at the early stages toward therapy. Modern strategies to target these 

proteins involve the use of peptide-based agents, effective at selectively binding the 

proteins through engaging with multiple sites along the protein sequences; and multi-

target directed ligands (MTDL), which engage with multiple pathological factors to 

produce an overall beneficial effect. 

Here we set out to investigate various novel chemical scaffolds that we envisaged may 

prove effective at inhibiting protein aggregation mechanisms in the hopes of identifying 

new strategies and promising leads. Following review of the literature, compound 

scaffolds were designed based on existing data and then synthetic chemistry was 

employed to construct panels of candidate inhibitors. The compounds synthesised were 

then screened against protein aggregation including Aβ, α-syn and prion formation. 

Chapter 2 describes the development of a novel strategy to construct selective 

glycopeptide-based inhibitors of protein aggregation. This strategy employs the peptide 

sequences that are reported to recognise the target proteins in their monomeric or 

oligomeric state and then hinder their aggregation via a disruptive glycoside unit. This 

component of the project led to the identification of an inhibitor of α-syn aggregation and 

provided proof-of-concept for the design. The rationale was also used for the construction 

of Aβ and tau-targeted inhibitors, however evaluation of their effectiveness is ongoing. 
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Chapter 3 describes the use of the quinazoline scaffold to construct MTDLs designed to 

be capable of modulating the aggregation of α-syn and the formation of prion proteins. 

This component of the project led to the identification of a panel of highly potent 

inhibitors of prion formation in yeast, which are undergoing further evaluation currently, 

as well as a number of leads that are effective α-syn aggregation inhibitors. 

Chapter 4 describes investigation into α-syn oligomerisation modulating analogues of 

anle138b, a promising candidate undergoing preclinical development. The compounds 

designed and synthesised were found to be as effective as inhibiting α-syn aggregation in 

vitro as the preclinical candidate. 

Chapter 5 describes attempts at investigating the thiazolone scaffold for use in the design 

of MTDLs targeting protein aggregation. Unfortunately, this objective of the project was 

hampered by challenging syntheses and unfavourable solubility profiles, discouraging 

further commitment to the component of the project.  

In summary, a number of novel molecular scaffolds were designed, synthesised and found 

to be effective modulators of protein aggregation implicated in multiple 

neurodegenerative diseases. This project has culminated in the identification of promising 

leads against pathological targets for PD, prionopathy, and AD therapy, as well as 

contributing to the knowledgebase to stimulate future research efforts. 
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INTRODUCTION: 

Protein misfolding and self-assembly in neurodegenerative disease – 

The current understanding and therapeutic and diagnostic 

perspectives. 
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ABSTRACT 

Protein aggregation is speculated to drive the pathogenesis of numerous 

neurodegenerative diseases including Alzheimer’s disease (AD) and Parkinson’s disease 

(PD). Within the field there is an objective to identify chemical tools that may bind the 

chemical precursors to the aggregation, in order to facilitate the early-stage diagnosis of 

these diseases and support preventative therapy. Besides this, there is a need for novel 

chemical tools that may disrupt the pathological processing of the proteins underlying the 

disease states. Currently there are no diagnostic tools able to selectively bind and label 

these proteins to facilitate early-stage detection of the diseases, nor have any candidate 

therapies proved successful at addressing the underlying dementing processes of these 

diseases. Here we aimed to design, synthesise and evaluate diverse panels of compounds 

that may bind the proteins and halt their aggregation. We conclude that the compounds 

developed here may stimulate further investigation into related structures toward the 

development of AD and PD diagnostic and therapeutic strategies. 
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1.1  AMYLOIDS, PROTEIN METASTASIS AND NEURODEGENERATION 

Amyloids are intractable proteinaceous deposits caused by the misfolding and self-

assembly of normally soluble peptides and proteins. Diseases associated with amyloid 

formation, though once considered rare, have become among the most common and 

debilitating conditions in the modern world.1 Amyloid formation is implicated in the 

majority of neurodegenerative diseases (ND), which are characterised by the progressive 

loss of neuron function and structure. Alzheimer’s disease (AD), ‘the twenty-first century 

plague’, is present in 60-80% of dementia cases (Figure 1).1 More than 9.9 million people 

are diagnosed with dementia annually,1 though it’s believed there exists large majority 

that remain undiagnosed due, in part, to the difficulties associated with diagnosis. Even 

so, the total global cost of dementia exceeds USD1 trillion, an estimated 1-2% of the 

world’s gross domestic product. Approximately 50 disorders, exhibiting an array of 

disparate symptoms, have been linked to amyloid-like formation to date.2 There is no cure 

available for AD, nor the majority of diseases sharing these pathological commonalities. 

As stated above, AD is the most common ND. It is characterised by gradual neuronal 

dysfunction and degeneration, mostly occurring in the cerebral cortex and subcortical 

regions. These regions of the brain atrophy progressively as the disease advances, 

resulting in symptoms that include impaired memory, disorientation, mood swings and 

behavioural issues.1, 3 Gradually, bodily functions become compromised resulting in 

fatality, typically within 3-9 years following diagnosis. 4 The amyloid-forming proteins 

speculated to be responsible for AD are amyloid-β (Aβ) and tau protein, both of which 

are described in detail in Section 1.2.1 of this chapter. After AD, the second most 

common ND is Parkinson’s disease (PD). PD is characterised by cell death in the brains 

basal ganglia, with a notable impact on dopamine secreting neurons, especially in the 

substantia nigra pars compacta.5. Neuronal loss and dopamine depletion, is accompanied 

by astrocyte death and an increase in microglia in the substantia nigra also. All of the 

major circuitry connecting the basal ganglia to other areas of the brain are disrupted in 

patients with PD, resulting in impacts to movement, attention and learning among other 

functions. PD is speculated to arise due to the build-up of Lewy bodies (LBs) in the 

neurons,6 which occurs due to an abnormal accumulation of the α-synuclein protein (α-

syn), a process described in more detail in the article included in Section 2.2.1 of this 
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thesis. Other notable examples include Huntington’s disease, which involves aggregate-

prone Huntingtin protein, Creutzfeldt-Jakob disease (CJD), which involves the infectious 

prion proteins, and amyotrophic lateral sclerosis (ALS). 

The amyloid state of proteins are not only relevant in the context of disease however. We 

now know, following a wide range of experiments, that the amyloid state of a protein 

reflects a well-defined structural form alternative to its native state.7, 8 This alternative 

form may be adopted by many polypeptide sequences without leading to any known 

pathogenic condition.9 In addition to their native state, proteins exist in a multiplicity of 

others, also adopting disordered and partially ordered conformations (Figure 1.1A). 

Protein folding may be described as a diffusional search on a free energy surface, a search 

which occurs sequence-dependently.9, 10 This complicates predicting a proteins 

conformational preferences as the free energy surface depends on a large number of 

relatively weak interactions (hydrogen bonding, electrostatic interactions, dispersion 

forces, interactions with solvent). Self-association into aggregated species may, in many 

cases, be driven by a relative decrease in global free energy (Figure 1.1B).11 In an 

aggregating protein’s native state (not necessarily unfolded), most of the interactions 

between amino acid residues take place intramolecularly whereas, in protein’s amyloid 

state, intermolecular interactions tend to dominate. If the free energy (G) of the protein in 

its native state is lower than in the amyloid state, it is considered thermodynamically 

stable and will not aggregate.11 The conversion to the amyloid state will only take place 

when its free energy is lower than the native states. The stability of the amyloid state 

(ΔG), unlike the native state, is dependent upon protein concentration however. At 

concentrations exceeding the ‘critical concentration’, the concentration at which the 

states’ free energies are equivalent, amyloid formation will occur provided the free energy 

barrier can be overcome. The populations of a proteins different states and 

interconversion rates are determined by differences in their thermodynamic stabilities, 

their transition path’s free energy barriers, their rates of synthesis and degradation and 

their propensity to act as a substrate for chaperones or post-translational (among other 

chemical) modifications.  

Many of the proteins implicated in aggregopathies, such as AD or PD, are intrinsically 

disordered in their free soluble forms.2 Aβ and α-syn, among others, are both vulnerable 
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in forming non-functional, homogenous, aggregate species with highly ordered fibrillar 

structures. Aggregation of Aβ yields amyloid fibrils and, eventually senile plaques. 

Aggregation of the microtubule-associated tau protein yields paired helical filaments 

(PHFs) and the arrival of neurofibrillary tangles (NFTs), also associated with AD. 

Aggregation of α-syn yields Lewy bodies, typical of synucleinopathies such as PD and 

multiple-systems atrophy (MSA). Despite a lack of similarity in their sequences, their 

corresponding fibril species share a common ‘cross-β’ structure indicative of their 

component β-strands orienting perpendicular to the fibril axis. This common architecture 

originates from the universal propensity of polypeptide backbones to establish hydrogen 

bonding networks. These networks are, in a condensed state, most readily accommodated 

through lateral packing of intermolecular β-sheets. Packing itself, however, relies on the 

specific patterns of side-chain interactions, and so depends upon the peptide sequence.12, 

13 The populations of the proteins’ states depend on a number of biological and chemical 

variables. 
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Figure 1.1 Proteins can exist in different states. A. Proteins may undergo various conformational 

transformations that result in formation of off/on-pathway complexes or fibrils. B. Protein aggregation 

occurs only at concentrations at which the free energies of the proteins’ free and amyloid states are 

equivalent. C. Aggregation (blue arrows) is composed of a lag phase, an exponential phase and a plateau 

phase. Aggregation via secondary nucleation events (yellow arrow) catalyse the process. 

Amyloid formation follows a sigmoidal reaction time course.14 It is composed of an initial 

lag phase, representing the initial stages of protein complexation described above. 

Notably, at this stage of amyloidogenesis, the formation of a heterogeneous display of 

oligomeric species can be observed. A phase of exponential growth, characterised by 

rapid extension of the fibrils, may then be followed by a plateau phase, in cases where the 

reaction rate declines due to a depletion of soluble species to take up into the fibrils 

(Figure 1.1C). When the protein monomers join the end of the fibrils, their conformation 

shifts to match the cross-β conformation occupied by those within the fibril.15 Hence the 

pre-formed aggregates are able to function as templates which, when added to a solution 

of monomeric protein, catalyse rapid fibril formation. Conversion of a protein from its 

soluble state to its amyloid state is therefore triggered by primary nucleation or by 

surface-catalysed secondary nucleation, also known as ‘seeding’.16 Recently, a number 

of different protein aggregates, such as tau oligomers, have been identified to propagate 
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between cells, employing prion-like mechanisms to promulgate further spread of 

amyloidogenesis.17  

Though there is a clear association between the arrival of amyloids and the onset of 

pathology in protein misfolding diseases, the specific mechanisms underlying the 

aetiologies are still poorly defined in most cases. Regarding NDs, there are, in several 

cases, no evident correlations between disease progression and the concentration of 

fibrils.18, 19 Rather it is suggested that NDs may stem from misfolding events that induce 

cellular damage. The modern perspective submits that it is the pre-fibrillar species that 

represent the principal pathogenic agents in NDs. Specifically the oligomeric 

intermediates of the aggregation process are suggested to be ‘generically’ damaging to 

cells.20-22 The toxicity of oligomers is speculated to be due to the fact that their surfaces 

display chemical functions, particularly hydrophobic side chains, which would be 

inaccessible within the cellular environment under normal physiological conditions.22 

The surfaces of oligomers may then interact with functional cellular components toward 

dysfunction.  The breakdown of protein homeostasis can therefore trigger a cascade of 

pathological processes marking the progression of the disease. This situation is referred 

to as protein metastasis.2 

Controlling the interconversion of the different protein states to maintain protein 

homeostasis and evade protein metastasis is becoming a principal therapeutic objective 

to address NDs such as PD and AD. To this end, an increasing body of research is being 

directed toward disrupting oligomer formation and promoting their removal by alternative 

mechanisms. These strategies are being implemented through targeting upstream 

mechanisms, promoting degradation or through stabilising the proteins’ native states and 

suppressing aggregation. Using chemical tools that bind and stabilise the implicated 

proteins against aggregation may also be useful as ex vivo imaging agents for diagnostic 

purposes, provided they’re tagged with detectable labels. As protein metastasis occurs 

during the asymptomatic stages of PD and AD, protein-selective diagnostic agents able 

to provide details on the concentrations of the implicated proteins would be key to disease 

prevention and treatment.  
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1.2  TOOLS FOR ND DIAGNOSIS AND THERAPY 

Though effective therapies toward curing NDs are still lacking, a number of neuroimaging 

techniques that may be used to reliably and noninvasively monitor pathological 

progression are under development. Regarding AD, diagnosis is already being enhanced 

with PET techniques using the glucose metabolic tracer23 18F-FDG (101, Figure 1.2), as 

well as amyloid plaque-targeted Pittsburgh compound B tracer (11C-PiB) 102.24 

Currently, MRI is only used to examine morphological changes that have resulted from 

AD-related neuropathological trauma. Compound 102 is structurally related to Thioflavin 

T (ThT, 103), a benzothiazole that binds to numerous protein aggregate species 

promiscuously, including α-syn and tau besides Aβ. Three other amyloid tracers have 

received FDA approval for highlighting Aβ plaques in AD patients, namely 18F-

florbetaben (104), 18F-flutemetamol (105) and 18F-florbetapir (106). A number of other 

imaging ligands have also been identified to possess selectivity for tau over Aβ, including 

the [18F]AV-1451 tracer (107).25-27 These compounds all tend to prefer binding amyloid 

deposits without an ability to interact with monomeric proteins. They therefore do not 

qualify as useful tool for early-stage detection of AD, among other NDs. 
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Figure 1.2 Ligands used to bind amyloids for imaging purposes. Note that 103 is fluorescent dye, and not 

used with PET imaging techniques.  

1.2.1  Selective tools for ND diagnoses 

Besides the fact that they are not useful for early-stage detection of NDs, promiscuous 

small molecules may bind non-selectively to a variety of biomolecules and thus are 

burdened with a potential for inflicting off-target toxic effects. Developing leads to 

increase selectivity (through structural optimisation etc.) is complicated by the nature of 

the protein aggregation process. The target, intermediate structural conformations are 

highly unstable and occupy a multitude of currently undetermined three dimensional 

conformations that arise during the aggregation process. Peptides offer biologically active 

compounds that boast high selectivity due to their ability to establish multiple points of 

contact with biological targets. Research interest in peptides is growing due to increase 
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in i) identified therapeutic targets;28 ii) high-throughput screening processes;29 iii) 

improvements on delivery strategies;30 iv) synthetic viability31 and v) manufacturability 

of large libraries. Peptide-based therapeutic strategies have explored most extensively for 

use as agents against Aβ aggregation and cytotoxicity. Here the literature was screened 

for therapeutic and diagnostic strategies targeting Aβ and tau accumulation in the context 

of AD. After collecting enough evidence, we published a review accordingly. The article 

focussed on modern therapeutic and diagnostic approaches employing peptides, 

peptidomimetics and carbohydrate-peptide conjugates that specifically target 

amyloidogenic aggregation. 
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1.2.2 Multi-targeted ligands as tools for ND therapy 

Though ligands that selectively bind the proteins implicated in these NDs are desired for 

diagnostic purposes, it should be noted that highly selective ligands may not necessarily 

result in clinically efficacious drugs. Besides the challenges associated with delivery of 

the ligand to the site of action, in vitro results often translate poorly in vivo, potentially 

owing to a number of reasons. Selective ligands effective in vitro may only yield poor 

recognition under biological conditions. Frequently, interaction with the therapeutic 

target has not impacted the diseased system significantly enough in order to restore it. 

This may be due to the multifactorial nature of NDs, besides the fact that cells are able to 

compensate for drug-related inhibitory activity via parallel pathways.32, 33 Though 

drawbacks associated with potency may be addressed through structural development 

strategies, issues with biological compensatory mechanisms are problematic. As such, 

single-target drugs may be inadequate for treating NDs which involve multiple 

pathogenic factors. 

Various pharmacological approaches to overcoming the issues associated with single-

target drugs exist however. Multiple medication therapies (MMT), that deliver a 

combined effect of a cocktail of drugs, or multiple-compound medication (MCM), which 

incorporate multiple drugs in a single formulation, are suggested to be advantageous 

strategies for treating NDs.34 More recently, an emerging strategy looks to develop 

compounds that may hit multiple targets. Therapy with a single multi-target drug would 

negate the difficulties that come with administering multiple drug entities, especially for 

combinations off drugs which may vary in terms of bioavailability, pharmacokinetics and 

metabolism profiles. Furthermore, clinical development of a single multi-target drug 

should not, in principle, be very different from any other single-target lead, thus offering 

a simpler approach in terms of development than MMT/MCM strategies. Moreover, risk 

associated with potential drug-drug interactions would be avoided by the simpler 

therapeutic regimen. These considerations are of particular importance due to the fact that 

one of the major barriers in drug development continues to be drug candidates’ 

pharmacokinetic profiling.35 Compounds that are effective in interacting with multiple 

targets speculated to be responsible for disease pathogenesis, termed “multi-target-

directed ligands” (MTDLs), are becoming increasingly sought after in the field. 
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Though each ND (such as AD, PD, and CJD) possess distinct molecular mechanisms and 

clinical manifestations, their pathogenic cascades share general pathways and features 

(Figure 1.3). Typical events include protein misfolding and aggregation, metal 

dyshomeostasis, oxidative stress with free radical formation, dysregulated 

phosphorylation and mitochondrial dysfunction, each of which may occur concurrently 

(Figure 1.3).36 As most of these neurodegenerative mechanisms are shared between NDs, 

multi-target compounds may also be useful as medications for multiple illnesses. 

 

Figure 1.3 Pathways of the multifactorial events that lead to neuron cell death. General mechanisms 

including metal dyshomeostasis, mitochondrial dysfunction, oxidative stress and protein misfolding, 

aggregation and phosphorylation are identified to occur within numerous NDs. Figure adapted and modified 

from work by Cavalli et al.37 

MMT and MCM therapies are currently adopted for the palliative treatment of PD.38 Co-

administration of dopaminergic receptor agonists, such as ropinrole, permits a decreased 

administration of L-dopa to improve bradykinesia, rigor, tremor and depressive mood.39 

Co-administration of L-dopa and MAO-B inhibitors achieve similar results also. For 

reference, monoamine oxidases (MAO) are involved in dopamine metabolism and their 

inhibition is a target for treating depression and delaying ND progression.40, 41 Regarding 
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MTDL approaches, incorporation of a MAO-targeted pharmacophore into a molecular 

hybrid design has resulted in the arrival of 108.42 The design of compound 108 also 

incorporates iron-chelating properties to arrest Fe2+ or Fe3+ cations, known to generate 

cell-damaging hydroxyl radicals upon reaction with H2O2 in the body. In cell based 

assays, 108 exhibited neuroprotective activity, prevented 6-hydroxydopamine- and iron-

induced cell death, and inhibited MAO-A and MAO-B in vivo, preferentially located in 

the CNS rather than the small intestine. Similarly, combination of MAO inhibition and 

adenosine A2A receptor antagonism has also been achieved with compound 109.43 

Antagonism of adenosine A2A receptors are proposed to reduce risk of developing PD, 

besides reducing dopaminergic neuron toxicity in PD mice.44, 45 Adenosine A2A receptor 

antagonists are also reported to protect against the degeneration process. Compound 109 

inhibited MAO-B in vitro, exhibiting a submicromolar Ki value for the enzyme.46 The 

compound also inhibited MPTP (1-methyl-4-(1-methylpyrrol-2-yl)-1,2,3,6-

tetrahydropyridine)-induced toxicity47 in an MPTP animal model of PD, indicating 

effective inhibition of MAO-B. Since then, structural development has yielded a panel of 

MTDL compounds effective against MAO and adenosine A2A receptor enzymes.48 

 

Figure 1.4. Examples of MTDLs effective against multiple PD therapeutic targets. 

There are only limited number MTDL approaches geared toward addressing PD 

pathology, and not any are designed to specifically target the misfolding or aggregation 

of α-syn. A number of MTDLs have been conceived to directly interact with protein 

aggregation implicated in AD however. These compounds are also typically derived from 

molecular hybridisation of different pharmacophores from bioactive molecules. 

Compound ASS234 (Figure 1.5, 112) was designed to combine the anticholinergic 
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effects of known AChE inhibitor donepezil (111) with the neuroprotective effects of the 

MAO-B inhibitor PF9601N (110).49 Compound 112 was found to potently inhibit MAO-

A and MAO-B with nanomolar IC50 values while also exhibiting micromolar inhibition 

of the acetylcholinesterase enzymes.49 These findings contrast those found for 110 and 

111 individually which were only active against their respective targets. Compound 112 

also demonstrated an ability to inhibit Aβ42 aggregation, reducing the formation of 

oligomeric intermediates. The compound was also able to inhibit AChE-catalyzed Aβ 

aggregation by binding to a peripheral anionic site of the enzyme. Other compounds have 

since been identified as promising MTDLs active against AD, including donepezil-

derived IP-15 (113) which exhibits micromolar inhibitory activity against Aβ and an 

ability to disaggregate preformed assemblies besides inhibitory activity against AChE in 

the nanomolar range and neuroprotective activity against H2O2 induced oxidative stress.50 

Similarly, quinazole 114, which inhibits Aβ aggregation with micromolar IC50 values and 

dual cholinesterase inhibition. 

There are a number of MTDLs targeting the misfolding and aggregation of the prion 

protein however. A number of designs are derived from the structure of quinacrine, a 

known ‘prion recognition motif’ (PRM) that directly binds the protein and blocks its 

conversion to the PrPSc form.51 The antiprion properties of quinacrine have been coupled 

with the antioxidant properties of 2,5-diamino-1,4-benzoquinone to form 115. Compound 

115 effectively inhibited prion fibril formation and replication in the submicromolar 

range, more effectively than quinacrine, and exhibited only low cytotoxic effects. 

Compound 115 also displayed antioxidant activity in a prion disease cell model. A second 

class of MTDLs following a similar rationale linked quinacrine derivatives to antioxidant 

lipoic acid.52 Compound 116 was able to block PrPSc accumulation in ScGT1 cells, delay 

fibril formation in an amyloid seeding assay, besides exhibiting antioxidant properties.53 
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Figure 1.5. Examples of MTDLs effective against multiple AD (110-114) and prion disease (115-

117) therapeutic targets. 
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Recently a novel compound has been identified to generically inhibit amyloid 

oligomerization through disrupting protein backbone hydrogen-bonding networks. The 

diphenylpyrazole anle138b (117) has been referred to as a general oligomer modulator 

and has proven effective at reducing disease progression in models of PD,54, 55 MSA, 56 

tauopathy, 57 AD,58 and prion diseases55 by inhibiting the respective protein aggregations. 

It is proposed to establish H-bonding interactions with the protein backbones via its 

central pyrazole ring, stabilised by intermolecular interactions between its phenyl rings 

and the aggregating proteins’ hydrophobic side chains.59 The compound is currently 

undergoing pre-clinical assessment and development for clinical study.  

1.3  CONCLUSION 

Neurodegenerative diseases are becoming some of the most common and debilitating 

conditions in the world today. The formation of amyloids, build-ups of self-assembling 

proteins, are implicated in the pathogenesis of the majority of neurodegenerative diseases, 

and are suspected to generally cause neuron death and dysfunction. For AD, the proteins 

suspected to play a causative role are tau protein and Aβ and for PD, the α-syn protein. 

Currently there are no diagnostic tools able to selectively bind and label these proteins to 

facilitate early-stage detection of the diseases, nor have any candidate therapies proved 

successful at addressing the underlying dementing processes of these diseases. 

Peptide-based strategies are increasingly under investigation due to their ability to 

establish multiple points of contact with their target, resulting in selectivity for biological 

targets. Plenty of peptides have been identified to bind Aβ and tau to date, and a number 

are currently undergoing further development. In contrast, only very few strategies 

targeting α-syn aggregation have been pursued. Regarding therapy, an emerging strategy 

utilises molecular structures that may disrupt multiple pathological pathways 

simultaneously to yield therapeutic effects. In the field, a number of MTDLs have been 

identified to date to disrupt AD pathological pathways, including the aggregation of Aβ. 

MTDLs designed to disrupt tau protein aggregation (for AD) or α-syn aggregation (for 

PD) are relatively unexplored in comparison however. Here we are interested in 

investigating peptide- and small molecule-based approaches toward development of AD 

and PD diagnostic and therapeutic strategies. 
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1.4  AIMS, OBJECTIVES AND SCOPE OF THE STUDY  

The literature review reveals a number of opportunities in the field of neurodegenerative 

disease research. As such, there are two major aims for this project. 

The first aim of this PhD project is to design selective inhibitors of protein (α-syn, tau or 

Aβ) aggregation. Peptides boast high selectivity due to their ability to interact with targets 

across multiple points of contact. Their high selectivity for biological targets therefore 

translates to fewer side-effects and toxicity displayed. By constructing peptide-based 

inhibitors of protein aggregation, we aim to produce a starting point for the development 

of imaging agents selective for specific protein species.  

The second aim of this project is to identify novel molecular scaffolds that may serve as 

leads for further development of inhibitors against amyloid formation. A number of lead 

compounds have been reported in the literature and these compounds have influenced the 

design of the compounds described in the later chapters. The compounds were designed, 

synthesised and evaluated for their activity against the aggregation of α-syn and prion 

proteins.  
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CHAPTER 2 

Glycopeptides as targeted disruptors of protein aggregation 
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ABSTRACT 

Described here are the design, synthesis and evaluation of glycopeptide-based inhibitors 

of protein (α-syn, Aβ or tau) aggregation. The rationale behind the design of the 

glycopeptide scaffold here follows the use of a reported binding sequence (in some cases 

derived from the self-recognition component of the target peptide) toward establishment 

of selective, high-affinity binding interactions with the amyloidogenic protein monomers. 

These sequences are then decorated with a disruptive glycoside toward hampering the 

multiplicable binding events characteristic of the aggregation process. Synthesis of the 

panels is achieved by conjugating the glycoside unit, generated via solution phase 

carbohydrate chemistry, to a peptide sequence, constructed via Fmoc-based solid-phase 

peptide synthesis (Fmoc-SPPS). Following synthesis, the substrates are purified by 

Reverse Phase High Purity Liquid Chromatography (RP-HPLC), characterised, and 

evaluated in vitro for their inhibitory activity against various forms of protein 

aggregation. 
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2.1  INTRODUCTION 

Various NDs are characterised by the self-assembly of neurotoxic proteins.1 Chemical 

agents that can bind these protein monomers or oligomers selectively and with high-

affinity may be useful as early-stage diagnostic tools if detectable ex vivo. Compounds 

able to effectively inhibit the aggregation process, if possessing good physicochemical 

properties, could be useful as therapeutic tools in vivo. Compounds meeting all of these 

criteria could be developed as theranostic agents. The aim of this part of the project was 

to produce chemical agents that could recognise the culprit proteins selectively and inhibit 

their aggregation. At this stage of the project, we sought to establish a selective inhibitor 

of amyloid aggregation that conferred its effects via a direct binding interaction with the 

target.  

We desired molecular scaffolds reported to bind directly, selectively and with high-

affinity to early-stage disease biomarkers. It was highlighted in the introduction chapter 

that peptides and peptidomimetics boast the capacity to establish multiple, synergistic 

interactions along targeted sequences, facilitating designs that exhibit strong, selective 

binding.2 Among the proteins associated in the various NDs, selective peptide-based 

inhibitors were designed for the three most studied proteins implicated in AD and PD, 

specifically the Aβ, tau and α-syn sequences. Three libraries of glycopeptides, designed 

to interact selectively with one of each of these proteins, were constructed and evaluated. 

In this chapter, we discuss the design, construction and evaluation of three novel libraries 

of peptide-based inhibitors. As the designs constituting each library draw inspiration from 

the same principal concept we have elected to group them within the one chapter. This 

chapter will be split into three major sections that describe the process behind the design, 

construction and evaluation of each of the libraries.  

2.2  DESIGNING AGGREGATION INHIBITOR PANELS 

The attention garnered by the amyloid cascade hypothesis has resulted in an enrichment 

of the literature with Aβ-focussed peptide-based strategies.2 There are only very few 

peptide-based strategies targeting the tau and α-syn proteins reported within the literature 

by comparison.2 Since the chemical mechanisms underlying self-recognition and 

aggregation for these proteins are similar among different species, we hypothesised that 
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strategies employed in the design of Aβ aggregation modulators may be translated to yield 

effective modulators of tau and α-syn aggregation. As such, we looked to draw inspiration 

from existing designs that target the Aβ protein. 

Dozens of peptides and peptidomimetics reported to bind Aβ species selectively exist 

within the literature.3, 4 The majority of compounds reported are therapeutically 

motivated, conferring protective effects through binding to the target sequence to hamper 

amyloid-like aggregation. Small peptides that are able to bind amyloidogenic proteins 

selectively and competitively are, when appropriately functionalised, able to disrupt 

amyloid growth.2 Murphy et al. reported a ‘hybrid peptide’ (201, Figure 2.1) which is 

composed of a high-affinity binding sequence, specifically the central hydrophobic 

domain (CHD) recognition stretch of Aβ (KLVFF), coupled to a disrupting lysine 

hexamer sequence designed to interfere with the targets self-assembly.5 The peptide 

worked to accelerate aggregation of the soluble Aβ oligomers into fibrils, reducing the 

concentrations of toxic putative intermediates. Similar designs have been validated 

throughout the literature since.6-9 Rangachari and co-workers’ dehydroalanine-bearing 

peptides, including 202, efficiently reduced Aβ-induced cell toxicity,10 Hecht and Klein’s 

novel series of amphiphilic bis(thiourea)-hydrazide containing pseudopeptides (203) 

adhere to Aβ, inhibiting its self-association.11  
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Figure 2.1. Previous examples of the bimodal molecular inhibitors including a truncated peptide derived 

from the CHD of Aβ, functionalised with a chain of cationic, a) kosmotropic lysine units (201); b) 

compound P1 (202), decorated with dehydroalanine (ΔAla) residues; and c) a novel bis(thiourea)hydrazide 

pseudopeptide 203. 

The compounds depicted in Figure 2.1 can be subdivided into two structural components. 

One component is involved in establishing a binding interaction with a target protein 

while the other component is involved in disrupting the binding interactions of additional 

protein units. This disruption is characterised by unfavourable intermolecular 

interactions, altering the physicochemical properties of the resultant protein-inhibitor 

complex, or by other chemical mechanisms. The wide utility of this strategic approach 

influenced the rationale behind the designs described in this chapter. Indeed, the peptide-

based inhibitors here may be similarly divided into two structural components, denoted 

here as the ‘recognition element’ and the ‘disruption element’. 

The recognition element here describes some peptide sequence that binds the target 

disease-associated protein (Aβ/tau/α-syn) strongly and with a high degree of selectivity. 

We aim to utilise sequences that bind the early-stage monomeric or oligomeric protein 

species. Furthermore, a sequence that binds these early-stage biomarkers may be 

modified with functionalities detectable ex vivo in the future. The ‘disruption element’ 

here describes a glycoside unit intended to obstruct the associative interactions vital to 

the aggregation process. As mentioned above, these structural elements work in concert 

51



to bind selectively to the target protein before disqualifying it from participating in the 

aggregation process. The design and synthesis of the disruption element remains 

consistent among the three libraries, and as such, it will be discussed initially. 

2.2.1 Disruption Element Design 

Only few glycopeptide-based strategies addressing protein accumulation have been 

explored to date.2 Indeed, the exact role that glycosylation plays in neurodegenerative 

disorders such as AD and PD is still yet to be uncovered. Details on the effects of 

glycosylation of self-assembling proteins such as α-syn,12 tau,13 human prion,14 

huntingtin, neurofilaments, and others are increasingly becoming available however. 

Notably, modification with as little as one O-linked N-acetylglucosamine (O-GlcNAc) 

unit at any native glycosylation site along the non-amyloid component (NAC) domain of 

α-syn is reported to significantly alter the peptides self-assembling propensity. Similarly, 

the O-GlcNAc modification of tau441 is reported to alter its aggregation without 

significantly altering its global structural conformation. Even the truncated analogues of 

these proteins self-recognition segments (PHF6 of tau; NAC of α-syn), when O-GlcNAc 

glycosylated (O-GlcNAcylated), exhibit significantly impacted self-assembling 

propensities. In both cases, reductions in their kinetics of self-assembly are characterised 

by an increase in lag time prior to nucleation, followed, in some cases, by a decrease in 

the equilibrium concentrations of the aggregate species.  

Glycoside addition typically affects a peptides structural conformation, influencing its 

capacity to establish binding interactions with known substrates; its hydrophilic profile, 

increasing its solubility; steric bulk; and finally its resistance to metabolic processing.15 

We expect that a disruptive O-GlcNAc unit will have a similar influence on a small 

peptide. Furthermore, we propose that small peptides, known to establish strong, selective 

binding interactions with disease-relevant, self-assembling proteins would, when 

decorated with a disruptive O-GlcNAc unit, effectively inhibit the pathogenic associative 

events occurring during the aggregation process. Indeed, we propose that, when rationally 

designed, O-GlcNAc may imbue peptides that strongly, selectively bind amyloidogenic 

proteins with the capacity to disrupt their native aggregation upon co-incubation. As such, 

we propose O-GlcNAcylated analogues of known amyloid-β-binding peptides will 

disrupt Aβ aggregation upon co-incubation; that O-GlcNAcylated analogues of known 
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tau-binding peptides will display similar effects against tau accumulation; and that O-

GlcNAcylated analogues of α-syn-binding peptides will display similar effects against α-

syn accumulation.  

We screened the literature for evidence that the O-GlcNAc modification would make an 

effective disruption element and, after accumulating enough evidence, we summarised 

our findings and published a literature review. The article focussed on the protective 

effects of the O-GlcNAc modification and its cycling, with a specific focus on its role in 

neurodegenerative disease. 
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The α-syn protein has been reported to display significantly reduced self-assembling 

propensity when O-GlcNAc modified at any number of sites. When co-incubated 

however, the O-GlcNAc modified α-syn(gT72) made for a poor inhibitor of native α-syn 

aggregation. In fact, the small decrease in fluorescence that was reported was attributed 

to a relative decrease in the concentration of aggregation-competent species present in the 

media. Though not explicitly stated, we expect a similar phenomenon is taking place 

during co-incubation with the truncated α-syn68-77(gT72) in a previous report. This 

truncated segment was unable to even extend the lag phase of aggregation of native α-

syn. Interestingly, this native O-GlcNAcylation site (Thr72) is situated within the α-syn 

peptides primary self-recognition region, the ‘central non-Aβ component’. As such, it is 

not logical to expect that peptides decorated with the disruptive O-GlcNAc at these 

mechanistically engaged sites will inhibit wild-type aggregation via direct binding. We 

suggest that shifting the disruptive GlcNAc unit to a less mechanistically engaged site 

will furnish the peptide template that unites the independent actions, binding and 

disrupting, of both the recognition and disruption elements respectively (see Figure 2.2). 

As such, the glycopeptide inhibitors described here are modified at either the N- or C-

termini exclusively.  

 

Figure 2.2. Glycopeptide inhibitors of amyloid aggregation are designed to bind the target protein and 

hinder multiplicable binding events. We predict glycosylation of the inhibitor peptide at a mechanistically 

engaged site will hamper initial recognition mechanisms (A). The basic design scaffold of the glycopeptide 

inhibitors described here is illustrated by the structure (B). 
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2.3  DESIGNING THE SYNTHETIC ROUTE TOWARD GLYCOPEPTIDES 

We envisaged two synthetic routes towards generating the glycopeptides. Linear 

assembly strategy (Scheme 2.1A), follows the independent syntheses of both a key, 

functionalised glycosylamino acid using solution phase chemistry and a series of 

rationally designed peptide sequence analogues generated via solid phase chemistry. The 

two are then brought together under SPPS coupling conditions. Convergent assembly 

strategy (Scheme 2.1B), involves solid-phase glycosylation of unprotected serine with an 

activated glycosyl donor.16 The second strategy is typically less popular due to poor 

reaction yields following the glycosylation step.17 

 

Scheme 2.1: Two synthetic routes toward generating the N-terminally O-GlcNAcylated substrates: linear 

assembly strategy (A) and convergent assembly strategy (B). 

We envisaged the construction of a panel of glycopeptides with varying sequences 

modified at varying sites. We were interested in expedient synthesis of glycopeptides 

using a common, key intermediate glycoside with varying peptide sequences. The 

glycopeptides were planned to be constructed via convergent assembly strategy using a 

protected glycoside functionalised with a C1 trichloroacetimidate (Scheme 2.1B) on a 

solid support. The synthesis of the glycoside, along with the reaction conditions to form 

the subsequent glycopeptide, were optimised and conducted using a known substrate for 
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the OGT enzyme.18 Though successful in our approach, the glycosylation reaction was 

technically challenging to perform using solid-phase methodology. Efforts were 

complicated by the requirement of maintaining strict anhydrous reaction conditions, 

besides the use of hazardous, highly reactive reagents. As such, we elected to move 

forward following a more convenient linear assembly strategy. This reduced the number 

of glycosylation reactions required to form the panel of glycopeptides, and so was 

considered a safer and more reliable strategy.  Since we successfully achieved solid-phase 

glycosylation with pleasing yields however, we elected to publish our findings. The 

article focussed on the employment of a solid-phase O-glycosylation reaction to form a 

glycopeptide bearing a glucosamine derivative. Within the article, we described the 

solution-phase synthetic protocols employed to generate the key Fmoc-Ser(O-GlcNAc)-

OH glycosylamino acid used in synthesis of the inhibitory glycopeptides described later 

in this chapter. In this article we utilised the α-A crystallin derived peptide 

(AIPVSREEK)19 which, though not a known inhibitor of amyloid aggregation, represents 

a segment of a known OGT substrate.  
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Regarding synthesis of the amyloid-targeted glycopeptides, the C-2 N-Troc group was 

removed with zinc powder and the resultant C-2 amine was acetylated using acetic 

anhydride. The α-amino acid carboxyl group was then released by treatment with 50% 

trifluoroacetic acid in dichloromethane (DCM) to give the Fmoc-Ser(Ac3GlcNAcβ)-OH 

building block (8 in the article above). With the glycosyl amino acid building block in 

hand, design and synthesis of the glycopeptides was pursued. 

2.4 DESIGNING GLYCOPEPTIDE INHIBITORS OF PROTEIN 

AGGREGATION 

2.4.1 α-Syn Aggregation Inhibitor Design 

As mentioned above, the designs of the glycopeptide inhibitors in this chapter are inspired 

by Pratt and co-workers investigation of small peptides’ effects on α-syn aggregation.20 

They employed truncated NAC sequences that exhibited varying effects on the 

aggregation of α-syn upon co-incubation. We applied our design rationale to generate a 

panel of novel 10-/12-mer glycopeptides derived from the NAC segment of α-syn. The 

design, synthesis and preliminary results from biological evaluation of the panel of 

glycopeptides were published in a manuscript in the journal Bioorganic Chemistry. 
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2.4.2  Aβ Aggregation Inhibitor Design 

As a result of 20 years in the spotlight, a vast array of peptide sequences are known to 

selectively bind Aβ. Following exhaustive scanning of the literature,2 ten sequences were 

selected (Scheme 2.2). Selection criteria favoured sequences that i) bind selectively and 

with high-affinity to Aβ monomer; ii) inhibit Aβ aggregation and toxicity; iii) ≤ 10 AA 

in length and iv) are composed of naturally occurring L-amino acid residues. Following 

investigation of the L-sequences, the use of D-isomeric peptides and non-natural 

substitutions were planned for a later stage following identification of a lead.  

The tetrameric C-terminal fragment (CTF) analogue, VVIA-NH2 (204a) is reported to 

bind monomeric Aβ1-42 exclusively at C-terminal domain of the protein, inhibit the 

formation of dodecamers and stabilise against Aβ1-42-induced cytotoxicity.21 The VVIA 

sequence is well characterised as an inhibitor of native Aβ1-42 accumulation and has since 

been employed in the construction of Aβ-targeting nanoparticles.22 

The sequences 5-sh (RKIRR, 207a) and 21-sh (DLVPL, 208a) were identified via 

randomised peptide library screening.23 The peptides exhibited strong binding to Aβ42, 

effectively inhibiting its aggregation. Notably, the peptides interacted with the 

monomeric Aβ42 peptide exclusively. Another sequence identified via library screening, 

P5105 (CGILDPIPW, 210a), was reported to exhibit stronger binding for Aβ42 (KD = 536 

nM by SPR) than any other basic sequence reported by Nishigaki and co-workers.24 

P5105 is well characterised as an inhibitor, with contemporary derivatisations of the 

sequence undergoing in vivo investigation on mouse models besides also being used to 

study Aβ oligomer formation under different conditions.25 The GTVWWG sequence (209a) 

also exhibits high-affinity binding to Aβ42 (KD = 841 ± 78 nM by SPR), besides inhibiting 

its oligomerization and cytotoxicity.26 The GTVWWG sequence tends to self-assemble, 

forming β-structure-rich aggregates designed to competitively interact with structurally 

similar Aβ motifs. We were curious to find whether N-terminal O-GlcNAcylation added 

to its inhibitory effect, or inhibited its self-assembly and thus its suggested mode of 

binding. 

The Pep1 sequence (LIAIMA, 211a) when biotinylated, exhibited micromolar KD binding 

to aggregated Aβ42.
27 The peptide reportedly exhibited comparable effects to the KLVFF 
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sequence (205a) during aggregation assays, abrogating Aβ-mediated toxicity. This 

sequence is not expected to be able to inhibit multiplicable binding events – rather we 

expect it may catalyse them. The analogue sequence bearing the N-terminal O-GlcNAc 

residue is expected act as an inhibitor however. Unmodified, the sequence has been 

confirmed non-neurotoxic. 

The RGPRGRV sequence (212a), identified from a random 7-mer sequence library,28 was 

shown to inhibit oligomer formation more effectively than either iAβ5 or the reported 10-

mer sequence KQKLLLFLEE.29 ThT fluorescence and size-exclusion chromatography 

(SEC) analyses clearly indicated RGPRGRV specifically interfered with the mechanism 

by which Aβ1-42 monomers aggregate to generate the soluble 37/48 kDa oligomers whilst 

not affecting lower kDa oligomers.28 As the large size of 7-mers prevents penetration into 

the blood-brain barrier a series each of 3-mers and 4-mers were investigated, though none 

were able to match the peptides high-affinity binding.30 

The RR sequence (Ac-RYYAAFFAARR-NH2, 213a) was designed to target the His13 and 

His14 residues, CHD aromatic groups and “salt bridge” formed between Asp23 and 

Lys28 within the Aβ40 sequence. SPR studies found RR bound monomeric Aβ40 with 

affinity (KD = 1.10 µM), roughly 100-fold greater than the Soto peptide (KD = 156 µM), 

with a high degree of specificity.31  ThT assay proved RR effectively inhibits Aβ1-40 

aggregation dose-dependently, promoting the formation of disordered, amorphous 

aggregates as illustrated by TEM. During MTT assays, RR demonstrated an ability to 

rescue PC12 cells from Aβ40 induced cytotoxicity, increasing cell viability to ~95% at a 

molar ratio of 1:4 (Aβ40:RR).31 Later, N-terminal modification of RR with a GGH- stretch, 

designed to encourage chelation to Cu(II) ions,32 yielded the bifunctional GR 

(GGHRYYAAFFARR-NH2) sequence.33 GR was equally as proficient at inhibiting Aβ1-40 

aggregation and improving PC12 cell viability though was able to inhibit Cu(II)-induced 

Aβ aggregation more effectively. GR also inhibited Aβ-Cu(II) complex-induced toxicity 

on PC12 cells, improving cell viability by 88%.  

Modification of these sequences with O-GlcNAc modified serine will generate the first 

panel of Aβ-targeting inhibitor glycopeptides (Scheme 2.2) Implementing a glycine 

spacer will probe the effect of shifting the glycoside further from the recognition 
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sequences as well as switching the peptide face that hosts it. The unmodified peptide 

sequences were constructed and isolated to be used as controls for biological evaluation. 
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Scheme 2.2. Panel of peptide and glycopeptide inhibitors of Aβ aggregation 
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2.4.3  Tau Aggregation Inhibitor Design 

The list of peptide-based substrates reported to bind and inhibit tau aggregation is very 

limited. None of these sequences are composed of L-amino acids and most do not 

selectively bind monomeric tau, rather fibrillar tau.2 As such, it is difficult to apply the 

same method in electing a tau-recognition sequence for our designs. We have therefore 

employed an alternative strategy for selecting tau-targeted sequences.  

O-GlcNAcylation at the tau proteins primary modification site, Ser400,34-36 of tau441 

reportedly plays a crucial role in inhibiting it’s aggregation in vitro yet does not impact 

its ability to bind and stabilize microtubules13. We hypothesise that introducing an O-

GlcNAc unit at this site via binding of a glycopeptide would artificially reproduce the 

anti-amyloidogenic effects resulting from native Ser400 glycosylation. Furthermore, 

binding to the region hosting Ser400 would permit binding with all tau isoforms as it is 

conserved among all tau isoforms.  

To achieve inhibition, peptide sequences that bind with high affinity to the tau segment 

spanning residues Ser396 - Ser404 (SPVVSGDTS) are desired. To date, no such peptide 

has been designed. The truncated, 56 amino acid-long peptide sequence tau353-408, derived 

from the segment surrounding Ser400, has exhibited self-assembling propensity 

however13. We propose that an even smaller, ~10 amino acid-long truncated sequence, 

tau396-404 may retain self-assembling propensity and so we employ it here as a template 

for further design of our inhibitor series.  

We envisaged a focussed library of six tau-targeted peptide and glycopeptide substrates. 

We were interested to explore the effects of shifting the site of glycosylation. Compounds 

214a and 214b represent the N-terminally acetylated, C-terminally amidated tau396-404 

segment and its Ser400 O-GlcNAcylated analogue respectively. It is expected that 214a 

may work to accelerate the self-assembly of the tau protein while 214b will not 

significantly affect it. In this way, we expect compound 214a will act as a positive control, 

producing an obvious biological response. We expect compound 214b will behave as a 

negative control by the same logic. From there, compound 214c is representative of the 

tau396-404 segment O-GlcNAcylated at Ser396, a neighbouring residue located N-

terminally to Ser400. Compound 214e represents the segment O-GlcNAcylated at 
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Ser404, located C-terminally to Ser400. Compounds 214d and 214f explore the use of a 

glycine spacer residue. It was hypothesised that all of compounds 214c, 214d, 214e and 

214f might inhibit tau self-assembly selectively by establishing direct binding interactions 

with tau. 

 

Scheme 2.3. Panel of peptide and glycopeptide inhibitors of tau aggregation. 

2.5  SOLID-PHASE PEPTIDE SYNTHESIS 

Construction of the amyloid-targeted peptide sequences were undertaken using N-

fluorenylmethoxycarbonyl based solid-phase peptide synthesis (Fmoc-SPPS) using either 

2-chlorotrityl chloride resin (Scheme 2.4A) or Rink Amide (AM) resin (Scheme 2.4B) 

to introduce a carboxylic acid or carboxamide at the peptides’ C-termini respectively. The 

amount of resin employed was calculated based on its loading capacity and the amount 

of peptide desired. In all cases, each different peptide backbone was synthesised on a 0.21 

mmol scale before being separated into three 0.07 mmol aliquots to be modified under 

separate conditions. It was calculated that 0.07 mmol of the peptides or glycopeptides 

would likely be more than enough for biological evaluation, even if the protocol did not 

produce especially high yields. The 2-chlorotrityl chloride resin was swelled in DCM 

while Rink Amide RAM resin was swelled in N,N-dimethylformamide (DMF). Loading 

of Fmoc-amino acids onto 2-chlorotrityl chloride resin was accomplished over 16 hours 
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in a solution of DCM/DMF/N,N-diisopropylethylamine (DIPEA). This was followed by 

washing with DMF and DCM and the unreacted linkers on the resin was protected, to 

avoid the undesired peptide chain formation, with a solution DCM/DIPEA/MeOH (18:1:1 

v/v/v). Loading onto Rink Amide (AM) resin was undertaken after initial Fmoc-

deprotection via treatment with 20 vol% piperidine/DMF solution and subsequent 

washing with DMF and DCM. Afterward, a solution of Fmoc-amino acid, benzotriazol-

1-yl-oxytripyrrolidinophosphonium hexafluorophosphate (PyBOP) and N-

methylmorpholine (NMM) in DMF was introduced with mixing for 1 hour. 

 

Scheme 2.4. Fmoc-based solid-phase glycopeptide synthesis using 2-chlorotrityl chloride resin (A) or 

Rink Amide RAM resin (B) as solid support. 

Following initial loading, this process of Fmoc-removal with piperidine solution and 

hour-long coupling with PyBOP was performed iteratively. An additional step, capping 

of any undesired, unreacted Fmoc-deprotected peptides with 10 vol% acetic 

anhydride/pyridine was also performed iteratively. This was performed to reduce the 

concentration of similar truncated peptides following completion of synthesis, a step 

which will eventually work to simplify the compounds’ eventual purification. Coupling 
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of the Fmoc-Ser(Ac3GlcNAcβ)-OH onto the N-terminally available peptide sequence was 

accomplished following a specialised procedure37. This method was developed to 

minimise the D/L-epimerization of the glycosylated serine. Serine is found to have a 

higher racemization rate than most other natural amino acids.38 Therefore, the 

racemization suppressor 1-hydroxy-7-azabenzotriazole (HOAt) was added to a solution 

of (1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid 

hexafluorophosphate (HATU), and NMM in DMF, all of which undergoes a rapid pre-

incubation prior to the reaction. The reaction was accomplished over 16 hours of mixing 

before the resin is washed with DMF and DCM. A molar ratio of 3.3:3.65:3.7:4:1 Fmoc-

Ser(Ac3GlcNAcβ)-OH/HATU/HOAt/NMM/peptide has been shown to afford a 96.8% 

yield with only a minimal (3.4%) amount of D-enantiomer produced.39 Liquid 

Chromatography tandem Mass Spectrometry (LCMS) was employed to grade reaction 

success and confirm the identity of the glycopeptide product.  

Following coupling of the final (glycosyl)amino acid residue, the resin was treated once 

more with piperidine/DMF. To generate N-terminally acetylated compounds (such as 

205a or 213a), the resin was then treated with 20% Ac2O/pyridine as when capping 

previously. Afterward, they were released from the solid-support using a solution of 

trifluoroacetic acid (TFA)/triisopropylsilane(TIS)/water (90:5:5 v/v/v) over 1 h. For 

sulfur-containing peptides bearing L-methionine or L-cysteine residues, a solution of 

TFA/TIS/thioanisole/water (85:5:5:5 v/v/v/v) was employed to avoid sulfide oxidation to 

sulfoxide. The resin were filtered off and the filtrate was evaporated to dryness before 

being precipitated in cold diethyl ether, centrifuged, and dried following removal of the 

supernatant containing unwanted side-products. 

LCMS was used to monitor peptide synthesis. Analytical-scale aliquots of crude peptide 

were collected, typically following every 5th amino acid installation, cleaved from the 

resin following the above procedures, and examined by LCMS to grade reaction success 

and monitor sequence progression. Upon completion of the sequence, each peptide was 

analysed once more, again bearing the N-terminal Fmoc-protecting group. The Fmoc 

group finds use as a UV handle baring a chromophore observable at higher wavelengths 

(λ = 254, 301 nm). Scanning for the Fmoc-group makes for simplified identification of 

the desired peptide among the side-products and lesser truncated segments.  
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After confirming the identity of the substrate, the crude mixture was examined once more 

following Fmoc-deprotection of the peptide and, if appropriate, N-terminal acetylation 

and acetate protecting group removal (in the case of glycopeptides). For substrates lacking 

the Fmoc-group, short wavelengths (λ = 214, 190 nm) were examined in some cases. The 

final crude LCMS examination aided subsequent large-scale purification by preparative 

Reverse-Phase High-Purity Liquid Chromatography (RP-HPLC). The pure glycopeptides 

were then characterised by analytical HPLC and high resolution mass spectrometry 

(HRMS) before their inhibitory activity is evaluated in vitro. 

Compounds analysed by LCMS were then prepared for RP-HPLC via large-scale 

cleavage and treatment with the appropriate reagents. The peptides were then dissolved 

in acetonitrile/water (1:3 v/v, 2 mL) before being injected onto HPLC. A number of the 

sequences proved challenging to isolate. Unlike the majority of the sequences 

synthesised, the unmodified KLVFF, GTVWWG and α-syn68-77 sequences, which are known 

to self-assemble, formed gels when suspended in water/ACN solution. The poor solubility 

of the crude mixtures disqualified injection into the HPLC under these conditions. These 

crude sequences were solubilised using 6M urea solution as a result. Anecdotally, when 

modified with O-GlcNAc, these sequences dissolved in ACN/water (1:3, v/v) without 

difficulty. Issues were also faced synthesising and purifying the CGILDPIPW sequence. 

Construction of the sequence was very poor yielding, potentially due to decomposition at 

the cysteine residue. 

2.6  BIOLOGICAL EVALUATION 

Evaluation of the biological activity of the peptides was conducted in collaboration with 

a number of research groups. As discussed in the previous chapter, preliminary bioactivity 

screens typically include probing the compounds efficiency at inhibiting heterogeneous 

aggregation via ThT fluorescence assay. The glycopeptides were assessed for their 

inhibitory activity against their target proteins’ heterogeneous aggregation by ThT 

fluorescence inhibition. 
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2.6.1  Investigating Amyloid-β Aggregation Inhibitor Capabilities 

Glycopeptides 204a-213c (Scheme 2.2), designed for targeting amyloid-β, were 

evaluated using ThT fluorescence assay. The experiments were conducted in 

collaboration with A/Prof. Kevin Jeffrey Barnham from Melbourne University and with 

BMG Labtech.  A 1:1 mixture of candidate peptide (10 μM) were co-incubated with Aβ42 

(10 μM) in PBS buffer into 96-wells with ThT. A negative control, Aβ42 alone, was used 

and produced strong fluorescence response (Figure 2.3, Entries G10-G11) while buffer 

in absence of Aβ42 did not give any fluorescence response (Entries H10-H11). Under the 

conditions used, not any of the peptides nor glycopeptides produced an increase in 

fluorescence when incubated alone, implying that none of the sequences were self-

assembling. This was unexpected since a number of the sequences, including KLVFF 

(Figure 2.3, Entries B1-B3), and GTVWWG (Entries A4-A6) are very well characterised as 

self-assembling peptides.26 Besides these concerning results, it was found that only two 

single compounds had any significant effect on ThT fluorescence when co-incubated with 

Aβ42. These compounds included the reported inhibitor sequence RYYAAFFAARR 

(Entries C1-C2) and corresponding its O-GlcNAcylated analogue (Entries H7-H8). 

Though the compounds were found to significantly increase the lag time prior to 

aggregation, neither decreased fibril concentration at the endpoint of the experiment. 

To verify the results, a dose-response study was conducted on the O-GlcNAcylated 213c 

(Figure 2.4). Even at substoichiometric concentrations, 213c significantly increased the 

lag phase of the aggregation process, with effects increasing dose-dependently. At all 

concentrations, the lag phase was increased by more than the control inhibitor. At a 1:4 

molar concentration, the compound significantly reduced fibril concentration at the 

endpoint of the experiment.  
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Figure 2.3. ThT fluorescence of compounds alone (A3-H3; A6-H6; A12-F12) and co-incubated with Aβ42 

(A1-H2; A4-H5; A7-H8; A10-F11; G12). Also assessed was Aβ42 alone (G10-G11) and buffer alone (H10-

H11).  

 

Figure 2.4. ThT fluorescence of compound 213c, incubated with Aβ42 at various molar concentrations over 

20 h. The compound MH153 was used as a positive control. 
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The fact that not any of the control peptides were able to alter the kinetics of Aβ42 fibril 

formation made the results uncertain. The results may be due to poor compatibility 

between the assay methodology and the inhibitor peptides being tested. It is possible that 

the ThT assay protocol had been optimised for screening against small molecules and 

that, under these conditions, the peptides did not perform as expected when used to study 

peptide-dependent effects on aggregation-mediated ThT fluorescence. We encountered 

such challenges here, when optimising our screen against α-syn aggregation (Section 

2.4.1). As such, study of the peptides’ effects under different experimental conditions was 

pursued.  

Further studies are being conducted in collaboration with A/Prof. Praveen Nekkar Rao at 

the University of Waterloo. In order to predict the (glyco)peptide-dependent effects our 

inhibitors may have on Aβ aggregation, a novel ThT fluorescence screening method has 

been employed. Rather than using full-length Aβ, this method employs an Aβ-derived 

hexamer peptide (corresponding to residues 16-21 in the full length Aβ protein) as a 

simplified amyloidogenic model. This small peptide is based on the short fragment, 

KLVFFA (from the CHD of Aβ) is shown to be critical for Aβ aggregation into oligomers 

and fibrils.40 As we had provided our stock of compounds to previous collaborators, the 

number of compounds able to be examined against the Aβ hexamer was limited. A panel 

of 12 compounds were examined under the novel ThT fluorescence screening method. 

Mixtures of inhibitor peptide (25 μM) and the Aβ hexamer KLVFFA (100 μM) were co-

incubated in phosphate buffer pH = 7.4 and heparin (10 μM) and then treated with ThT 

(8.3 μM). The fluorescence intensities were monitored every 5 min (λex = 440 nm, λem = 

490 nm). Negative controls, including the KLVFFA peptide alone, heparin alone, and ThT 

and buffer alone were used and the inhibitory ability of compounds were measured as 

percentage inhibition relative to the untreated control (KLVFFA peptide alone). Inhibitory 

activity of the compounds were also compared to positive controls, methylene blue and 

resveratrol (Table 2.1). Under the conditions, only compounds 204a, 204b, 204c, 205b, 

205c, 211b and 211c displayed any effect on ThT fluorescence.  
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Table 2.1 Inhibitory activity of (glyco)peptide panel against Aβ hexamer 

aggregation 

Compound Code Inhibition(%) at 25 μM 

204a 22 

204b 46 

204c 31 

205a N.A 

205b 20 

205c 13 

209a N.A 

209b N.A 

209c N.A 

211a N.A 

211b 26 

211c 26 

Results are based on triplicate readings for two independent experiments using Aβ 

hexamer (KLVFFA) 

 

Interestingly, O-GlcNAc modified 204b and 204c were able to reduce ThT fluorescence 

mediated by the Aβ hexamer more effectively than the base sequence 204a. This trend is 

also consistent when comparing the effects of 205a, 205b and 205c, and also comparing 

the effects of 211a, 211b and 211c. In all cases, the O-GlcNAcylated inhibitors lacking a 

glycine spacer residue (204b, 205b, and 211b) were more effective than their related 

analogues. It is difficult to draw conclusions as to precisely what is taking place at this 

stage, or whether the compounds will be effective against full length Aβ. Further studies 

are currently undergoing to characterise the ability of the sequences to inhibit Aβ40 

aggregation using ThT fluorescence, circular dichroism and TEM analysis.  

2.6.2  Investigating Tau Aggregation Inhibitor Capabilities 

Peptides 214a-214f (Scheme 2.3), designed for targeting tau are being investigated for 

anti-tau activity in collaboration with A/Prof. Bhubaneswar Mandal at the Indian Institute 

of Technology (IIT), Guwahati. The peptides are planned to be studied via ThT 

fluorescence assay with full length tau, however this project has undergone delays due to 

101



logistical issues. In the interim, the compounds were investigated for any potential 

inhibitory activity against Aβ aggregation. Though the compounds were not designed to 

inhibit Aβ aggregation, there is sufficient evidence in reports that tau and tau-derived 

sequences are able to modulate Aβ aggregation. Specifically, a tau-derived hexapeptide, 

AcPHF6 (Ac-VQIVYK-NH2) has demonstrated an ability to significantly accelerate Aβ40 

and Aβ42 fibril growth.41 Computational studies suggest the peptide provides a 

hydrophobic surface for the Aβ monomer to bind, followed by rapid fibrillogenesis.41  

The inhibitory effects of compounds 214a-214f (excepting 214c, due to lack of stocked 

compounds) were assessed against the aggregation of readily available Aβ40. The Aβ40 

protein (40 μM) was incubated in absence and presence of the peptides (160 μM) in PBS 

at pH = 7.4 at 37 °C for up to 7 days and the kinetics of amyloid formation were monitored 

using time-dependent ThT fluorescence assay (Figure 2.5A). Only treatment with 

compounds 214a, 214d or 214f resulted in a noticeable reduction in ThT fluorescence. 

The compounds effects on ThT fluorescence were characterised by a slower rate of 

increase, followed by an overall decrease in the fluorescence at the endpoint of the 

experiment. The compounds were then examined for their abilities to reduce ThT 

fluorescence at different concentrations (Figure 2.5B-D). Though compounds 214a and 

214d were active, there was no significant effect observed when reducing the treatment 

concentration from 1:4 to 1:1. Compound 214f however, displayed the most notable 

reduction in fluorescence upon treatment, with reduction occurring dose-dependently. 

The peptides were also evaluated against the Aβ-derived hexamer peptide assay 

conducted in collaboration with A/Prof Rao. Again, mixtures of inhibitor peptide (25 μM) 

and KLVFFA peptide (100 μM) were co-incubated in phosphate buffer pH = 7.4 and 

heparin (10 μM) and then treated with ThT (8.3 μM) with ThT fluorescence being 

monitored every 5 min (λex = 440 nm, λem = 490 nm). Again, untreated KLVFFA, heparin 

alone, ThT and buffer alone were used as negative controls and the inhibitory ability of 

the compounds were measured as percentage inhibition (Table 2.2) relative to untreated 

KLVFFA. Under the conditions, only compounds, all except for 214c were able to reduce 

ThT fluorescence mediated by Aβ hexamer aggregation, with the most effective 

compound at reducing fluorescence being 214e, the compound bearing C-terminal O-

GlcNAc residue. This is interesting as the C-terminally O-GlcNAcylated peptide 
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evaluated against α-syn previously was ineffective at reducing ThT fluorescence 

mediated by α-syn aggregation. Further studies are currently undergoing to investigate 

the ability of the sequences to inhibit Aβ aggregation using circular dichroism (CD) and 

TEM analysis. These data will provide more insight into the effects of the glycopeptides 

against the aggregation of Aβ40. 

Figure 2.5. Time dependent ThT assay of Aβ40 (40 μM) in absence or presence of inhibitor compound. 

Samples were treated with 214a, 214b, 214d, 214e and 214f at a 1:4 molar concentration (160 μM) (A). 

Compounds 214a (B), 214d (C) and 214f (D) were examined at varying concentrations (1:1, 1:2 and 1:4) 

relative to Aβ40 (40 μM) and compared to an untreated control. Samples were incubated at 37 °C before 

analysis by ThT (λex = 440 nm, λem = 485 nm) at different timepoints over 7 days. Representative results 

from 3 independent experiments are presented, error bars represent standard deviation. 
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Table 2.2. Inhibitory activity of 214a-214f against Aβ hexamer aggregation 

Compound Code Inhibition(%) at 25 μM 

214a 10 

214b 22 

214d N.A 

214e 41 

214f 37 

Methylene blue 94 

Resveratrol 34 

Results are based on triplicate readings for two independent experiments using Aβ 

hexamer (KLVFFA) 

 

 2.7  CONCLUSIONS AND FUTURE PERSPECTIVES 

In this chapter, glycopeptides functionalised with O-GlcNAcylated serine with sequences 

derived from α-syn were found to display significant inhibitory effects against the 

aggregation of wild-type α-syn. Similar effects were observed against the aggregation of 

Aβ when using reported inhibitor peptides, and also tau-derived sequences, modified with 

O-GlcNAcylated serine, though these findings require further verification. Similar results 

have been found when using O-GlcNAc-modified analogues of the PHF6 sequence, 

derived from residues 306 – 311 of full-length tau. Various NDs, among other diseases, 

are characterised by the misfolding and self-assembly of neurotoxic proteins.1 For the 

proteins that are naturally substrates for O-GlcNAcylation, employ of the inhibitor design 

rationale covered throughout this chapter may prove useful in the development of 

inhibitors of similar aggregation processes.  

As covered in Section 2.1, chemical agents that can bind protein monomers, such as α-

syn or Aβ, selectively and with high-affinity may have utility as early-stage diagnostic 

tools, if detected ex vivo. Regarding AD, peptide-functionalised nanoparticle platform 

strategies have been identified as prospective diagnostic tools. Nanoparticles technologies 

are able to transport therapeutic ligands into the CNS via absorptive-mediated 

transcytosis.42 Permeation through the BBB may be improved further by anchoring 

molecular vectors, such as shuttle peptides,43 onto the surface of nanoparticles also.42 To 

date, a variety of Aβ-selective peptide-functionalised nanoparticles have demonstrated 
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utility at inhibiting the proteins aggregation.44-46 Zheng, Sun and co-workers reported 

novel gold nanoparticles enriched with cysteine-linked VVIA and LPFFD peptide 

sequences. The AuNPs exhibited greatly improved inhibitory activity against Aβ42 

aggregation and Aβ42-induced cytotoxicity relative to the free inhibitor peptides alone.  

Currently, the peptide inhibitors constructed in this chapter are undergoing additional 

biological evaluations to further define their effects on protein aggregation, besides 

probing their selectivity for their desired target sequences. Following evaluation however, 

the most promising glycopeptides, in terms of inhibitory effects, selectivity, stability and 

low toxicity, are to be implemented in the construction of nanoparticle probes. 

Following the completion of this work, Merck Sharpe & Dohme released information on 

their clinical candidate MK-8719, an inhibitor of OGA.47 The results of the studies further 

validate the therapeutic prospects of OGA inhibition and subsequent upregulation of 

protein O-GlcNAcylation. Currently, MK-8719 is under investigation for its ability to 

increase tau O-GlcNAcylation, and is being studied for efficacy against progressive 

supranuclear palsy (PSP), a tauopathy with similar aetiology to AD.  

2.8  EXPERIMENTAL SECTION 

2.8.1  General Experimental Procedures 

Proton nuclear magnetic resonance (1H NMR) spectra were recorded using a Bruker 

Avance DPX 400 spectrometer at a frequency of 400.2 MHz. Carbon nuclear magnetic 

resonance (13C NMR) spectra were recorded on a Bruker Avance DPX 400 spectrometer 

at a frequency of 100 MHz. The spectra are reported as parts per million (ppm) downfield 

shift using the solvent peak as internal reference. The data are reported as chemical shift 

(δ), multiplicity, relative integral, coupling constant (JHz) and assignment where 

possible. Low resolution mass spectra were recorded on a Finnigan LCQ Deca ion trap 

spectrometer (ESI). High resolution mass spectra were recorded on a Bruker 7T Fourier 

Transform Ion Cyclotron Resonance Mass Spectrometer (FTICR). 

HPLC: Analytical reverse-phase HPLC was performed on a Waters System 2695 

separations module with an Alliance series column heater at 30°C and 2996 photodiode 

array detector. A Waters Sunfire 5 μm, 2.1 x 150 mm column was used at a flow rate of 
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0.2 mL min-1 using a mobile phase of 0.1% TFA in water (Solvent A) and 0.1 TFA in 

acetonitrile (Solvent B) and a linear gradient of 2-50% B over 30 min. The results were 

analysed with Waters Empower software. Preparative reverse-phase HPLC was 

performed using a Waters 600 Multisolvent Delivery System and Waters 500 pump with 

2996 photodiode array detector of Waters 490E Programmable wavelength detector 

operating at 254 and 280 nm. A Waters Sunfire μm, 19 x 150 mm column was used at a 

flow rate of 7 mL min-1 using a mobile phase of 0.1% TFA in water (Solvent A) and 0.1% 

TFA acetonitrile (Solvent B) using a linear gradient of 0-100% B over 60 min. LC-MS 

was performed on a Thermo Separation Products: Spectra System consisting of p400 

Pump and a UC6000LP Photodiode array detector on a Phenomenex Jupiter 5 μm, 2.1 x 

150 mm column at a flow rate of 0.2 mL min-1 coupled to a Thermoquest Finnigan LCQ 

Deva mass spectrometer (ESI) operating in positive mode. Separations involved a mobile 

phase of 0.1 formic acid in water (Solvent A) and 0.1% formic acid in acetonitrile 

(Solvent B) using a linear gradient of 0-100% B over 15 min. 

2.8.2 Procedures and characterisation for peptide and glycopeptide candidates. 

Fmoc-strategy solid phase peptide synthesis (Fmoc-SPPS): Solid-phase synthesis of 

peptides and glycopeptides were carried out manually in disposable Torviq polypropylene 

syringes equipped with Teflon sinter. 

Loading of Fmoc-amino acids onto 2-chlorotrityl chloride resin: 2-chlorotrityl 

chloride resin (0.970 mmol/g loading, 216 mg, 0.210 mmol) was swollen in dry DCM (5 

mL) for 30 min at room temperature. A solution of appropriate Fmoc-protected amino 

acid (0.84 mmol, 4 equiv.) and DIPEA (1.68 mmol, 8 equiv.) in DMF (4 mL) was added 

and the resin was shaken for 16 h. The resin was filtered and washed with DMF (5 x 4 

mL), DCM (5 x 4 mL) and then DMF (5 x 4 mL) before being treated with a solution of 

DCM/CH3OH/DIPEA (17:1:1 v/v/v 5 mL) for 1 h, filtered and then washed with DMF 

(5 x 4 mL), DCM (5 x 4 mL) and then DMF (5 x 4 mL). 

Loading of Fmoc-amino acids onto Rink Amide (RAM) resin: Rink Amide (RAM) 

resin (0.450 mmol/g loading, 467 mg, 0.210 mmol) was swollen in dry DMF (5 mL) for 

5 min at room temperature before being treated with 10 vol% piperidine/DMF (5 mL) 

solution and shaken for 5 min at room temperature. The procedure was repeated with a 
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fresh portion, after which the resin was washed with DMF (5 x 4 mL), DCM (5 x 4 mL) 

and then DMF (5 x 4 mL). After that, a solution of the Fmoc-protected amino acid (0.84 

mmol, 4 equiv.) PyBOP (0.84 mmol, 4 equiv.) and NMM (1.68 mmol, 8 equiv.) in DMF 

(3 mL) was mixed with the resin and shaken for 1 h. After that, the resin was washed with 

DMF (5 x 4 mL), DCM (5 x 4 mL) and then DMF (5 x 4 mL). The desired peptides were 

then assembled following iterative Fmoc-SPPS procedures. To determine resin loading, 

a solution of piperidine in DMF (4 mL, 10% v/v) was added to the resin before being 

shaken for 3 min. The drained Fmoc deprotection solution was retained in a 10 mL 

volumetric flask and the resin washed with fresh piperidine in DMF (10% v/v) such that 

the total volume did not exceed 10 mL. The efficiency of the initial loading was 

quantitatively determined by measurement of the dibenzofulvene-piperidine adduct using 

Varian Cary 4000- UV-Vis spectrophotometer (λ = 301 nm). Amino acid loading onto 

the resin was most often quantitative. The resin was subsequently washed with DMF (10 

x 5 mL), DCM (10 x 5 mL), and DMF (10 x 5 mL). 

General procedures for iterative Fmoc-SPPS 

Fmoc deprotection: Pre-loaded resin was treated with 20 vol% piperidine/DMF (5 mL) 

solution and shaken for 5 min at room temperature before being filtered and treated again 

with a fresh 20 vol% piperidine/DMF solution. The efficiency of the initial loading was 

quantitatively determined by measurement of the piperidine-fulvene adduct using UV-

Vis spectrophotometry (λ = 301 nm). The resin was subsequently washed with DMF (5 x 

4 mL), DCM (5 x 4 mL) and DMF (5 x 4 mL). 

Unglycosylated Amino Acid Coupling (0.21 mmol): A solution of protected amino acid 

(0.84 mmol, 4 equiv.), PyBOP (0.84 mmol, 4 equiv.) and NMM (1.68 mmol, 8 equiv.) in 

DMF (3 mL) was added to the resin and shaken. After 1 h, the resin was washed with 

DMF (5 x 4 mL), DCM (5 x 4 mL) and then DMF (5 x 4 mL). 

Fmoc-Ser(O-GlcNAc)-OH Coupling (0.07 mmol): A solution of Fmoc-Ser(O-

GlcNAc)-OH (0.084 mmol, 1.2 equiv), HATU (0.096 mmol, 1.4 equiv.), HOAt (0.096 

mmol, 1.4 equiv.), and NMM (0.192 mmol, 2.8 equiv.), in DMF (4 mL) was added to the 

resin and shaken. After 16 h, the resin was washed with DMF (5 x 4 mL), DCM (5 x 4 

mL) and DMF (5 x 4 mL). 
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Capping: The resin was treated with 10 vol% acetic anhydride/pyridine (5 mL) solution 

and shaken for 5 min at room temperature before being filtered and subsequently washed 

with DMF (5 x 4 mL), DCM (5 x 4 mL) and DMF (5 x 4 mL). 

Resin Cleavage and ether precipitation: The resin was washed thoroughly with DCM 

(10 x 4 mL) and subsequently treated with a solution of TFA/TIS/H2O (90:5:5 v/v/v, 4 

mL) and was shaken for 1 h at room temperature. For (glyco)peptides bearing L-

methionine or L-cysteine residues, a solution of TFA/TIS/H2O/thioanisole (85:5:5:5 

v/v/v/v, 4 mL) was employed to avoid oxidation of the sulfide to the sulfoxide. The resin 

was filtered and washed with TFA (2 x 2 mL) and the resultant filtrate was evaporated to 

dryness. Cold diethyl ether (2 mL) was added to the precipitate, suspended, transferred to 

a 2 mL Eppendorf tube, and subsequently centrifuged at 1400 rpm for 1 min. The 

supernatant was decanted and discarded and the precipitate was dried under high-vacuum. 

Glycopeptide deacetylation: Dry precipitate was suspended in anhydrous methanol (1 

mL) and mixed at room temperature before treatment with sodium methoxide in methanol 

(0.5 M, 50 μL, pH = 10). The solution was allowed to stir for 2 h before being neutralised 

with glacial acetic acid and evaporated to dryness. A solution of H2O/ACN (1:1 v/v, 5 

mL) was added to the precipitate, suspended, transferred to a 5 mL Eppendorf tube, and 

subsequently centrifuged at 1400 rpm for 1 min. The supernatant was decanted and 

lyophilised to give a precipitate ready for RP-HPLC purification. 

2.8.3  Analytical data for Aβ-targeted compounds 204a -213c 

H-Val-Val-Ile-Ala-NH2 (204a): This compound was prepared following Fmoc-SPPS 

procedures outlined in the general procedures and purified by preparative RP-HPLC (0 

to 30 %B over 60 min; Rt 31.9 min). The material was freeze-dried to afford the title 

compound (24.2 mg, 67%) as a white lyophilisate. Analytical HPLC: Rt 4.5 min (0-100 

%B over 20 min, λ = 214 nm); HRMS (ESI) 400.2923 ([M + H]+), calcd. for C19H38N5O4
+ 

400.2918. 

Ac-Lys-Leu-Val-Phe-Phe-NH2 (205a): Preparative RP-HPLC (25 to 50 %B over 60 min; 

Rt 26.7 min) before freeze-drying to afford the compound (27.7 mg, 57%) as a white 

lyophilisate. Analytical HPLC: Rt 7.5 min (0-100 %B over 20 min, λ = 214 nm); HRMS 

(ESI) 694.4296 ([M + H]+), calcd. for C37H56N7O6
+ 694.4287. 
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H-Arg-Ile-Ile-Gly-Leu-OH (206a): Preparative RP-HPLC (0 to 50 %B over 60 min; Rt 

27.5 min) before freeze-drying to afford the title compound (13.2 mg, 33%) as a white 

lyophilisate. Analytical HPLC: Rt 10.2 min (0-50 %B over 20 min, λ = 214 nm); HRMS 

(ESI) 571.3934 ([M + H]+), calcd. for C26H51N8O6
+ 571.3926. 

H-Arg-Lys-Ile-Arg-Arg-OH (207a): Preparative RP-HPLC (0 to 30 %B over 60 min; Rt 

25.6 min) before freeze-drying to afford the title compound (11.4 mg, 24%) as a white 

lyophilisate. Analytical HPLC: Rt 0.6 min (0-50 %B over 10 min, λ = 214 nm); HRMS 

(ESI) 243.5057 ([M + 3H]3+), calcd. for C30H63N15O6
3+ 243.5049. 

H-Asp-Leu-Val-Pro-Leu-OH (208a): Preparative RP-HPLC (0 to 100 %B over 60 min; 

Rt 24.4 min) before freeze-drying to afford the title compound (11.7 mg; 30%) as a white 

lyophilisate. Analytical HPLC: Rt 7.3 min (0-100 %B over 20 min, λ = 214 nm); HRMS 

(ESI) 556.3348 ([M + H]+), calcd. for C26H46N5O8
+ 556.3341. 

H-Gly-Thr-Val-Trp-Trp-Gly-OH (209a): Preparative RP-HPLC (20 to 45 %B over 60 

min; Rt 22.6 min) before freeze-drying to afford the title compound (16.3 mg, 33%) as a 

white lyophilisate. Analytical HPLC: Rt 6.4 min (0-50 %B over 10 min, λ = 214 nm); 

HRMS (ESI) 705.3365 ([M + H]+), calcd. for C35H45N8O8
+ 705.3355. 

H-Cys-Gly-Ile-Leu-Asp-Pro-Ile-Pro-Trp-OH (210a): Preparative RP-HPLC (30 to 40 

%B over 60 min; Rt 30.6 min). The material was freeze-dried to afford the title compound 

(5.4 mg, 8%) as a white lyophilisate. Analytical HPLC: Rt 7.8 min (0-50 %B over 10 min, 

λ = 214 nm); HRMS (ESI) 1013.5130 ([M + H]+), calcd. for C48H73N10O12S
+ 1013.5125. 

H-Leu-Ile-Ala-Ile-Met-Ala-OH (211a): Preparative RP-HPLC (0 to 50 %B over 60 min; 

Rt 40.5 min) before freeze-drying to afford the title compound (25.7 mg, 58%) as a white 

lyophilisate. Analytical HPLC: Rt 9.5 min (0-50 %B over 20 min, λ = 214 nm); HRMS 

(ESI) 631.3852 ([M + H]+), calcd. for C29H55N6O7S
+ 631.3847. 

H-Arg-Gly-Pro-Arg-Gly-Arg-Val-OH (212a): Preparative RP-HPLC (0 to 50 %B over 60 

min; Rt 21.5 min) before freeze-drying to afford the title compound (18.7 mg, 34%) as a 

white lyophilisate. Analytical HPLC: Rt 3.5 min (0-100 %B over 20 min, λ = 214 nm); 

HRMS (ESI) 266.5005 ([M + 3H]3+), calcd. for C32H63N16O8
3+ 266.4999. 
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Ac-Arg-Tyr-Tyr-Ala-Ala-Phe-Phe-Ala-Ala-Arg-Arg-NH2 (213a): Preparative RP-HPLC 

(23 to 33 %B over 60 min; Rt 28.3 min) before freeze-drying to afford the compound (11 

mg, 11%) as a white lyophilisate. Analytical HPLC: Rt 5.1 min (0-50 %B over 10 min, λ 

= 214 nm); HRMS (ESI) 478.2581 ([M + 3H]3+), calcd. for C68H100N21O14
3+ 478.2581. 

H-Ser(O-GlcNAc)-Val-Val-Ile-Ala-NH2 (204b): Preparative RP-HPLC (0 to 30 %B over 

60 min; Rt 39.0 min) before freeze-drying to afford the title compound (16.0 mg, 31%) as 

a white lyophilisate. Analytical HPLC: Rt 3.8 min (0-50 %B over 10 min, λ = 214 nm); 

HRMS (ESI) 690.4012 ([M + H]+), calcd. for C30H56N7O11
+ 690.4032. 

H-Ser(O-GlcNAc)-Lys-Leu-Val-Phe-Phe-NH2 (205b): Preparative RP-HPLC (20 to 50 

%B over 60 min; Rt 24.5 min) before freeze-drying to afford the title compound (10.4 

mg, 16%) as a white lyophilisate. Analytical HPLC: Rt 5.2 min (0-50 %B over 10 min, λ 

= 214 nm); HRMS (ESI) 942.5288 ([M + H]+), calcd. for C46H72N9O12
+ 942.5308. 

H-Ser(O-GlcNAc)-Arg-Ile-Ile-Gly-Leu-OH (206b): Preparative RP-HPLC (20 to 50 %B 

over 60 min; Rt 17.8 min) before freeze-drying to afford the title compound (9.7 mg, 32%) 

as a white lyophilisate. Analytical HPLC: Rt 4.4 min (0-50 %B over 10 min, λ = 214 nm); 

HRMS (ESI) 861.5031 ([M + H]+), calcd. for C37H69N10O13
+ 861.5040. 

H-Ser(O-GlcNAc)-Asp-Leu-Val-Pro-Leu-OH (208b): Preparative RP-HPLC (20 to 50 

%B over 60 min; Rt 28.8 min). The material was freeze-dried to afford the title compound 

(9.7 mg, 33%) as a white lyophilisate. Analytical HPLC: Rt 5.8 min (0-50 %B over 10 

min, λ = 214 nm); HRMS (ESI) 846.4453 ([M + H]+), calcd. for C37H64N7O15
+ 846.4455. 

H-Ser(O-GlcNAc)-Gly-Thr-Val-Trp-Trp-Gly-OH (209b): Preparative RP-HPLC (25 to 

45 %B over 60 min; Rt 19.4 min). The material was freeze-dried to afford the title 

compound (11.4 mg 16%) as a white lyophilisate. Analytical HPLC: Rt 6.2 min (0-50 %B 

over 10 min, λ = 214 nm); HRMS (ESI) 995.4452 ([M + H]+), calcd. for C46H63N10O15
+ 

995.4469. 

H-Ser(O-GlcNAc)-Cys-Gly-Ile-Leu-Asp-Pro-Ile-Pro-Trp-OH (210b): Preparative RP-

HPLC (32 to 40 %B over 60 min; Rt 17.3 min). The material was freeze-dried to afford 

the title compound (2.6 mg, 3%) as a white lyophilisate. Analytical HPLC: Rt 7.5 min (0-
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50 %B over 10 min, λ = 214 nm); HRMS (ESI) 1303.6218 ([M + H]+), calcd. for 

C59H91N12O19S
+ 1303.6239. 

H-Ser(O-GlcNAc)-Leu-Ile-Ala-Ile-Met-Ala-OH (211b): Preparative RP-HPLC (27 to 45 

%B over 60 min; Rt 17.3 min) before freeze-drying to afford the title compound (4.8 mg, 

7%) as a white lyophilisate. Analytical HPLC: Rt 6.0 min (0-50 %B over 10 min, λ = 214 

nm); HRMS (ESI) 921.4942 ([M + H]+), calcd. for C40H73N8O14S
+ 921.4961. 

H-Ser(O-GlcNAc)-Arg-Gly-Pro-Arg-Gly-Arg-Val-OH (212b): Preparative RP-HPLC (5 

to 25 %B over 60 min; Rt 33.0 min) before freeze-drying to afford the title compound 

(11.3 mg, 12%) as a white lyophilisate. Analytical HPLC: Rt 0.7 min (0-50 %B over 10 

min, λ = 214 nm); HRMS (ESI) 544.3022 ([M + 2H]2+), calcd. for C43H80N18O15
2+ 

544.3020. 

H-Ser(O-GlcNAc)-Arg-Tyr-Tyr-Ala-Ala-Phe-Phe-Ala-Ala-Arg-Arg-NH2 (213b): 

Preparative RP-HPLC (18 to 22 %B over 60 min; Rt 37.2 min) before freeze-drying to 

afford the title compound (3.2 mg, 3%) as a white lyophilisate. Analytical HPLC: Rt 4.3 

min (0-50 %B over 10 min, λ = 214 nm); HRMS (ESI) 560.9576 ([M + 3H]3+), calcd. for 

C77H116N23O20
3+ 560.9584. 

H-Ser(O-GlcNAc)-Gly-Val-Val-Ile-Ala-NH2 (204c): Preparative RP-HPLC (5 to 30 %B 

over 60 min; Rt 33.6 min) before freeze-drying to afford the title compound (2.5 mg, 5%) 

as a white lyophilisate. Analytical HPLC: Rt 4.8 min (10-100 %B over 8 min, λ = 214 

nm); HRMS (ESI) 747.4247 ([M + H]+), calcd. for C32H59N8O12
+ 747.4247. 

H-Ser(O-GlcNAc)-Gly-Lys-Leu-Val-Phe-Phe-NH2 (205c): Preparative RP-HPLC (20 to 

50 %B over 60 min; Rt 25.7 min) before freeze-drying to afford the title compound (10.4 

mg, 16%) as a white lyophilisate. Analytical HPLC: Rt 9.6 min (0-50 %B over 30 min, λ 

= 214 nm); HRMS (ESI) 999.5496 ([M + H]+), calcd. for C48H75N10O13
+ 999.5510. 

H-Ser(O-GlcNAc)-Gly-Arg-Ile-Ile-Gly-Leu-OH (206c): Preparative RP-HPLC (0 to 50 

%B over 60 min; Rt 38.5 min). The material was freeze-dried to afford the title compound 

(10.2 mg, 10%) as a white lyophilisate. Analytical HPLC: Rt 4.5 min (0-50 %B over 10 

min, λ = 214 nm); HRMS (ESI) 459.7669 ([M + 2H]2+), calcd. for C39H73N11O14
2+ 

459.7664. 
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H-Ser(O-GlcNAc)-Gly-Arg-Lys-Ile-Arg-Arg-OH (207c): Preparative RP-HPLC (5 to 30 

%B over 60 min; Rt 26.0 min). The material was freeze-dried to afford the title compound 

(14.3 mg, 38%) as a white lyophilisate. Analytical HPLC: Rt 0.8 min (0-50 %B over 10 

min, λ = 214 nm); HRMS (ESI) 359.2158 ([M + 3H]3+), calcd. for C43H85N18O14
3+ 

359.2159. 

H-Ser(O-GlcNAc)-Gly-Asp-Leu-Val-Pro-Leu-OH (208c): Preparative RP-HPLC (0 to 50 

%B over 60 min; Rt 38.8 min). The material was freeze-dried to afford the title compound 

(4.6 mg, 15%) as a white lyophilisate. Analytical HPLC: Rt 5.7 min (0-50 %B over 10 min, 

λ = 214 nm); HRMS (ESI) 925.4486 ([M + Na]+), calcd. for C39H66N8NaO16
+ 925.4489. 

H-Ser(O-GlcNAc)-Gly-Gly-Thr-Val-Trp-Trp-Gly-OH (209c): Preparative RP-HPLC (22 

to 45 %B over 60 min; Rt 21.5 min). The material was freeze-dried to afford the title 

compound (10.8 mg; 14%) as a white lyophilisate. Analytical HPLC: Rt 6.1 min (0-50 %B 

over 10 min, λ = 214 nm); HRMS (ESI) 1052.4684 ([M + H]+), calcd. for C48H66N11O16
+ 

1052.4684. 

H-Ser(O-GlcNAc)-Gly-Cys-Gly-Ile-Leu-Asp-Pro-Ile-Pro-Trp-OH (210c): Preparative 

RP-HPLC (32 to 45 %B over 60 min; Rt 17.2 min). The material was freeze-dried to 

afford the title compound (4.3 mg; 5%) as a white lyophilisate. Analytical HPLC: Rt 7.5 

min (0-50 %B over 10 min, λ = 214 nm); HRMS (ESI) 1360.6428 ([M + H]+), calcd. for 

C61H94N13O20S
+ 1360.6453. 

H-Ser(O-GlcNAc)-Gly-Leu-Ile-Ala-Ile-Met-Ala-OH (211c): Preparative RP-HPLC (15 to 

55 %B over 60 min; Rt 26.0 min). The material was freeze-dried to afford the title 

compound (12.7 mg, 19%) as a white lyophilisate. Analytical HPLC: Rt 6.5 min (0-50 

%B over 10 min, λ = 214 nm); HRMS (ESI) 978.5164 ([M + H]+), calcd. for 

C42H76N9O15S
+ 978.5176. 

H-Ser(O-GlcNAc)-Gly-Arg-Gly-Pro-Arg-Gly-Arg-Val-OH (212c): Preparative RP-

HPLC (0 to 24 %B over 60 min; Rt 31.3 min). The material was freeze-dried to afford the 

title compound (42.3 mg, 53%) as a white lyophilisate. Analytical HPLC: Rt 1.3 min (0-

50 %B over 10 min, λ = 214 nm); HRMS (ESI) 572.8197 ([M + 2H]2+), calcd. for 

C45H83N19O16
2+ 572.8127. 
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H-Ser(O-GlcNAc)-Arg-Tyr-Tyr-Ala-Ala-Phe-Phe-Ala-Ala-Arg-Arg-NH2 (213c): 

Preparative RP-HPLC (17 to 25 %B over 60 min; Rt 33.6 min) before freeze-drying to 

afford the title compound (4.2 mg, 4%) as a white lyophilisate. Analytical HPLC: Rt 4.0 

min (0-50 %B over 10 min, λ = 214 nm); HRMS (ESI) 435.2250 ([M + 4H]4+), calcd. for 

C79H120N24O21
4+ 435.2259. 

2.8.4 Analytical data for compounds 214a-214f derived from tau sequence. 

Ac-Ser-Pro-Val-Val-Ser-Gly-Asp-Thr-Ser-NH2 (214a): Prepared following Fmoc-SPPS 

procedures outlined in the general procedures and purified by preparative RP-HPLC (5 

to 95 %B over 60 min; Rt 22.1 min). The material was freeze-dried to afford the title 

compound (26.3 mg, 42%) as a white lyophilisate. Analytical HPLC: Rt 3.1 min (0-50 

%B over 8 min, λ = 214 nm); HRMS (ESI) 911.4076 ([M + Na]+), calcd. for 

C36H60N10NaO16
+ 911.4081. 

Ac-Ser-Pro-Val-Val-Ser(O-GlcNAc)-Gly-Asp-Thr-Ser-NH2 (214b): Preparative RP-

HPLC (5 to 95 %B over 60 min; Rt 21.1 min). The material was freeze-dried to afford the 

title compound (21.4 mg, 28%) as a white lyophilisate. Analytical HPLC: Rt 3.0 min (0-

50 %B over 10 min, λ = 214 nm); HRMS (ESI) 1114.4865 ([M + Na]+), calcd. for 

C44H73N11NaO21
+ 1114.4875. 

Ac-Ser(O-GlcNAc)-Pro-Val-Val-Ser-Gly-Asp-Thr-Ser-NH2 (214c): Preparative RP-

HPLC (5 to 95 %B over 60 min; Rt 20.3 min). The material was freeze-dried to afford the 

title compound (12.99 mg, 17%) as a white lyophilisate. Analytical HPLC: Rt 2.9 min (0-

50 %B over 10 min, λ = 214 nm); HRMS (ESI) 568.7377 ([M + 2Na]2+), calcd. for 

C44H73N11Na2O21
2+ 568.7383. 

Ac-Ser(O-GlcNAc)-Gly-Pro-Val-Val-Ser-Gly-Asp-Thr-Ser-NH2 (214d): Preparative RP-

HPLC (5 to 95 %B over 60 min; Rt 20.1 min). The material was freeze-dried to afford the 

title compound (22.48 mg, 28%) as a white lyophilisate. Analytical HPLC: Rt 2.8 min (0-

50 %B over 10 min, λ = 214 nm); HRMS (ESI) 597.2493 ([M + 2Na]2+), calcd. for 

C46H76N12Na2O22
2+ 597.2491. 

Ac-Ser-Pro-Val-Val-Ser-Gly-Asp-Thr-Ser(O-GlcNAc)-NH2 (214e): Preparative RP-

HPLC (5 to 95 %B over 60 min; Rt 17.6 min). The material was freeze-dried to afford the 

title compound (27.24 mg, 36%) as a white lyophilisate. Analytical HPLC: Rt 3.0 min (0-
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50 %B over 10 min, λ = 214 nm); HRMS (ESI) 1092.5061 ([M + H]+), calcd. for 

C44H74N11O21
+ 1092.5055. 

Ac-Ser(O-GlcNAc)-Gly-Ser-Pro-Val-Val-Ser-Gly-Asp-Thr-Ser-NH2 (214f): Preparative 

RP-HPLC (5 to 95 %B over 60 min; Rt 16.0 min). The material was freeze-dried to afford 

the title compound (27.32 mg, 32%) as a white lyophilisate. Analytical HPLC: Rt 2.8 min 

(0-50 %B over 10 min, λ = 214 nm); HRMS (ESI) 1258.5410 ([M + Na]+), calcd. for 

C49H81N13NaO24
+ 1258.5410. 

2.8.5 Biological evaluation 

In vitro inhibition of Amyloid-β40 aggregation: A stock solution of ThT (50 μM) in PBS 

buffer was prepared and used with commercially available Aβ40. Prior to use in the assay, 

the Aβ40 peptide was dissolved in 20 μL of TFA, dried under nitrogen flow, and then 

treated with 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) to furnish disaggregated Aβ40 as 

the HFIP salt. Inhibition of Aβ40 aggregation was performed by incubation of a mixture 

of Aβ peptide (40 μM) suspended in PBS buffer with or without inhibitor compounds at 

varying ratios (1:1, 1:2 and 1:4). For each treatment group, across different time intervals, 

the mixtures were mixed with 200 μL of prepared ThT solution, and the total volume was 

adjusted to 400 μL using PBS buffer. Solutions were dispensed in triplicate (n=3), each 

of which were analysed using a fluorimeter (ex 440 nm/em. 485 nm) and fluorescence 

intensities of samples were compared to an untreated negative control to obtain 

percentage inhibition values plotted against time. 
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CHAPTER 3 

Novel 2-aminoquinazolin-4(3H)-one derivatives highly active in vivo 

against yeast prions and in vitro against α-synuclein aggregation 
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ABSTRACT 

The prion protein (PrP) is classified as the smallest infectious particle, and is implicated 

in Creutzfeldt-Jakob disease (CJD) in humans. Research findings suggest strong links 

between PrP-related pathogenic mechanisms and other neurodegenerative diseases (NDs) 

such as AD, PD, HD and ALS. The outbreak of CJD in the United Kingdom in 1996 

stimulated much research interest, with many agencies searching for therapeutics 

effective at treating these diseases. While compounds are frequently identified to be 

promising anti-prion agents in vitro, their activity has not translated in in vivo models. 

Here we investigated a series of compounds with structures inspired by a natural product 

identified to be active in vivo, 6-aminophenanthridine (6AP). The compounds were found 

to be active in submicromolar concentrations against yeast prion formation and, following 

structural optimisation, effective inhibitors of α-syn aggregation in vitro. We expect these 

compounds may qualify as interesting leads for further development for use as inhibitors 

of the prion-like mechanisms characteristic of many NDs. 
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3.1. INTRODUCTION 

Although numerous in silico, in vitro and cell-based throughput screens have yielded an 

array of effective anti-prion agents,1, 2 none have proven especially useful in vivo.3 

Furthermore, no clinical trial on any therapeutic candidate has had any degree of success.4, 

5 Such disappointing results have thrown into question the viability of the strategies 

employed to identify anti-prion therapeutics. Focus is shifting from cell culture models 

as they’ve proven weak predictors of in vivo efficacy.6, 7  Cerebellar organotypic cultured 

slices (COCS) represent a more realistic system and data gathered from these studies is 

translating better efficacy-wise, however their production is laborious, hampering their 

potential use in high-throughput contexts.8 

Yeast-based screens are emerging as an economical, high-throughput alternative.6 

Findings strongly suggest that mechanisms governing prion appearance and/or 

propagation may be evolutionarily conserved from yeast to mammals, as are a number of 

major cell biology regulatory mechanisms.9, 10 As such, numerous compounds found 

effective against budding yeast prions (Sup35p and Ure2p proteins) are also found to 

effectively promote mammalian prion clearance in subsequent assays.9, 11 Rather than 

focusing solely on targeting the prion protein, compounds identified via yeast-based 

screens may retain the capacity to interplay with one or more of the diverse cellular 

processes that affect prion generation and propagation. The yeast-based screen therefore 

complements therapeutic strategies akin to the emerging multi-target-directed ligands 

(MTDLs) strategy for Alzheimer’s disease, wherein hybrid small molecules interact with 

multiple pathological factors.12, 13 

Only a handful of anti-prion compounds have been identified via yeast-based screens. 

The alpha-2 adrenergic receptor agonist guanabenz (301, Figure 3.1A) demonstrated 

ability to cure yeast prions, promote ovine PrPSc clearance in mammalian cells, and 

slightly prolong survival time of transgenic mice expressing ovine PrP.11 Guanabenz has 

been administered for decades to treat hypertension on a daily basis without major side-

effects, however in the absence of hypertension, guanabenz administration offers side 

effects such as dizziness and/or weakness. The antihypertensive properties of guanabenz 

has therefore precluded it from further study as an anti-prion agent, though structural 

analogues without antihypertensive activity are being investigated.14 Prior to the 
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identification of guanabenz, five kastellpaolitines (KPs) such as KP1 (302), besides 

phenanthridine, were also identified to cure yeast prions.10 Suspecting the amino group 

present in the KPs played a critical role, 6-aminophenanthridine (also 6AP, 303) was 

conceived and found to possess significantly increased anti-prion activity over all five 

KPs identified. 6AP, along with the KPs tested, reportedly promoted PrPSc clearance in a 

mammalian system also. Both guanabenz and 6AP are also specific, competitive 

inhibitors of protein folding activity of the ribosome (PFAR), an evolutionarily conserved 

cell component implicated in the prion life cycle.15, 16 Critically, the drugs impact PFAR 

without any affect against ribosome peptidyl transferase activity and hence its central role 

in ribosomal RNA-catalysed peptide bond formation, the main chemical step in protein 

synthesis.17 As such, targeting PFAR has very recently become a strategy toward anti-

prion therapy, where previously most strategies have focused on binding and/or 

interfering with the prion proteins directly.18 Since its identification, the structure of 6AP 

has been developed further yielding two promising lead compounds, structures 304 and 

305.19 A fair correlation is observed between the activity of compounds displayed against 

the yeast prion and mammalian PrPSc. 
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Figure 3.1 Structures of (A) known anti-prion compounds, with essential structural components 

highlighted in red, and (B) quinazolines investigated for use as AD therapeutics with relevant structural 

elements highlighted in blue. (C) A panel of rationally designed 2-aminoquinazolin-4(3H)-ones coupling 

structural features of reported anti-prion and anti-AD compounds were envisaged. 

We identified similarities between the chemical structures of 6AP, guanabenz, and the 

quinazoline scaffold, as highlighted in Figure 3.1. The quinazoline scaffold, owing to its 

remarkable prevalence in biologically active and marketed compounds, is considered a 

privileged scaffold of considerable interest to medicinal chemists.20, 21  Indeed, a diverse 

range of biologically active quinazolines have been reported with over one hundred 

quinazoline-containing drugs making it to market within the last fifty years. In recent 

times, quinazolines are being studied as MTDLs useful against protein misfolding 
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diseases such as AD and PD. The 2,4-quinazolines such as 306 (Figure 3.1B) have 

exhibited dual cholinesterase inhibition (AChE IC50 = 6.6 μM; BuChE IC50 = 100 nM) 

and concomitant inhibition of Aβ aggregation (Aβ40 IC50 = 6.1 μM; Aβ42 IC50 = 7.2 μM), 

qualifying them as potential drug-like MTDLs for AD therapy.22 Similar findings have 

been made for compound 307, exhibiting dual cholinesterase (AChE IC50 = 7.5 μM; 

BuChE IC50 = 11.6 μM) and Aβ aggregation inhibition (Aβ40 IC50 = 2.2 μM; Aβ42 IC50 = 

8.4 μM), in a recent report.23 Other substituted quinazolines, such as 308, have been 

patented for their ability to arrest the assembly of tau protein into oligomers implicated 

in AD.24 Compound 308 lowered levels of insoluble tau in the cortices of the mice upon 

treatment significantly and was well tolerated at all doses examined.  

Numerous other examples of quinazolines have been reported or patented in recent times 

for their activity against AD and PD drug targets. Regarding PrPSc, an array of 

quinacrines, quinolines and quinazolines have exhibited anti-prion abilities in library 

screens, some even displaying nanomolar range IC50 values.25, 26 In pursuit of novel small 

molecule scaffolds with anti-amyloidogenic properties, we generated a panel of novel 2-

aminoquinazolin-4(3H)-ones, such as 309, rationally designed to couple the anti-

amyloidogenic properties of reported quinazoline scaffolds with the inhibitory activity 

against PFAR that is characteristic of 6AP and its analogues (Figure 3.1C).  

3.2. RESULTS AND DISCUSSION 

3.2.1. Rational Design 

A comprehensive panel of structurally diverse 2-aminoquinazolin-4(3H)-ones was 

envisaged. Previous SAR studies determined that the 6-amino substituent is critical to the 

anti-prion activity of 6AP,16 and that its removal or substitution results in a profound loss 

of activity. As such, the analogous 2-amino group was conserved in the structures of the 

novel compounds. The intrinsic, high basicity of amidine and guanidine functionalities 

has raised concerns surrounding unfavorable pharmacokinetic properties, including poor 

tissue distribution and P-glycoprotein (P-gp) mediated efflux, limiting substrates’ CNS 

permeation.27 Inclusion of the C4 carbonyl on the heterocyclic ring is expected to reduce 

the pKa of the 2-amino group to address these concerns.  
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Substitutions at the 7- and 8-positions of 6AP are well tolerated, as is reduction of ring B 

(Figure 3.2), as in the case of 304. We elected to remove ring B from the central core of 

the scaffold, tethering it at N-3 via an aliphatic linker moiety of variable length (n = 0, 1, 

2) 314d-314e. We were interested to probe the effects of extension out from ring A also. 

To this end, bulky Br and Cl atoms were introduced at the 6-position of the quinazolinone 

core (corresponding to the 2-position of 6AP) 313i-313j. We were interested to probe the 

chemical space extending from ring B. This was examined through introduction of an 

additional aromatic ring, achievable via Suzuki-Miyaura coupling reaction (314a-314o). 

The para-, meta-, and ortho-substituted rings were envisaged, along with variable 

extended ring structures. We also elected to investigate the effect of introducing a 

heteroatom into ring B (314f). 

 

Figure 3.2. Modification of the general scaffold depicted will yield a panel of 2-aminoquinazolin-

4(3H)ones. 
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3.2.2. Chemical Synthesis 

Due to their broad range of biological and pharmacological properties a number of 

methodologies have been developed for their synthesis.28 Indeed, a number of strategies 

toward generating 2-amino 3-substituted quinazolinones with conserved 2-amino 

substituents have been reported in the literature. Typical strategies employ multistep 

syntheses to produce compounds possessing the structural core.29 A notable example 

involves the functionalisation of aniline's free amine to form N-protected guanidine 

intermediate, followed by ring closure via intramolecular Friedel-Craft’s type 

substitution.30 Quinazolin-4(3H)-one synthesis has also been achieved on solid-support 

via cyclo-condensation between anthranilic acid, amino acids and aldehydes or via aza-

wittig mediated annulation using o-azidobenzoic acid.31 Numerous other examples exist 

within the literature also.32 

Recently, a convenient, one-pot multi-component domino reaction strategy was 

reported.33 The reaction takes place via the condensation of isatoic anhydride (310) with 

an amine and N-cyano-N-phenyl-p-toluenesulfonamide (NCTS, 312). NCTS is a stable, 

non-toxic cyanating agent able to be generated expediently from p-toluenesulfonyl 

chloride, pyridine and N-phenylurea. The reaction mechanism is proposed to follow the 

attack of a primary amine on the carbonyl group of isatoic anhydride, followed by ring 

opening and decarboxylation, to form an amide intermediate 311 (Scheme 3.1). 

Deprotonation of the aromatic amine of 311 under strongly basic conditions, followed by 

nucleophilic attack on the nitrile of NCTS, then yields an imine intermediate. Subsequent 

elimination of the N-phenyl tosyl group, followed by cyclization and tautomerisation of 

the resultant intermediate forms the desired 3N-substituted 2-aminoquinazolin-4(3H)-one 

scaffold.33 
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Scheme 3.1. Proposed mechanism for the reported multi-component reaction.33 

A panel of 2-aminoquinazolin-4(3H)-one compounds were therefore to be prepared 

expediently across two synthetic steps, as described in Scheme 3.2. Briefly, the 

multicomponent reaction (3-MCR) between isatoic anhydride (310), functionalised 

amine and NCTS gave intermediates 313a-f which were used, along with phenylboronic 

acid(s), to generate the target structures 314a-p via Suzuki-Miyaura cross coupling 

reaction.34 For brominated and chlorinated compounds (313i and 313j respectively), the 

respective isatoic anhydrides were reacted with the appropriate biphenyl methanamine, 

as Suzuki-Miyaura coupling would likely have afforded a mixture of products. 

 

Scheme 3.2. Envisaged synthesis toward novel 2-aminoquinazolin-4(3H)-ones 314a-p (A) and 313g-j (B). 

Reagents and conditions: (a) NCTS, LiHMDS, 1,4-dioxane, reflux, 16 h, 6-64%; (b) ArB(OH)2, Pd(PPh3)4, 

toluene/EtOH/K2CO3 (aq.), reflux, 16 h, 35-97%. For structural details, refer to Table 3.1 and Table 3.2. 
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Initial optimisation of the protocol was undertaken using 310a with 3-bromobenzylamine 

to form 313a (Entry 1, Table 3.1). In our hands, 313a formed with an isolated yield of 

64%. The yield of the reaction between 310a and simple benzylamine under the optimised 

conditions was reported to be 72%.33 The decreased yield was hypothesised to result from 

poor solubility of the intermediate 311, and so a hampered reaction rate. This hypothesis 

was supported by the poor yields of dibrominated 313h (Entry 7). Indeed, the original 

report found that isolated yields were heavily dependent upon the nature of the amine 

used.33 Notably, the reaction to form 313c (Entry 3) was also poor yielding. In this case, 

the disappointing yield was ascribed to unfavourable steric interactions in addition. All 

compounds were isolated and, excepting 313i and 313j, were reacted under Suzuki-

Miyaura coupling conditions. 

Table 3.1. MCR strategy was used to construct 2-aminoquinazolin-4(3H)-ones. 

Entry 
Isatoic 

anhydride 
Amine Product 

Yield 

(%)a 

1 310a 
  

313a 

64 

2 310a 
  

313b 

55 

3 310a 
 

 

313c 

8 

4 310a 
  

313d 

13 
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5 310a 
  

313e 

9 

6 310a 
  

313f 

61 

7 

310b 

  

313g 

6 

8 

310c 

  

313h 

21 

9 

 

310b 

 
 

313i 

11 

10 

310c  
 

313j 

46 

aIsolated yields calculated using isatoic anhydride as limiting reagent 

Synthesis of 313k, bearing a directly linked bromophenyl rings (tether length n = 0), was 

undertaken (Scheme 3.3). Despite that simple aniline was reported compatible with the 

MCR protocol,33 attempts here with 3-bromoaniline were consistently unsuccessful. The 

amide intermediate (311), was confirmed to have formed prior to addition of NCTS and 

LiHMDS, however subsequent heating overnight yielded a complex mixture of products, 

moreso than what was observed for other entries. The reaction was attempted twice under 
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conventional heating conditions and one time under microwave-assisted heating 

conditions. Microwave irradiation was hypothesised to help catalyse the reaction, 

however even under microwave-assisted heating conditions, the reaction did not proceed, 

and the major product, when isolated and examined using NMR, did not resemble the 

target compound. The reported reaction between isatoic anhydride and simple aniline was 

poor yielding when compared to benzylamine or phenethylamine.33 

 

Scheme 3.3. Attempted syntheses of quinazolin-4(3H)-ones 313k. Reagents and conditions: (a) NCTS, 

LiHMDS, 1,4-dioxane, reflux, 16 h. 

The brominated intermediates were then reacted with arylboronic acids under optimised 

Suzuki-Miyaura coupling conditions. The majority of the compounds’ corresponding 

biphenyl analogues was generated with pleasing yields, excepting the reaction to form 

ortho-substituted 314c (Table 3.2). The poor yield in this case was attributed to 

unfavourable steric interactions. To react with the meta-substituted 313a, a variety of 

substituted boronic acids were employed. Isolated yields were pleasing in most cases, 

excepting the yields obtained for the reactions to form 314m, 314n and 314o. In some 

cases, the poor-yielding coupling reactions afforded a monocyclic major side product, 

313. As evaluation of 313 was expected to benefit SAR studies, it was isolated, 

characterised and prepared for biological activity. 
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Table 3.2. Suzuki-Miyaura coupling yielded 2-aminoquinazolin-4(3H)-ones 

Entry Reactant Boronic acid Product %a 

1 313a PhB(OH)2 

314a 

97 

2 313b PhB(OH)2 

314b 

97 

3 313c PhB(OH)2 

314c 

54 

4 313d PhB(OH)2 

314d 

95 

5 313e PhB(OH)2 

314e 

97 

6 313f PhB(OH)2 

314f 

97 
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7 313a 

  
314g 

93 

8 313a 

  
314h 

87 

9 313a 

  
314i 

91 

10 313a 

  
314j 

91 

11 313a 

  
314k 

87 

12 313a 

  
314l 

94 

13 313a 

  
314m 

35 

14 313a 

  
314n 

62 

15 313a 

  
314o 

85 
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aIsolated yields calculated using quinazolinones as limiting reagents 

bFormed as side product 313 isolated  
                                                         313 

A deaminated analogue 315 was also generated to investigate whether removal of the 2-

amino group would impact the bioactivity of the scaffold. Compound 315 was generated 

using trimethylorthoformate in a microwave-assisted one-pot reaction with pleasing yield 

(Scheme 3.4). 

 

Scheme 3.4. Syntheses of deaminated quinazoln-4(3H)-one analogue 315. Reagents and conditions: (a) i. 

1,4-dioxane, MW, 100 °C, 5 min, ii. CH(OCH3)3, p-TSA, MW, 100 °C, 15 min, 78%. 

3.2.3. Biological Evaluation 

3.2.3.1 Antiprion activity 

A selection of the novel 2-aminoquinazolin-4(3H)-one compounds were screened for 

their anti-prion activity using a recently validated high-throughput yeast-based anti-prion 

bioassay.6 The assay makes use of the [PSI+] and [URE3] prions in evaluating the ability 

of molecules to cure yeast prion infection. This in vivo yeast-based assay is useful as it 

allows curing to be evaluated following interference with any of a number of various 

cellular prion mechanisms besides direct interaction of the compounds with the prion. 

Moreover, the protocol is the first reported to deliver in vivo quantitation, invaluable for 

the rapid analysis of SARs. Guanabenz, a reportedly potent anti-prion agent, was used as 

a positive control for comparison of activity. Guanabenz is reported to cure yeast prions 

at concentrations <30 μM. A subeffective concentration of guanadine hydrochloride 

(GuHCl) was added to the growth media to inactivate the prion chaperone Hsp104p, a 

heat shock protein essential for prion propagation in yeast.35 This process has been used 

in aiding detection of anti-prion activity in previous reports.6 The compounds were also 

compared to anti-prion compounds quinacrine, chlorpromazine (CPZ), 6AP and the 
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diphenylpyrazole anle138b. Experimentation was performed in collaboration with 

Laurence Jennings in Dr Alan Munn’s laboratory at Griffith Health Sciences on the Gold 

Coast Campus. 

As the activity in the assay employed is dependent on the ability of the compounds to 

pass through the cell membrane, the membrane permeability of the compounds may 

influence their measured potency. As such, the selection criteria for the compounds 

undergoing the preliminary screen prioritised diversity relating to the compounds’ 

physicochemical properties, to identify potential correlations between permeability and 

in vivo potency. As shown in Table 3.3, a majority of the compounds were found to cure 

the [PSI+] prion with greater potency than all of the controls, with most exhibiting EC50 

values in the nanomolar range.  

Table 3.3. Anti-prion activity of 2-aminoquinazolin-4(3H)-ones compared to other anti-prion compounds 

 [PSI+] Prion Curinga [URE3] Prion Curing   

Compound EC50 ± SE (μM) Yes/No at 40 μM cLogPb TPSAc (Å2) 

314a <1 Yes 3.7 61 

314g 47.81 ± 8.8 No 5.6 61 

314h <1 Yes 4.5 61 

314i 32.16 ± 11.1 No 3.7 70 

314j <1 Yes 3.7 79 

314k <1 Yes 3.2 85 

314l >100 No 6.6 61 

314n ≈2 ± 9.1 Yes 5.0 61 

314o 7.24 ± 6.70 Yes 3.1 74 

313a <1 Yes 2.7 61 

313 91.8 ± 9.6 No 1.9 61 

Guanabenz 25 - 1.4 77 

Quinacrine 214 - 6.7 37 

CPZ >400 - 5.5 8 

6AP 36.2 - 2.9 39 

anle138b 39.2 - 5.3 47 

aQuantitative measure of [PSI+] prion curing in STRg6 yeast strain, values are presented as EC50 ± standard deviation. 

Note: EC50  values for positive controls were obtained and discussed previously.6 bcLogP values calculated using 

ChemBioDraw Ultra v14.0. cTPSA values calculated using Molinspiration property engine v2018.10 
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Since the compounds were active to varying degrees, SARs were able to be studied. The 

biphenyl system, as present in the structure of 314a, produced the most active base 

structure as compared to terphenyl (314g EC50 = 47.81 ± 8.8 μM) or monocyclic 

analogues (313 EC50 = 91.8 ± 9.6 μM). Along with 314g, larger substituting groups such 

as pyrene (314l EC50 > 100 μM) worked to significantly reduce the potency of the 

scaffold. Substitution on the extended ring well tolerated, as all of 314h, 314j and 314k 

exhibited EC50 values < 1 μM. Replacement of the extended phenyl ring with furan and 

benzo[b]thiophene was also tolerated, as 314o and 314n exhibited EC50 values of 7.24 ± 

6.70 μM and 2 ± 9.1 μM respectively. Replacement of the ring with bromine was also 

tolerated, as demonstrated by 313a (EC50 < 1 μM). The variety among the strongly active 

compounds’ structures suggest a sizeable chemical space able to be explored. The 

compounds were also screened against [URE3]-infected SB34 to confirm they were not 

selective inhibitors of sup35p prion formation. Only the compounds most effective at 

curing [PSI+] were able to cure [URE3] prion at 40 μM treatment. It is expected that at 

higher concentrations, the less effective inhibitors of the [PSI+] prion may have also cured 

[URE3], though this was not investigated.  

We had also planned to screen the compounds using varying concentrations of GuHCl to 

confirm their synergistic effects on prion curing and thus ensure they were not curing 

[PSI+] prions via inactivation of Hsp104p. Unfortunately, due to unforeseen issues 

associated with the status of the GMO yeast strains, no further yeast-based screening 

assays were able to be conducted. It was not able to be determined whether or not the 

compounds conferred their bioactivity via inactivation of Hsp104p. Also, the SARs of the 

compounds were unable to be more comprehensively defined. In any case, we were 

encouraged by our findings, as these compounds were found to be, besides more active 

than 6AP, among the most effective compounds at curing [PSI+] prions identified to 

date.6, 7 

The calculated logP values of the compounds suggested no strong correlation between 

compound membrane permeability and their EC50 values. Also notable is that 6AP was 

calculated to possess a relatively low topological polar surface area (TPSA). Surveys of 

CNS penetrant drugs have established an optimal TPSA range of 60-70 Å2 for blood-brain 

barrier permeability, with a lower limit of 40 and an upper limit of 90.36 All of the novel 
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compounds listed in Table 3.3 fall within this range and so it was hypothesised that the 

compounds may qualify as CNS permeant. 

3.2.3.2. α-Synuclein aggregation inhibition activity 

As described in previous chapters, α-syn is a β-sheet-rich protein which misfolds to form 

toxic oligomers and insoluble amyloid fibrils similar to those of the prion protein.37 

Indeed, like the human prion protein, misfolded α-syn is able to undergo self-replication, 

the physical interaction between misfolded protein and native protein to cause additional 

misfolding.38, 39 Propagation of misfolded α-syn requires similar chaperone proteins to 

those required for prion propagation also.40 Because of the links and similarities between 

α-syn and the prion protein, the panel of compounds here were screened for inhibitory 

activity against α-syn aggregation in vitro. Experimentation was performed in 

collaboration with Mingming Xu in Prof. George Mellick’s laboratory at Griffith 

Research Institute for Drug Discovery (GRIDD), Griffith University, Nathan Campus. 

This work would enable the classification of the compounds as either direct or indirect 

inhibitors of the aggregation of β-sheet-rich misfolded proteins. 

Compounds were evaluated by ThT fluorescence assay using α-syn peptide at 10 μM and 

compounds at 50 μM. The α-syn was expressed in E. coli BL21 (DE3) cells induced with 

1 mM isopropyl β-D-1-thiogalactopyranoside and was purified according to protocols 

reported by Volles and Lansbury,41 followed by anion-exchange protocols reported by 

Ventura and co-workers.42 The data, displayed in Figure 3.3, indicated that the 

compounds reduced ThT fluorescence in the range of 11 - 64% relative to the control. 

Among the compounds examined, the most effective at reducing ThT fluorescence was 

the brominated 313a. We also noted that the treatment with biphenyl 314a led to a greater 

reduction in ThT fluorescence than with terphenyl or monophenyl analogues. This finding 

was in consistent with the trends observed for [PSI+] curing. 
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Figure 3.3. Purified α-syn (10 μM) was incubated at 37 °C alone, with positive control epigallocatechin 

gallate (EGCG, 50 μM), or with compounds (50 μM) before analysis by ThT fluorescence (λex = 440 nm, 

λem = 500 nm) at 72 h. The experiments were performed in n = 6 replicates, error bars represent standard 

deviation analysed using one-way ANOVA with Dunnett’s post hoc comparison (*p<0.05 vs control; 

p<0.01 vs control; ***p<0.001 vs control). 

3.2.3.3 Cytotoxicity activity 

A number of the anti-prion leads that have been identified to date are characterised by 

toxicity that limits their potential for further development into clinical candidates. 

Neurotoxicity is the primary cause of withdrawals of lead compounds from clinical 

trials.43 The ability of anti-prion leads to efficiently cure prion infections while conferring 

only limited cytotoxic effects is of obvious importance. As such, we were interested to 

know whether the compounds identified here were especially toxic against neuronal cells. 

The SH-SY5Y neuroblastoma is an established human, neuronal cell model utilised 

widely in current PD research.44 As illustrated in Figure 3.4, SH-SY5Y neuroblastoma 

were treated using quinazolinones and control compounds at three different 

concentrations (final concentrations 100 μM, 10 μM and 1 μM). Treatment with the 

quinazolinones here at concentrations of 10 μM resulted in 100% cell viability. When the 

concentrations were increased 10-fold however, a number of the compounds exhibited 

significant cytotoxic effects. Excepting 314l and 313a, all quinazolinones decreased SH-

SY5Y viability by at least ~15%. It was interesting to note that 313a (~85 % viability) 

displayed significantly decreased toxic effects than the biphenyl 314a (~35 % viability). 
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Figure 3.4. Cell viability of SH-SY5Y neuroblastoma following treatment with compounds at three 

concentrations. Anti-prion compounds guanabenz (Gb) and quinacrine (Qu) were included for comparison. 

The three controls from left to right include media control (no cells), DMSO vehicle control (with cells) 

and no treatment control (with cells). The bars represent mean + SEM bars for each treatment performed 

in triplicate. 

The neurotoxicity of the quinazolinones were compared to guanabenz and quinacrine, 

two anti-prion compounds that have seen limited clinical utility due to their toxicity. 

Though administered in chronic settings, acute Guanabenz treatment is associated with 

severe toxicity while quinacrine is reported to exhibit toxicity only at higher relative 

doses.14, 45 Our analyses aligned with previous findings in that treatment of SH-SY5Y 

cells with guanabenz at even concentrations of 1 μM resulted in ~25% cell viability and 

that treatment with quinacrine at 100 μM resulted in complete loss of viability. Our results 

indicate that the series of novel quinazolinones described here are significantly less toxic 

to neuroblastoma cells than guanabenz or quinacrine. The modest toxicity of these 

compounds for the SH-SY5Y human neuroblastoma cell line support that these 

compounds may qualify as good leads for further development. 

The remaining 2-aminoquinazolin-4(3H)-ones were investigated for their ability to 

inhibit α-syn aggregation. Again, ThT fluorescence using α-syn peptide (10 μM) and each 

of compounds (50 μM) was conducted. The data, displayed in Figure 3.5, indicated that 

the compounds exhibited a variety of effects against ThT fluorescence. Compounds 

possessing a common ethylene linkage (313d, 314d and 313e), were found to most 
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significantly reduce ThT fluorescence. Also notable was that treatment with the pyridinyl-

substituted 314f led to >100% increase in fluorescence. The increase in fluorescence was 

proposed to be due either to an aggregation-inducing effect of 314f, or the compound’s 

own intrinsic fluorescence characteristic. The remainder of the compounds did not display 

significant effects on ThT fluorescence mediated by α-syn aggregation. 

 

Figure 3.5. Purified α-syn (10 μM) was incubated at 37 °C alone, with positive control epigallocatechin 

gallate (EGCG, 50 μM), or with compounds (50 μM) before analysis by ThT fluorescence (λex = 440 nm, 

λem = 500 nm) at 72 h. The experiments were performed in triplicate, error bars represent standard deviation 

analysed using one-way ANOVA with Dunnett’s post hoc comparison (*p<0.05 vs control; p<0.01 vs 

control; ***p<0.001 vs control). 

3.3. CONCLUSIONS AND FUTURE DIRECTIONS 

In summary, a series of novel 2-aminoquinazolin-4(3H)-ones designed to interact with 

multiple therapeutic targets implicated in protein misfolding diseases were synthesised 

and identified as potentially useful leads against yeast prion formation in vivo. 

Preliminary SAR studies revealed that the biphenyl motif was an essential structural 

feature for the compounds ability to cure [PSI+] prions. The compounds were also able to 

reduce ThT fluorescence mediated by α-syn aggregation. It was found that the activity of 

the scaffold was able to be tuned through structural optimisation, and that ethylene-linked 

quinazolines 313d, 314d and 313e were able to most effectively reduce ThT fluorescence. 

As mentioned, there are biochemical similarities between the formation and propagation 

***

**

*** ***

***

0

50

100

150

200

250

Th
T 

Fl
u

o
re

sc
en

ce
 

(%
 o

f 
co

n
tr

o
l)

140



of α-syn amyloids and prions. The fact that the 313a and 314a were potent at curing [PSI+] 

formation while also reducing α-syn-mediated ThT fluorescence may suggest the 

compounds are functioning as designed. The compounds were designed to cure prion 

formation by inhibiting PFAR activity and directly binding and arresting the 

amyloidogenic proteins to modulate aggregation kinetics. 

The physicochemical properties of a number of the compounds were predicted, with 

cLogP and TPSA calculations suggesting that a majority of the compounds may qualify 

as CNS permeant. Regarding Lipinki’s rule,46 the general 2-aminoquinazolin-4(3H)-one 

scaffold possesses only one hydrogen bond donating group, 4 hydrogen bond accepting 

groups and a relatively low molecular weight (m/z < 500), the compounds described here 

may also qualify as orally bioavailable. 

The initial panel of compounds also exhibited very low levels of toxicity against human 

neuroblastoma cells. Altogether, these data suggest that the 2-amino-3-quinazolin-4(3H)-

one scaffold may be a reliable and potent lead for treating prion diseases and so further 

investigation of their mechanism of action is warranted, besides optimisation of the 

molecular structure. Currently, the compounds are being evaluated for anti-prion activity 

against mammalian PrPSc. The experimentation is to be performed collaboratively with 

Dr. Cecile Voisset, in her laboratory in L’institut brestois de recherche en bio-santé 

(IBRBS) at Université de Bretagne Occidentale (UBO), France.  

3.4. EXPERIMENTAL SECTION 

General Methods. Proton nuclear magnetic resonance (1H NMR) spectra were recorded 

using a Bruker Avance DPX 400 spectrometer at a frequency of 400.2 MHz. Carbon 

nuclear magnetic resonance (13C NMR) spectra were recorded on a Bruker Avance DPX 

400 spectrometer at a frequency of 100 MHz. The spectra are reported as parts per million 

(ppm) downfield shift using the solvent peak as internal reference. The data are reported 

as chemical shift (δ), multiplicity, relative integral, coupling constant (JHz) and 

assignment where possible. Low resolution mass spectra were recorded on a Finnigan 

LCQ Deca ion trap spectrometer (ESI). High resolution mass spectra were recorded on a 

Bruker 7T Fourier Transform Ion Cyclotron Resonance Mass Spectrometer (FTICR). A 

number of compounds were isolated using preparative reverse-phase (RP) HPLC, 
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performed using a Waters 600 Multisolvent Delivery System and Waters 500 pump with 

2996 photodiode array detector of Waters 490E Programmable wavelength detector 

operating at 254 and 280 nm. A Waters Sunfire μm, 19 x 150 mm column was used at a 

flow rate of 7 mL min-1 using a mobile phase of 0.1% TFA in water (Solvent A) and 0.1% 

TFA acetonitrile (Solvent B) using a linear gradient of 0-100% B over 60 min. Analytical 

thin layer chromatography (TLC) was performed using commercially prepared silica 

plates (Merck Kieselgel 60 0.25 mm F254). Flash column chromatography was 

performed using 230-400 mesh Kieselgel 60 silica eluting with analytical grade solvents. 

Reagents, catalysts and solvents were purchased from Sigma-Aldrich, AK Scientific and 

Chem-Supply and were used as received unless otherwise noted. 

N-cyano-N-phenyl-p-toluenesulfonamide (312):

To a solution of phenylurea (2.00 g, 14.7 mmol) in pyridine (10.0 mL) was added p-

toluenesulfonyl chloride (9.77 g, 51.4 mmol) portion-wise at room temperature with 

stirring. The reaction mixture was left for 20 minutes before being decanted into ice-

cooled water (80 mL) with mechanical stirring. The precipitate formed was filtered and 

washed with water before being purified by flash chromatography (EtOAc/hexane 1:9) to 

give NCTS (3.42 g, 12.6 mmol, 85 %) as a white powder. 1H NMR (400 MHz CDCl3): δ 

7.63 (d, J = 8.4 Hz, 2H), 7.62 (s, 1H), 7.41-7.35 (m, 3H), 7.34 (d, J = 8.4 Hz, 2H), 7.21-

7.19 (m, 1H), 7.19-7.17 (m, 1H), 2.47 (s, 3H). Data are in agreement with previous 

reports.47 

General Method for Multicomponent Domino Reactions: 

To a stirred solution of appropriate isatoic anhydride (0.50 g) in 1,4-dioxane (20 mL) was 

added amine (1.0 equiv.) before heating to reflux. After 4 h, 1M LiHMDS in THF solution 

(3 equiv.) and N-cyano-N-phenyl-p-toluenesulfonamide (NCTS) (1 equiv.) was added 

and the reaction was left stirring at reflux for a further 12 h. After completion of the 

reaction, the mixture was neutralised with 20% aqueous ammonium chloride solution and 

142



extracted with ethyl acetate. The combined organic layer was washed with water, 

followed by brine, and then dried using Na2SO4 before being concentrated under reduced 

pressure and then being purified by flash chromatography to give the quinazolinone 

compounds. 

2-amino-3-(3-bromobenzyl)quinazolin-4(3H)-one (313a):  

 

Isatoic anhydride was reacted with 3-bromobenzylamine and purified by flash 

chromatography (hexane/EtOAc 2:3) to give the title compound (0.649 g, 1.96 mmol, 

64%) as a white solid. 1H NMR (400 MHz, DMSO-d6): δ 7.92 (dd, J = 7.9, 1.1 Hz, 1H), 

7.59 (ddd, J = 1.5, 7.1, 7.9 Hz, 1H), 7.47 (d, J = 7.8 Hz, 1H), 7.46 (s, 1H), 7.29 (t, J = 7.8 

Hz, 1H), 7.22-7.19 (m, 2H), 7.12 (t, J = 7.8 Hz, 1H), 7.01 (s, 2H), 5.27 (s, 2H); 13C NMR 

(100 MHz, DMSO-d6): δ 162.4, 152.2, 150.3, 139.6, 134.9, 131.2, 130.6, 130.2, 127.1, 

126.2, 124.4, 122.1 (2 x C), 116.4, 43.9; MS (ESI) m/z 332.0 ([M + H]+, 100%)]. 

2-amino-3-(4-bromobenzyl)quinazolin-4(3H)-one (313b):  

 

Isatoic anhydride was reacted with 4-bromobenzylamine following the general domino 

reaction protocol to give the compound (0.56 g, 1.7 mmol, 55%) as a white solid. 1H 

NMR (400 MHz, DMSO-d6): δ 7.92 (dd, J = 1.4, 8.0 Hz, 1H), 7.59 (ddd, J = 1.5, 7.5, 8.0 

Hz, 1H), 7.52 (d, J = 8.5 Hz, 2H), 7.20 (d, J = 7.4 Hz, 1H), 7.19 (d, J = 8.5 Hz, 2H), 7.11 

(ddd, J = 1.1, 7.1, 7.8 Hz, 1H) 6.99 (s, 2H), 5.24 (s, 2H); 13C NMR (100 MHz, DMSO-

d6): δ 161.9, 151.8, 149.8, 135.8, 134.4, 131.3 (2 x C), 129.0 (2 x C), 126.6, 123.9, 121.6, 

120.2, 116.0, 43.4; HRMS (ESI) calcd for C15H13BrN3O
+ [M + H]+: 330.0237, found [M 

+ H]+: 330.0246.  
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2-amino-3-(2-bromobenzyl)quinazolin-4(3H)-one∙trifluoroacetate (313c∙TFA):  

 

Isatoic anhydride was reacted with 2-bromobenzylamine and isolated using RP-HPLC to 

give the compound (0.080 g, 0.24 mmol, 8%), which was submitted for evaluation as the 

trifluoroacetate salt. 1H NMR (400 MHz, DMSO-d6): δ 8.54 (bs, 2H), 7.99 (dd, J = 1.2, 

8.0 Hz, 1H), 7.81 (ddd, J = 1.2, 7.2, 8.2 Hz, 1H), 7.71 (dd, J = 1.3, 7.7 Hz, 1H), 7.43 (d, 

J = 8.2 Hz, 1H), 7.35 (t, J = 7.6 Hz, 1H), 7.31 (td, J = 1.4, 7.4 Hz, 1H), 7.26 (td, J = 1.7, 

7.4 Hz, 1H), 7.09 (d, J = 7.3 Hz, 1H), 5.19 (s, 2H); 13C NMR (100 MHz, DMSO-d6): δ 

160.0, 158.6, 151.9, 135.8, 133.7, 132.7, 129.2, 128.0, 127.2, 126.0, 124.1 (2 x C), 122.0, 

114.8, 46.4; HRMS (ESI) calcd for C15H13BrN3O
+ [M + H]+: 330.0237, found [M + H]+: 

330.0246. 

2-amino-3-(3-bromophenethyl)quinazolin-4(3H)-one∙trifluoroacetate (313d∙TFA):  

 

Isatoic anhydride was reacted with 3-bromophenethylamine and isolated using RP-HPLC 

to give the compound (0.14 g, 0.41 mmol, 13%), which was submitted for evaluation as 

the trifluoroacetate salt. 1H NMR (400 MHz, DMSO-d6): δ 8.64 (bs, 2H), 8.00 (dd, J = 

7.94, 1.22 Hz, 1H), 7.77 (ddd, J = 1.4, 7.3, 8.2 Hz, 1H), 7.60 (t, J = 1.6 Hz, 1H), 7.44 (dt, 

J = 1.7, 7.6 Hz, 1H), 7.39-7.26 (m, 4H), 4.21 (t, J = 8.0 Hz, 2H), 2.91 (t, J = 8.0 Hz, 2H); 

13C NMR (100 MHz, DMSO-d6): δ 159.8, 159.0, 151.3, 140.6, 135.6, 131.7, 130.6, 

129.5, 128.1, 127.2, 124.1 (2 x C), 121.6, 114.9, 42.5, 31.8; HRMS (ESI) calcd for 

C16H15BrN3O
+ [M + H]+: 344.0393, found [M + H]+: 330.0397. 
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2-amino-3-(4-bromophenethyl)quinazolin-4(3H)-one∙trifluoroacetate (313e∙TFA):  

 

Isatoic anhydride was reacted with 4-bromophenethylamine and isolated using RP-HPLC 

to give the compound (0.10 g, 0.29 mmol, 9%), which was submitted for evaluation as 

the trifluoroacetate salt. 1H NMR (400 MHz DMSO-d6): δ 8.85 (bs, 2H), 8.00 (dd, J = 

1.4, 7.9 Hz, 1H), 7.99 (ddd, J = 1.5, 7.3, 8.2 Hz, 1H), 7.50 (d, J = 8.4 Hz, 2H), 7.38 (d, J 

= 8.3 Hz, 1H), 7.36 (t, J = 8.4 Hz, 1H), 7.30 (d, J = 8.4 Hz, 2H), 4.21 (t, J = 7.85, 2H), 

2.89 (t, J = 7.8 Hz, 2H); 13C NMR (100 MHz, DMSO-d6): δ 159.6, 151.4, 137.3, 135.9, 

131.3, 127.3, 119.8, 117.9, 114.7, 42.5, 31.6 (1 carbon atom not observed); HRMS (ESI) 

calcd for C16H15BrN3O
+ [M + H]+: 344.0393, found [M + H]+: 330.0387. 

2-amino-3-((5-bromopyridin-3-yl)methyl)quinazolin-4(3H)-one (313f):  

 

Isatoic anhydride was reacted with (5-bromopyridin-3-yl)methanamine to give the 

compound (0.62 g, 1.9 mmol, 61%), as a yellow solid. 1H NMR (400 MHz DMSO-d6): 

δ 8.62 (d, J = 2.1 Hz, 1H), 8.49 (d, J = 1.6 H, 1H), 7.92 (dd, J = 1.2, 7.9 Hz, 1H), 7.88 (s, 

1H), 7.60 (ddd, J = 1.6, 7.2, 8.1 Hz, 1H), 7.21 (d, J = 8.2 Hz, 1H), 7.12 (t, J = 7.6 Hz, 

1H), 7.08 (bs, 2H), 5.29 (s, 2H); 13C NMR (100 MHz, DMSO-d6): δ 162.1, 151.6, 149.8, 

149.2, 147.7, 147.1, 137.7, 137.2, 134.6, 134.4, 126.6, 124.0, 121.8, 120.0, 116.0, 41.7; 

HRMS (ESI) calcd for C14H12BrN4O
+ [M + H]+: 331.0189, found [M + H]+: 331.0190. 
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2-amino-6-bromo-3-(3-bromobenzyl)quinazolin-4(3H)-one∙trifluoroacetate

(313g∙TFA): 

5-Bromoisatoic anhydride was reacted with 3-bromobenzylamine and isolated using RP-

HPLC to give the compound (0.050 g, 0.12 mmol, 6%), which was submitted for 

evaluation as the trifluoroacetate salt. 1H NMR (400 MHz, DMSO-d6): δ 7.86 (d, J = 8.5 

Hz, 1H, d), 7.76 (bs, 2H), 7.50 (s, 1H), 7.48 (d, J = 8.5 Hz, 1H), 7.43 (d, J = 1.8 Hz, 1H), 

7.34 (dd, J = 1.8, 8.5 Hz, 1H), 7.29 (t, J = 7.8 Hz, 1H), 7.23 (d, J = 7.8 Hz, 1H), 5.24 (s, 

2H); 13C NMR (100 MHz, DMSO-d6): δ 160.9, 152.5, 138.4, 130.7, 130.2, 129.6, 129.0, 

128.5, 125.7, 125.4, 124.2, 121.7, 114.7, 43.8 (1 carbon atom not observed); HRMS (ESI) 

calcd for C15H12Br2N3O
+ [M + H]+: 407.9342, found [M + H]+: 407.9339. 

2-amino-6-chloro-3-(3-bromobenzyl)quinazolin-4(3H)-one∙trifluoroacetate

(313h∙TFA): 

5-Chloroisatoic anhydride was reacted with 3-bromobenzylamine and isolated using RP-

HPLC to give the compound (0.19 g, 0.52 mmol, 21%), which was submitted for 

evaluation as the trifluoroacetate salt. 1H NMR (400 MHz, DMSO-d6): δ 7.91 (d, J = 2.5 

Hz, 1H), 7.90 (bs, 2H), 7.72 (dd, J = 2.5, 8.8 Hz, 1H), 7.52 (s, 1H), 7.48 (d, J = 7.9 Hz, 

1H), 7.33 (d, J = 8.8 Hz, 1H), 7.30 (t, J = 7.7 Hz, 1H), 7.25 (d, J = 7.9 Hz, 1H), 5.25 (s, 

2H); 13C NMR (100 MHz, DMSO-d6): δ 160.3, 152.0, 138.1, 135.1, 130.7, 130.4, 129.7, 

126.8, 125.8 (2 x C), 123.6, 121.8, 116.6, 44.2 (1 carbon atom not observed). HRMS 

(ESI) calcd for C15H12BrClN3O
+ [M + H]+: 363.9847, found [M + H]+: 363.9848. 
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3-([1,1'-biphenyl]-3-ylmethyl)-2-amino-6-bromoquinazolin-4(3H)-one (313i∙TFA): 

5-Bromoisatoic anhydride was reacted with [1,1'-biphenyl]-3-ylmethanamine and

isolated using RP-HPLC to give the compound (0.090 g, 0.22 mmol, 11%), which was 

submitted for evaluation as the trifluoroacetate salt. 1H NMR (400 MHz, DMSO-d6): δ 

7.87, (d, J = 8.4 Hz, 1H), 7.63 (bs, 2H), 7.61-7.60 (m, 3H), 7.56 (d, J = 7.8 Hz, 1H), 7.46 

(t, J = 7.6 Hz, 2H) 7.43 (d, J = 1.8 Hz, 1H), 7.41 (t, J = 7.7 Hz, 1H), 3.37 (tt, J = 1.3, 7.4 

Hz, 1H), 7.33 (dd, J = 1.7, 8.4 Hz, 1H), 7.19 (d, J = 7.8 Hz, 1H), 5.32 (s, 2H); 13C NMR 

(100 MHz, DMSO-d6): δ 161.1, 152.6, 140.4, 140.0, 136.3, 129.3, 129.1 (2 x C), 129.0, 

128.5, 127.7, 126.7 (2 x C), 125.8, 125.6 (2 x C), 125.3, 124.5, 114.8, 44.4. 

3-([1,1'-biphenyl]-3-ylmethyl)-2-amino-6-chloroquinazolin-4(3H)-one (313j): 

5-Chloroisatoic anhydride was reacted with [1,1'-biphenyl]-3-ylmethanamine to give the

compound (0.42 g, 1.2 mmol, 46 %), as a white solid. 1H NMR (400 MHz, DMSO-d6): 

δ 7.86 (d, J = 2.6 Hz, 1H), 7.61-7.59 (m, 4H), 7.55 (d, J = 7.9 Hz, 1H), 7.46 (t, J = 7.4 

Hz, 2H), 7.41 (t, J = 7.8 Hz, 1H), 7.36 (t, J = 7.3 Hz, 1H), 7.22 (d, J = 8.7 Hz, 1H), 7.17 

(bs, 2H), 7.17 (d, J = 7.8 Hz, 1H), 5.34 (s, 2H); 13C NMR (100 MHz DMSO-d6): δ 161.2, 

152.2, 148.7, 140.3, 140.0, 136.7, 134.4, 129.2, 129.0 (2 x C), 127.6, 126.7 (2 x C), 126.1, 

125.7 (2 x C), 125.6, 125.4, 125.3, 117.0, 44.2.  

General Method for Suzuki Cross-Coupling Reactions: 

To a stirred suspension of brominated quinazolinone (0.050 g) in toluene/ethanol/aq. 

potassium carbonate (5:2:5 v/v/v; 12.0 mL) was added the appropriate phenylboronic acid 

(1.10 equiv.). The reaction vessel was then charged with 

[tetrakis(triphenylphosphine)]palladium(0) complex (0.02 equiv.) before heating to 
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reflux. The mixture was left stirring for 16 h before being allowed to cool to room 

temperature and diluted with ethyl acetate, washed with water and brine and then dried 

over anhydrous Na2SO4. The solution was then filtered and concentrated under reduced 

pressure before being purified by flash chromatography (EtOAc/hexane 1:2). 

3-([1,1'-biphenyl]-3-ylmethyl)-2-aminoquinazolin-4(3H)-one∙trifluoroacetate 

(314a∙TFA):  

Compound 3.13a was reacted with phenylboronic acid following the general Suzuki 

reaction protocol. The compound was isolated using RP-HPLC and submitted for 

evaluation as the trifluoroacetate salt (0.048 g, 0.15 mmol, 97%), a white lypohilisate. 1H 

NMR (400 MHz, DMSO-d6): δ 8.60 (bs, 2H), 8.04 (dd, J = 1.3, 8.0 Hz, 1H), 7.79 (ddd, 

J = 1.5, 7.4, 8.1 Hz, 1H), 7.67 (s, 1H), 7.65-7.63 (m, 2H), 7.59 (d, J = 7.8 Hz, 1H), 7.49-

7.35 (m, 6H), 7.28 (d, J = 7.9 Hz, 1H), 5.35 (s, 2H); 13C NMR (125 MHz, DMSO-d6): δ 

160.3, 151.8, 140.4, 139.9, 135.7, 135.6, 129.2, 129.0 (2 x C), 127.6, 127.3, 126.8 (2 x 

C), 125.9, 125.6 (2 x C), 124.1, 114.9, 44.8 (total 2 carbon atoms not observed); MS (ESI) 

m/z 328.60 ([M + H]+, 100%); HRMS (ESI) calcd for C21H18N3O
+ [M + H]+: 328.1444, 

found [M + H]+: 328.1429. 

3-([1,1'-biphenyl]-4-ylmethyl)-2-aminoquinazolin-4(3H)-one (314b): 

Compound 3.13b was reacted following the general Suzuki coupling reaction protocol to 

give the compound (0.048 g, 0.15 mmol, 97%) as white powder. 1H NMR (400 MHz, 

DMSO-d6): δ 7.94 (dd, J = 1.1, 7.9 Hz, 1H), 7.62-7.57 (m, 5H), 7.44 (t, J = 7.7 Hz, 2H), 

7.34 (t, J = 7.5 Hz, 1H), 7.32 (d, J = 8.1 Hz, 2H), 7.21 (d, J = 8.1 Hz, 1H), 7.12 (t, J = 7.5 

Hz, 1H), 7.01 (bs, 2H), 5.33 (s, 2H); 13C NMR (100 MHz, DMSO-d6): δ 162.0, 151.9, 
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149.9, 139.8, 139.2, 135.5, 134.4, 128.9 (2 x C), 127.4 (3 x C), 126.8 (2 x C), 126.7, 126.6 

(2 x C), 123.9, 121.6, 116.1, 43.7. 

3-([1,1'-biphenyl]-2-ylmethyl)-2-aminoquinazolin-4(3H)-one∙trifluoroacetate 

(314c∙TFA):  

Compound 3.13c was reacted with phenylboronic acid and isolated using RP-HPLC to 

give the compound (0.027 g, 0.083 mmol, 54%), which was submitted for evaluation as 

the trifluoroacetate salt.  1H NMR (400 MHz, DMSO-d6): δ 9.07 (bs, 2H), 7.93 (dd, J = 

1.3, 8.0 Hz, 1H), 7.83 (ddd, J = 1.4, 7.3, 8.2 Hz, 1H), 7.54-7.49 (m, 4H), 7.45-7.35 (m, 

4H), 7.33 (dd, J = 1.6, 7.6 Hz, 1H), 7.29 (dd, J = 1.4, 7.5 Hz, 1H), 7.20 (d, J = 7.6 Hz, 

1H), 5.11 (s, 2H); 13C NMR (100 MHz, DMSO-d6): δ 159.3, 152.2, 140.5, 139.9, 136.1, 

131.9, 130.1, 128.9 (2 x C), 128.6 (2 x C), 127.8, 127.6, 127.4, 127.3, 124.7, 124.4, 117.5, 

114.5, 44.9 (1 carbon atom not observed).  

3-(2-([1,1'-biphenyl]-3-yl)ethyl)-2-aminoquinazolin-4(3H)-one (314d): 

Compound 3.13d was reacted with phenylboronic acid to give the compound (0.047 g, 

0.14 mmol, 95 %) as a white solid.  1H NMR (400 MHz, DMSO-d6): δ 7.89 (dd, J = 1.2, 

7.9 Hz, 1H), 7.60-7.58 (m, 3H), 7.54 (ddd, J = 1.2, 7.2, 8.2 Hz, 1H), 7.50 (d, J = 7.64 Hz, 

1H), 7.44 (t, J = 7.5 Hz, 2H), 7.39 (t, J = 7.7 Hz, 1H), 7.35 (t, J = 7.2 Hz, 1H), 7.31 (d, J 

= 7.7 Hz, 1H), 7.19 (d, J = 8.2 Hz, 1H), 7.09 (m, 3H), 4.26 (t, J = 7.9 Hz, 2H), 7.73 (t, J 

= 7.9 Hz, 2H); 13C NMR (100 MHz, DMSO-d6): δ 162.1, 152.0, 149.8, 140.5 (2 x C), 

139.1, 134.5, 129.2, 129.1 (2 x C), 128.3, 127.7 (2 x C), 127.0 (2 x C), 126.7, 125.1, 

124.0, 121.8, 116.4, 42.5, 33.1.  
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3-(2-([1,1'-biphenyl]-4-yl)ethyl)-2-aminoquinazolin-4(3H)-one (314e):  

 

Compound 3.13e was reacted with phenylboronic acid to give the compound (0.048 g, 

0.14 mmol, 97 %) as a white solid.  1H NMR (400 MHz, DMSO-d6): δ 7.90 (dd, J = 1.9, 

7.3 Hz, 1H), 7.65 (d, J = 7.5 Hz, 1H), 7.62 (d, J = 8.1 Hz, 1H), 7.56 (ddd, J = 1.5, 7.2, 8.2 

Hz, 1H) 7.45 (t, J = 7.5 Hz, 1H), 7.45 (t, J = 8.1 Hz, 1H), 7.35 (t, J = 7.3 Hz, 1H), 7.19 

(d, J = 8.2 Hz, 1H), 7.11-7.02 (m, 3H), 4.24 (t, J = 8.0 Hz, 2H), 2.93 (t, J = 8.0 Hz, 2H); 

13C NMR (100 MHz, DMSO-d6): δ 161.7, 151.8, 149.7, 140.0, 138.3, 137.6, 134.1, 129.5 

(2 x C), 128.9 (2 x C), 127.3, 126.6 (2 x C), 126.5 (2 x C), 126.4, 123.8, 121.4, 116.2, 

42.3, 32.6. 

2-amino-3-((5-phenylpyridin-3-yl)methyl)quinazolin-4(3H)-one (314f):  

 

Compound 3.13f was reacted with phenylboronic acid to give the compound (0.048 g, 

0.14 mmol, 97 %) as a yellow solid.  1H NMR (400 MHz, DMSO-d6): δ 8.76 (s, 1H), 

8.45 (s, 1H), 7.94-7.92 (m, 2H), 7.64 (d, J = 7.5 Hz, 2H), 7.59 (ddd, J = 1.6, 7.2, 8.2 Hz, 

1H), 7.51 (t, J = 7.6 Hz, 2H), 7.41 (t, J = 7.2 Hz, 1H), 7.21 (d, J = 8.2 Hz, 1H), 7.13 (ddd, 

J = 0.9, 7.2, 7.9 Hz, 1H), 7.06 (bs, 2H), 5.36 (s, 2H); 13C NMR (100 MHz, DMSO-d6): δ 

162.4, 151.9, 149.9, 147.2, 146.8, 136.9, 135.6, 134.8, 133.3, 132.5, 129.5 (2 x C), 128.6, 

127.1 (2 x C), 126.9, 124.1, 122.1, 116.1, 42.4.  
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3-([1,1':4',1''-terphenyl]-3-ylmethyl)-2-aminoquinazolin-4(3H)-one (314g):  

 

Compound 3.13a was reacted with 4-biphenylboronic acid to give the compound (0.057 

g, 0.14 mmol, 93%) as a white solid. 1H NMR (400 MHz, DMSO-d6): δ 7.95 (dd, J = 

8.0, 1.2 Hz, 1H), 7.76 (dd, J = 8.4, 2.0 Hz, 2H), 7.72-7.69 (m, 4H), 7.68 (t, J = 1.6 Hz, 

1H), 7.62-7.59 (m, 2H), 7.59 (ddd, J = 1.7, 8.2, 7.0 Hz, 1H), 7.47 (t, J = 8.0 Hz, 2H), 7.42 

(t, J = 7.7 Hz, 1H), 7.37 (m, 1H), 7.22 (d, J = 7.9 Hz), 7.19 (d, J = 7.5 Hz, 1H), 7.12 (ddd, 

J = 1.1, 7.0, 7.9 Hz, 1H), 7.05 (s, 2H), 5.37 (s, 2H); 13C NMR (125 MHz DMSO-d6): δ 

162.1, 151.9, 149.9, 139.7, 139.5, 139.3, 138.9, 137.1, 134.4, 129.2, 128.9 (2 x C), 127.5, 

127.2 (2 x C), 127.1 (2 x C), 126.6 (3 x C), 125.7, 125.5 (2 x C), 123.8, 121.5, 116.0, 

44.0; MS (ESI) m/z 404.40 ([M + H]+, 100%); HRMS (ESI) calcd for C27H22N3O [M + 

H]+: 404.1757, found [M + H]+: 404.1745. 

2-amino-3-((3'-chloro-[1,1'-biphenyl]-3-yl)methyl)quinazolin-4(3H)-one (314h):  

 

Compound 3.13a was reacted with 3-chlorophenylboronic acid to give the compound 

(0.048 g, 0.13 mmol, 87%) as a yellow solid. 1H NMR (400 MHz, DMSO-d6): δ 7.94 

(dd, J = 1.5, 8.0 Hz, 1H), 7.69 (t, J = 1.5 Hz, 1H), 7.68 (t, J = 1.8 Hz, 1H), 7.60-7.57 (m, 

3H), 7.49 (t, J = 7.8 Hz, 1H), 7.43 (ddd, J = 7.9, 2.1, 1.0 Hz, 1H), 7.41 (t, J = 7.8 Hz, 1H), 

7.21 (d, J = 8.2 Hz, 1H), 7.18 (d, J = 7.7 Hz, 1H), 7.12 (ddd, J = 1.1, 7.1, 8.0 Hz, 1H), 

7.02 (bs, 2H), 5.34 (s, 2H); 13C NMR (125 MHz, DMSO-d6): δ 162.1, 151.8, 149.8, 

142.1, 138.6, 137.2, 134.3, 133.7, 130.8, 129.3, 127.4, 126.6, 126.3, 126.1, 126.0, 125.7, 

125.3, 123.8, 121.5, 116.0, 43.9; MS (ESI) m/z 363.25 ([M + H]+, 100%); HRMS (ESI) 

calcd for C21H17ClN3O [M + H]+: 362.1055, found [M + H]+: 362.1038. 
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2-amino-3-((4'-methoxy-[1,1'-biphenyl]-3-yl)methyl)quinazolin-4(3H)-one (314i):

 Compound 3.13a was reacted with 4-methoxyphenylboronic acid to give the compound 

(0.049 g, 0.14 mmol, 91%) as a light yellow solid. 1H NMR (400 MHz, DMSO-d6): δ 

7.93 (ddd, J = 0.5, 1.6, 8.0 Hz, 1H), 7.58 (ddd, J = 1.7, 7.1, 8.3 Hz, 1H), 7.55 (s, 1H), 

7.53 (d, J = 8.8 Hz, 2H), 7.49 (ddd, J = 1.0 , 1.7, 7.7 Hz, 1H), 7.36 (t, J = 7.8 Hz, 1H), 

7.20 (d, J = 8.5 Hz, 1H), 7.12 (ddd, J = 1.0, 7.2, 7.9 Hz, 2H), 7.01 (d, J = 8.6 Hz, 2H), 

7.01 (s, 2H), 5.33 (s, 2H), 3.78 (s, 3H); 13C NMR (125 MHz, DMSO-d6): δ 162.1, 159.0, 

151.9, 149.8, 139.9, 136.9, 134.3, 132.3, 129.0, 127.7 (2 x C), 126.6, 125.1 (2 x C), 124.8, 

123.8, 121.5, 116.0, 114.4 (2 x C), 55.1, 44.0; MS (ESI) m/z 358.55 ([M + H]+, 100%); 

HRMS (ESI) calcd for C22H20N3O2
+ [M + H]+: 358.1550, found [M + H]+: 358.1543. 

2-amino-3-(3-(benzo[d][1,3]dioxol-5-yl)benzyl)quinazolin-4(3H)-one (314j):

 Compound 3.13a was reacted with 3,4-methylenedioxyphenylboronic acid to give the 

compound (0.051 g, 0.14 mmol, 91%) as a white solid. 1H NMR (400 MHz, DMSO-d6): 

δ 7.94 (dd, J = 8.0, 1.2 Hz, 1H), 7.58 (ddd, J = 7.6, 8.2, 7.1 Hz, 1H), 7.56 (s, 1H), 7.48 

(d, J = 8.0 Hz, 1H), 7.35 (t, J = 7.7 Hz, 1H), 7.21 (dd, J = 0.5, 8.3 Hz, 1H), 7.17 (d, J = 

1.7 Hz, 1H), 7.12-7.10 (m, 2H), 7.08 (dd, J = 1.8, 8.2 Hz, 1H), 7.01 (s, 2H), 6.99 (d, J = 

8.0 Hz, 1H), 6.05 (s, 2H), 5.32 (s, 2H); 13C NMR (125 MHz, DMSO-d6): δ 162.1, 151.9, 

149.8, 148.0, 147.0, 140.0, 136.9, 134.3 (2 x C), 129.1, 126.7, 125.5, 125.4, 125.1, 123.9, 

121.5, 120.2, 116.0, 108.7, 107.0, 101.2, 44.0; MS (ESI) m/z 371.9 ([M + H]+, 100%); 

HRMS (ESI) calcd for C22H18N3O3 [M + H]+: 372.1343, found [M + H]+: 372.1323. 
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3'-((2-amino-4-oxoquinazolin-3(4H)-yl)methyl)-[1,1'-biphenyl]-4-carbonitrile 

(314k):  

 

Compound 3.13a was reacted with 4-cyanophenylboronic acid to give the compound 

(0.046 g, 0.13 mmol, 87%) as a yellow solid. 1H NMR (400 MHz, DMSO-d6): δ 7.94 (d, 

J = 8.0 Hz, 3H), 7.82 (d, J = 8.0 Hz, 2H), 7.71 (s, 1H), 7.64 (d, J = 7.8 Hz, 1H), 7.59 (t, 

J = 7.4 Hz, 1H), 7.46 (t, J = 7.8 Hz, 1H), 7.23 (d, J = 7.8 Hz, 1H), 7.20 (d, J = 8.3 Hz, 

1H), 7.12 (t, J = 7.4 Hz, 1H), 7.01 (s, 2H), 5.35 (s, 2H); 13C NMR (100 MHz, DMSO-

d6): δ 162.2, 151.9, 149.9, 144.6, 138.5, 137.4, 134.6, 133.1 (2 x C), 129.6, 127.7 (2 x 

C), 126.9, 126.8, 126.2 (2 x C), 124.0, 121.8, 119.0, 116.1, 110.3, 44.1; MS (ESI) m/z 

352.9 ([M + H]+, 100%); HRMS (ESI) calcd for C22H17N4O [M + H]+: 353.1397, found 

[M + H]+: 353.1375. 

2-amino-3-(3-(pyren-2-yl)benzyl)quinazolin-4(3H)-one (314l):  

 

Compound 3.13a was reacted with 1-pyrenylboronic acid to give the compound (0.064 

g, 0.14 mmol, 94%) as a yellow solid. 1H NMR (400 MHz, DMSO-d6): δ 8.34 (d, J = 7.8 

Hz, 1H), 8.31 (dd, J = 7.6, 1.0 Hz, 1H), 8.26 (dd, J = 7.6, 1.0 Hz, 1H), 8.20 (s, 2H), 8.09 

(s, 2H), 8.08 (t, J = 7.6 Hz, 1H), 7.99 (d, J = 7.8 Hz, 1H), 7.94 (ddd, J = 0.4, 1.5, 8.0 Hz, 

1H), 7.59-7.53 (m, 4H), 7.37 (dt, J = 1.3, 7.5 Hz, 1H), 7.20 (d, J = 7.8 Hz, 1H), 7.11 (bs, 

2H), 7.10 (ddd, J = 1.1, 7.1, 7.9 Hz, 1H), 5.45 (s, 2H); 13C NMR (100 MHz, DMSO-d6): 

δ 162.1, 151.9, 149.8, 140.3, 136.7 (2 x C), 134.4, 131.0, 130.4, 130.2, 129.1, 129.0, 

128.9, 127.7, 127.5 (3 x C), 127.4, 126.7, 126.5, 125.8, 125.4, 125.0 (2 x C), 124.5, 124.1, 

124.0, 123.9, 121.6, 116.0, 44.0; MS (ESI) m/z 452.0 ([M + H]+, 100%); HRMS (ESI) 

calcd for C31H22N3O [M + H]+: 452.1740, found [M + H]+: 452.1740. 
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(E)-2-amino-3-(3-styrylbenzyl)quinazolin-4(3H)-one∙trifluoroacetate (314m∙TFA):  

 

Compound 3.13a was reacted with trans-2-phenylvinylboronic acid and isolated using 

RP-HPLC to give the compound (0.017 g, 0.05 mmol, 35%), which was submitted for 

evaluation as the trifluoroacetate salt. 1H NMR (400 MHz, DMSO-d6): δ 8.48 (bs, 2H), 

8.03 (dd, J = 1.3, 8.0 Hz, 1H), 7.79 (ddd, J = 1.3, 7.3, 8.2 Hz, 1H), 7.60-7.54 (m, 4H), 

7.41-7.33 (m, 5H), 7.27 (t, J = 7.4 Hz, 1H), 7.24 (s, 2H), 7.18 (d, J = 7.9 Hz, 1H), 5.31 

(s, 2H); 13C NMR (100 MHz, DMSO-d6): δ 160.3, 158.5, 151.8, 137.3, 136.9, 135.7, 

135.5, 128.9, 128.8, 128.7 (2 x C), 128.1, 127.8, 127.3, 126.5 (3 x C), 125.7, 125.2, 125.1, 

115.0, 44.7; MS (ESI) m/z 354.55 ([M + H]+, 100%); HRMS (ESI) calcd for C23H20N3O
+ 

[M + H]+: 354.1601, found [M + H]+: 354.1581. 

2-amino-3-(3-(benzo[b]thiophen-2-yl)benzyl)quinazolin-4(3H)-one∙trifluoroacetate 

(314n∙TFA): 

 

 Compound 3.13a was reacted with benzo[b]thiophenylboronic acid and isolated using 

RP-HPLC to give the compound (0.036 g, 0.09 mmol, 62 %), which was submitted for 

evaluation as the trifluoroacetate salt. 1H NMR (400 MHz DMSO-d6): δ 8.24 (bs, 2H), 

8.03 (dd, J = 1.3, 7.8 Hz, 1H), 7.98 (dd, J = 1.3, 7.4 Hz, 1H), 7.86 (dd, J = 1.5, 7.4 Hz, 

1H), 7.85 (s, 1H), 7.78 (s, 1H), 7.76 (t, J = 7.8 Hz, 1H), 7.72 (d, J = 7.7 Hz, 1H), 7.45 (t, 

J = 7.8 Hz, 1H), 7.42-7.34 (m, 3H), 7.32 (t, J = 7.4 Hz, 1H), 7.27 (d, J = 7.8 Hz, 1H), 

5.36 (s, 2H); 13C NMR (100 MHz DMSO-d6): δ 158.1, 151.8, 142.9, 140.4, 138.6, 136.4, 

135.5, 133.7, 129.5, 127.2, 126.6, 125.2, 124.9, 124.8 (2 x C), 123.8, 123.6, 122.5, 120.3, 
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115.1, 44.6. 2 atoms not observed; MS (ESI) m/z 384.45 ([M + H]+, 100%); HRMS (ESI) 

calcd for C23H18N3OS+ [M + H]+: 384.1165, found [M + H]+: 384.1166.  

2-amino-3-(3-(furan-2-yl)benzyl)quinazolin-4(3H)-one∙trifluoroacetate 

(314o∙TFA):  

 

Compound 3.13a was reacted with furan-2-ylboronic acid and isolated using RP-HPLC 

to give the compound (0.041 g, 0.13 mmol, 85 %), which was submitted for evaluation 

as the trifluoroacetate salt. 1H NMR (400 MHz, DMSO-d6): δ 8.26 (bs, 1H), 8.02 (dd, J 

= 1.3, 7.9 Hz, 1H), 7.78-7.74 (m, 2H), 7.67 (s, 1H), 7.62 (d, J = 8.0 Hz, 1H), 7.38 (t, J = 

7.8 Hz, 1H), 7.37 (d, J = 8.0 Hz, 1H), 7.31 (t, J = 7.64 Hz, 1H), 7.17 (d, J = 7.7 Hz, 1H), 

6.93 (dd, J = 0.5, 3.4 Hz, 1H), 6.59 (dd, J = 1.8, 3.4 Hz, 1H), 5.32 (s, 2H); 13C NMR (125 

MHz, DMSO-d6): δ 162.0, 152.7, 151.9, 149.8, 143.0, 137.1, 134.4, 130.4, 129.1, 126.7, 

125.6, 123.9, 122.5, 121.8, 121.6, 116.0, 112.1, 106.1, 43.9; MS (ESI) m/z 318.60 ([M + 

H]+, 100%); HRMS (ESI) calcd for C19H16N3O2
+ [M + H]+: 318.1237, found [M + H]+: 

318.1222. 

2-amino-3-benzylquinazolin-4(3H)-one (313):  

 

Formed as a side product, the compound was isolated by flash chromatography 

(hexane/EtOAc 1:1). 1H NMR (400 MHz, DMSO-d6): δ 7.92 (dd, J = 7.9, 1.3 Hz, 1H), 

7.59 (ddd, J = 1.6, 7.1, 8.1 Hz, 1H), 7.34-7.30 (m, 2H), 7.27-7.19 (m, 4H), 7.11 (ddd, J = 

1.1, 7.1, 7.9 Hz, 1H), 6.97 (s, 2H), 5.28 (s, 2H); 13C NMR (100 MHz, DMSO-d6): δ 162.0, 

151.9, 149.8, 136.3, 134.3, 128.4 (2 x C), 127.1, 126.7 (2 x C), 126.6, 123.8, 121.5, 116.0, 

43.9; MS (ESI) m/z 252.1 ([M + H]+, 100%). 
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3-(3-bromobenzyl)quinazolin-4(3H)-one (315):  

 

To a stirred solution of isatoic anhydride (0.20 g, 1.2 mmol) in 1,4-dioxane (2.0 mL), was 

added 3-bromobenzylamine (0.23 g, 1.2 mmol). The reaction vessel was purged with 

argon and then heated with microwave irradiation (300 W of max. power) to 90 °C. The 

pressure limit was set to 190 psi. Once the desired temperature was reached over 5 min, 

heating was continued for a further 15 min to maintain temperature. The mixture was then 

allowed to cool to room temperature before addition of trimethyl orthoformate (0.21 mL, 

1.8 mmol) and p-toluenesulfonic acid (0.012 g, 0.061 mmol). The vessel was again heated 

with microwave irradiation to 100 °C, and once the desired temperature was reached, 

heating was continued for 15 min. The mixture was allowed to cool to room temperature 

before being concentrated under reduced pressure and recrystallised from ethanol to give 

the compound (0.30 g, 1.0 μmol, 78%) as white powder. 1H NMR (400 MHz, DMSO-

d6): δ 8.60 (s, 1H), 8.16 (d, J = 7.9 Hz, 1H), 7.85 (t, J = 7.6 Hz, 1H), 7.70 (d, J = 8.0 Hz, 

1H), 7.62 (s, 1H), 7.56 (t, J = 7.6 Hz, 1H), 7.50 (d, J = 7.6 Hz, 1H), 7.37 (d, J = 7.6 Hz, 

1H), 7.31 (t, J = 7.8 Hz, 1H), 5.19 (s, 2H); 13C NMR (100 MHz, DMSO-d6): δ 160.1, 

147.9 (2 x C), 139.5, 134.5, 130.8, 130.6 (2 x C), 127.3 (2 x C), 126.8, 126.1, 121.8, 

121.6, 48.4.  

In Vivo Yeast-Based Anti-Prion Assay: Compounds anti-prion activity was determined 

using methodology reported by Jennings et al.6 In summary, yeast harbouring either the 

[PSI+] or [URE3] prion were incubated in presence of a compound. [PSI+] is the prion 

form of Sup35, a protein that plays a critical role in translation termination in yeast. The 

STRg6 Saccharomyces cerevisiae strain was employed for testing against the [PSI+] 

prion. [URE3] is the prion form of Ure2p, a protein important for controlling expression 

of genes for nitrogen metabolism in yeast. The SB34 Saccharomyces cerevisiae strain 

was employed for testing against the [URE3] prion. Cultures of these strains are white 

when Sup35p and Ure2p are in their infection and insoluble prion form and are red when 

they are in their normal non-infectious, soluble form. Assays were performed in 96-well 
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plates with a working volume of 250 μL. Plates were incubated for 48 hours at 24 °C to 

allow for growth of the yeast and then for a further 48 hours at 4 °C for the colour to 

develop. Images were captured using a Canon CanoScan LiDE 220 flatbed colour 

scanner. The red colour intensity of the wells was analysed using ImageJ 1.51j8. The red 

colour intensity was also quantified by measuring fluorescence (ex. 544nm/em. 620 nm) 

using a BMG Labtech FLUOstar Omega microplate fluorimeter. The percentage of prion 

curing was calculated by comparing colour intensity of samples with colour intensity of 

DMSO (0% curing) and 2 mM GuHCl (100% curing) controls. Dose-response curves 

were plotted and IC50 values were calculated. Assays were conducted by Laurence 

Jennings and myself in Dr. Alan Munn’s laboratory (Griffith University, Australia) 

Expression and Purification of α-synuclein:  Escherichia coli BL21 (DE3) cells 

containing the human α-synuclein (α-syn) gene inserted into a pET-22b (+) vector 

(Novagen, Merck, MA, USA) were induced with 1 mM isopropyl β-D-1-

thiogalactopyranoside. The α-syn protein was first purified following a non-

chromatographic protocol reported by Volles and Lansbury.41 Further purification using 

anion exchange followed protocols reported by Ventura and co-workers.42 

In vitro α-synuclein Binding MS Assay: A solution of α-syn protein (10 μM) in 10 mM 

ammonium acetate was prepared. Compounds (50 μM) were dissolved in 100% methanol 

and incubated with α-syn for 3 hours at rt. Any protein-ligand interactions were then 

analysed using (+) HRESIMS set with the following parameters: end plate offset 500 V; 

capillary 4500 V; nebulizer 2.0 Bar; dry gas 7 L/min; dry temp 150 °C; funnel I RT 400 

Vpp; ISCID 0.0 eV; ion energy 4.0 eV; collision energy 4.0 eV; transfer time 100 us; 

multipole RF 800 Vpp; collision RF 1200 Vpp; prepulse storage 10 us; spectra rate 2×100 

Hz. The spectra obtained were analysed for additive peaks consistent with the exact mass 

of the compounds. Sodium trifluoroacetate (0.1 mg/mL) was used to calibrate the 

instrument. 

In vitro Inhibition of α-synuclein Aggregation: A stock solution of ThT (5 mM) in 

glycine-NaOH buffer (pH 8.0) was prepared and used with homogenous monomeric α-

syn, made using commonly employed protocols described by Bitan and co-workers.48 

Inhibition of α-syn aggregation was performed by incubation of a mixture of α-syn 
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monomers (80 μM) suspended in aggregation buffer (20 mM Tris-HCl, pH 7.4, 150 mM 

NaCl and 0.05% NaN3) with or without candidate inhibitor compounds (400 uM) at 37 

°C with constant shaking (1000 rpm in a thermomixer) for 72 hours. For each treatment 

group, pre-incubated α-syn samples (60 μL) were mixed with a ThT solution (250 μL, 50 

μM), the solution was dispensed in triplicate (n = 3) into 96-well plates which were 

analysed using a fluorimeter (ex. 440 nm/em. 500 nm). The fluorescence intensity of 

samples was compared to an untreated negative control and a positive control treated with 

epigallocatechin gallate (EGCG) to obtain percentage inhibition values. 

Measurement of Cell Viability: An SH-SY5Y neuroblastoma cell culture was grown 

with incubation at 37°C with 5% CO2 in DMEM with high glucose and pyruvate, 

supplemented with 10% fetal bovine serum for 24 hours. The culture was distributed into 

the wells of 96-well plates and, to each well, 20 μL of a candidate compound prepared at 

three concentrations (1 mM, 100 μM and 10 μM) in DMEM media with 10% DMSO was 

added. Once treated, the cells were incubated for a further 24 hours at 37*C with 5% CO2. 

After 24 hours of treatment, resazurin was added after which the plates were incubated 

for a further 3 hours at 37°C with 5% CO2. The plates were analysed with a fluorimeter 

(ex. 520 nm/em. 590 nm), the fluorescence of the treated wells was compared to that of 

the cell-free control (media only), positive control (100 μM cyclohexamide) and DMSO 

vehicle control (1 % DMSO, v/v). Percentage cell viability was calculated by taking the 

vehicle control value as 100% viable and the positive control value as 0% viable. Assays 

were conducted by Fleur McLeary in Assoc.  Prof. Shailendra Anoopkumar-Dukie’s 

laboratory (School of Pharmacy and Pharmacology, Griffith University, Australia).   
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CHAPTER 4 

Novel furan-2-yl-1H-pyrazoles possess inhibitory activity against α-

synuclein aggregation in vitro 
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ABSTRACT  

A panel of novel furan-2-yl-1H-pyrazoles and their synthetic precursors were investigated 

for their ability to disrupt α-synuclein (α-syn) aggregation. The compounds inhibited 

protein aggregation with efficacy comparable to anle138b, a promising drug candidate 

for treatment of Parkinson’s disease able to modulate α-syn oligomer formation. The 

results of the study indicate that a number of the structures may qualify as secondary leads 

for further development aimed at identifying suitable agents for modulating the protein 

oligomer formation implicated in protein misfolding diseases, including Parkinson’s 

disease. 
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4.1 INTRODUCTION 

As described in Chapter 1 (Section 1.1), the common cross-β structure among 

amyloidogenic fibrils arises from the component proteins backbones’ propensities to 

establish hydrogen-bonding networks. The aggregation process is stabilised further via 

interdigitation of the side chains where complementary electrostatic interactions and 

strong π interactions can occur. Recent studies have shown that α-syn oligomers are main 

neurotoxic species responsible for disease progression, instead of previously thought 

large fibrillar deposits/aggregates.1, 2 Small molecules that can interfere with these 

stabilising associative mechanisms may qualify as effective inhibitors of protein 

aggregation and consequent neurotoxicity. Recently anle138b (401, Figure 4.1), a 

diphenylpyrazole with high oral bioavailability and low toxicity, has proved particularly 

effective at reducing disease progression in models of PD,3, 4 MSA,5 prion disease,4 

tauopathy,6 and AD7 by inhibiting protein aggregation. The compound is proposed to 

confer its biological effects by establishing H-bonding interaction with the backbones of 

the proteins via its central pyrazole ring.8 Concomitantly, the binding is stabilised by 

intermolecular interactions between the compounds phenyl rings and the proteins 

hydrophobic sidechains.8 Furthermore, the compound can be delivered orally and can 

permeate the BBB with high efficacy. The anle138b compound is currently undergoing 

intense pre-clinical assessment5 and development for eventual use in clinical trials. 

Besides anle138b, numerous pyrazoles and aminopyrazoles have been identified as 

powerful ligands possessing high affinity for the top face of growing extended peptide 

strands. Indeed, previous 3-aminopyrazoles have been found to interact with peptide 

backbones. The structures of compounds 402 – 405 (Figure 4.1) facilitate the formation 

of polydentate H-bonding interactions complementary to that of the β-sheet conformation 

of protein backbones.9-11 It has been proposed that the inhibitory potency of these 

compounds against protein aggregation correlates with the number of hydrogen bonding 

interactions able to be formed between the compound and the backbone. The potency of 

the compounds is also dependent on other structural characteristics. 
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Figure 4.1. Amyloid-targeting ligands that establish polydentate H-bonding interactions with the protein 

backbones 

The objective of this chapter was to design novel small molecules that may inhibit protein 

aggregation through H-bonding to the protein backbone. We elected to use anle138b as a 

starting point for design of these compounds. As the anle138b compound had been 

examined for use as an α-syn oligomer modulator,3, 4 we elected to evaluate the 

compounds identified here for activity against α-syn aggregation. This chapter was 

written in the form of a manuscript prepared for submission to ACS Chemical 

Neuroscience. The manuscript details the design, synthesis and biological evaluation for 

a novel series of furan-2-yl-1H-pyrazoles and some related structural derivatives for 

development as potential therapeutic agents against NDs characterised by misfolding and 

self-assembly of neurotoxic proteins. 
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4.2 CONCLUSIONS AND FUTURE DIRECTIONS 

As detailed in the manuscript above, a panel of furan-2-yl-1H-pyrazoles and related 

derivatives were designed, synthesised and investigated for inhibitory activity against α-

syn. Though characterising the exact mechanisms by which the compounds may have 

interacted with the target protein was beyond the scope of the project, it is hypothesised 

that the compounds bind with the protein backbone in a similar manner to the preclinical 

compound anle138b. The most effective pyrazole, 406 (9f in manuscript) possesses a 

similar degree of inhibitory activity against α-syn aggregation as anle138b. Gratifyingly, 

the more active compounds identified, 406, 407 and 408 (9f, 8b and 8k in manuscript) 

possess similar physicochemical properties to anle138b, suggesting the compounds may 

qualify as CNS penetrant. Furthermore, the panel of compounds investigated has yielded 

interesting SARs which, we believe, may assist in the design of future oligomer 

modulating compounds. 

 
Table 4.1. The physicochemical properties of the α-syn aggregation inhibitors 

Compound MW ClogP TPSA (Å2) HBD HBA 

401 343.2 5.3 43 1 4 

406 360.4 5.8 61 1 6 

407 332.4 4.8 52 1 5 

408 335.2 3.6 52 1 5 

MW: molecular weight, ClogP: calculated octanol-water partition coefficient, HBA: hydrogen 

bond acceptor, HBD, hydrogen bond donor, TPSA: topological polar surface area 
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Supplementarily, the compounds investigated here were also assessed for activity against 

drug resistant microorganisms. Various bacteria, fungi and viruses, have been suggested 

to negatively contribute to onset or severity of some neurodegenerative disorders via 

direct or indirect mechanisms.35 It has been suggested that this may be due to pathogenic 

microorganisms’ interactions with the human immune system. A large body of data 

supports that microorganism-derived infection is involved in chronic inflammation in 

human NDs and that microorganisms can induce CNS dysfunction and 

neurodegeneration. Sampson, Mazmanian and co-workers found that PD patients’ gut 

bacteria promoted enhanced motor impairment relative to healthy patients’ gut bacteria 

when either were transplanted into genetically susceptible ASO mice.36 Furthermore, they 

found that germ-free and antibiotics treated mice had reduced levels of α-syn inclusion 

accumulation, motor deficits and microglia activation compared to animal models 

containing complex microbiota. Regarding AD, a specific endotoxin metabolite excreted 

by E. coli is reported to potentiate Aβ fibrillogenesis in vitro.37 

Complex relationships between numerous microorganisms and neurodegenerative 

diseases are slowly being uncovered. A vast majority of microorganisms are still yet to 

be studied in this context. In any case, an increasing prevalence of drug resistant 

microorganisms is raising serious concerns for human health. Diaryl pyrazoles and their 

derivatives have previously displayed promising antibacterial activity against Gram 

positive bacteria and antifungal activity.38 We screened our ~30 compounds against a 

panel of five strains of bacteria (Gram-positive and Gram-negative) and two of fungi in 

collaboration with the Community for Open Antimicrobial Drug Discovery (Co-ADD). 

The compounds were screened against Gram-positive Staphylococcus aureus, Gram-

negative E. coli, Gram-negative Klebsiella pneumoniae, Gram-negative Pseudomonas 

aeruginosa, Gram-negative Acinetobacter baumannii as well as Candida albicans and 

Cryptococcus neoformans var. grubii at 32 µg/mL. 

Only compounds with inhibition values exceeding 79.9% with replicable results were 

classified as hits. Unfortunately, none of the compounds met this criteria, with only a 

couple of compounds able to be considered partial hits (inhibition between 50.9% – 

79.9%) against the bacterial strains. However, the primary screen did identify that 

compounds 408 and 409 were hits against both of the fungal strains, C. albicans and C. 
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neoformans at 32 µg/mL. The hit compounds were followed up to determine a minimum 

inhibitory concentration (MIC) against the fungi. Interestingly, both compounds 

displayed identical MIC values of 16 µg/mL against C. albicans and 8 µg/mL against C. 

neoformans (Table 4.2) A counter-screen assessing mammalian cell cytotoxicity showed 

that 409 had a CC50 (concentration at 50% cytotoxicity) value of 29.7 µg/mL against 

eurkaryotic human embryonic kidney cells (HEK-293) and that 408 had an HC10 

(concentration at 10% haemolytic activity) value only slightly greater than 32 µg/mL 

against human red blood cells (RBC). Although the compounds were active against the 

fungal strains, their toxicity profiles did not meet the safety window criteria and so were 

precluded from follow up hit validation studies. 

 
Table 4.2. Screen of antimicrobial hit activity and cytotoxicity of 408 and 409. 

 MIC (µg/mL)   

Compound Sa Ca Cn CC50 (µg/mL) HC10 (µg/mL) 

408 >32 16 8 >32 >32 

409 32 16 8 30 >32 

Compounds minimum inhibitory concentration (MIC) was determined against C. ablicans (Ca), 

and C. neoformans (Cn). Cytotoxicity is displayed as CC50 value against HEK-293 cells and 

haemolytic activity is displayed as HC10 value against RBCs. 

Interestingly, compound 408 displayed both potent, dose-dependent inhibitory activity 

against α-syn aggregation and strong antimicrobial activity. Compound 408 is also a close 

structural analogue of anle138b. We suggest this compound may act as a useful starting 

point for development of MTDL agents active against a number of therapeutic targets 

implicated in neurodegenerative disease. 
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4.3 EXPERIMENTAL SECTION 

Antimicrobial and Antifungal Assays: Primary antimicrobial screening by whole cell 

growth inhibition assays was performed using compounds at a single concentration (32 

µg/mL) in DMSO and water in 384-well non-binding surface plates in duplicate (n=2). 

All sample preparation was done using liquid handling robots. Inhibition of growth was 

measured against five bacteria: Escherichia coli, Klebsiella pneumoniae, Acinetobacter 

baumannii, Pseudomonas aeruginosa and Staphylococcus aureus. Inhibition of growth 

was determined measuring absorbance at 600 nm (OD600), using a Tecan M1000 Pro 

monochromator plate reader. The percentage of growth inhibition was calculated for each 

well using the negative control (media only) and positive control (bacteria without 

inhibitor) on the same plate as references. 

Inhibition of fungal growth was measured against two fungi: Candida albicans and 

Cryptococcus neoformans. Inhibition of growth of C. albicans was determined measuring 

absorbance at 530 nm (OD530) while the inhibition of growth of C. neoformans was 

determined measuring the difference in absorbance between 600 and 570 nm (OD600-570), 

after an addition of resazurin (0.001% final concentration) and incubation at 35°C for 2 

hours. The absorbance was measured with a Biotek Synergy HTX plate reader. The 

percentage of growth inhibition was calculated for each well, using the negative control 

(media only) and positive control (fungi without inhibitors) on the same plate. Assays 

were conducted by the Community for Open Antimicrobial Drug Discovery, Co-ADD 

(University of Queensland, Australia).  
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CHAPTER 5 

Exploring thiazolone-based structures 
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ABSTRACT 

Thiazole-containing drugs are currently seeing use in the treatment of various CNS 

disorders with an array of compounds undergoing clinical trials. Inspired by reported 

compounds demonstrating various anti-amyloidogenic activities, a variety of thiazole-

based scaffolds were designed and synthesised to generate panels of amyloid-disrupting 

multi-target directed ligands (MTDLs). Though a handful of compounds were able to be 

produced, a panel of compounds large enough to justify biological evaluation was 

hampered by the compounds’ challenging syntheses and unexpected chemical properties. 

Besides generating a number of novel compounds, this study describes the development 

of a number of novel synthetic protocols including the first example of 2-aminothiazole 

debenzylation, a reaction not reported in the literature nor in patents, and the first example 

of one-pot microwave-assisted rhodanine synthesis occurring via the Holmberg method 

conducted on the solid-phase. 

  

207



5.1 INTRODUCTION 

The thiazole heterocycle is an essential core scaffold in an array of natural and synthetic 

bioactive compounds. It has emerged as an important synthon in the generation of various 

new chemical entities (NCEs) with a wide spectrum of pharmacological activities.1 The 

thiazole moiety is an established privileged scaffold, able to confer drug-like properties 

and bind proteins and receptors through advantageous, structure-dependent, H-bonding 

interactions. As such, thiazoles have been found to confer antitumor,2  antimicrobial3 and 

anti-inflammatory activities in a number of reports.1 Due to their wide ranging biological 

activity, thiazoles qualify as useful heterocycles in the design of MTDLs. Interested in 

their good physicochemical profile, coupled with their relative synthetic accessibility, a 

variety of novel thiazole-containing scaffolds were explored here. Thiazole-based 

compounds with the potential to act as disruptors of protein aggregation were desired, 

and two heterocyclic core nuclei, the 2-aminothiazol-4-one (501, Figure 5.1) and the 2-

thioxothiazolidin-4-one (502) were settled upon. 

 
Figure 5.1. Due to their broad biological activity, two thiazole cores, namely the 2-aminothiazol-4-one 

(501) and 2-thioxothiazolidin-4-one (502) are employed here for design of MTDLs.  

The general structure 501 depicts a 2-aminothiazolone core. 2-Aminothiazoles are present 

in compounds that have exhibited activity against dopamine (DA) receptors,4 adenosine 

A2AR receptors and aspartylproteases such as BACE1.5 Based on their structures, we 

predict the scaffolds described in this chapter may bind to amyloidogenic proteins 

including Aβ, α-syn, and/or tau. Structure 502 depicts a 2-thioxothiazolidin-4-one, also 

referred to as a rhodanine. Rhodanines have been identified as potent anti-AD agents, 

with compounds being able to bind and inhibit aggregation of tau and Aβ.6, 7 Other 

rhodanines have been identified to inhibit GSK-3 and Cathepsin D,8, 9 key enzymes 

implicated in AD pathology. Investigation into the respective chemical nuclei are 

described below in separate sections. 
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5.2 SECTION I 

5.2.1 Employing the 2-aminothiazolone nucleus in MTDL design 

A number of 2-aminothiazoles have entered the market as successful, potent CNS agents. 

Pramipexole (503, Figure 5.2) contains a 2-aminothiazole which acts as an isostere to 

dopamine’s catechol ring. Pramipexole has become an established dopamine receptor 

agonist, acting on the D2-like family of DA receptors (D2S, D2L, D3, and D4). Riluzole 

(504), also containing an aminothiazole moiety, has emerged a neuroprotective drug 

approved for treatment of ALS.10 Riluzole is also reported to antagonise dopaminergic 

(DAergic) neurotoxicity of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), a pro-

parkinsonian neurotoxin, in mice.4 Tozadenant (505), a potent adenosine A2AR 

antagonist, reached phase III clinical study (NCT02453386) for treatment of Parkinson’s 

disease, however development was halted following the deaths of five patients.  

Regarding protein misfolding diseases, a number of thiazole-based compounds have been 

identified to interact with the associated proteins and their aggregation processes. In the 

case of AD, numerous benzothiazoles have exhibited the ability to bind Aβ aggregates. 

A number of radio-iodinated thioflavin analogues, including 506, have proved to be 

useful as ligands selectively labelling Aβ aggregates in the post-mortem brain.11 2-

Aminothiazoles such as 507 have been found to induce clearance of PrPSc in infected 

cells, with a number of compounds displaying EC50 values in the low micromolar range.12 

Improved structures (508) have since been identified as therapeutic leads for prion 

diseases, displaying EC50 values as low as 81 nM in ScN2acl3 cells.13 Furthermore, 2-

aminothiazoles such as 509 have been identified to counteract tau-induced cell toxicity at 

micromolar concentrations.14 Thiazole-containing compounds have also been 

investigated as MTDLs, with structures such as 510 exhibiting micromolar inhibition of 

BACE1 enzyme and excellent in vivo anti-inflammatory activity, antioxidant, anti-

amyloid, neuroprotective and anti-amnesic properties.5 Finally, structures such as 511 

have been classified as multifunctional dopamine agonists that effectively modulate α-

syn aggregation and toxicity.15, 16 
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Figure 5.2. Previously investigated 2-aminothiazole-based compounds for use as therapeutic agents against 

protein-misfolding diseases. 

Our objective was to rapidly generate a library of aminothiazole-based small molecules 

that possessed the structural traits requisite for establishing interactions with a number of 

therapeutic targets. The minimum requirements for binding the proteins implicated in 

various NDs are yet to be uncovered, however disruptors of aggregation of Aβ, tau, and 

α-syn tend to possess a high degree of aromatic character and, in some cases, H-bonding 

groups able to interact with a target proteins backbone. As a large array of aminothiazoles 

have already been investigated to date, we were interested in probing the bioactivity of 

relatively unexplored aminothiazole structures. The 2-aminothiazol-4(5H)-one nucleus 

(501) has not been thoroughly investigated in this context. We were also interested in 

screening the compounds here for potential activity against the O-GlcNAcase (OGA) 

enzyme, described in detail in Chapter 2, Section 2.7. Most OGA inhibitors identified 

to date have derived from the structure of O-GlcNAc, and do not possess exceptional 
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physicochemical properties to maximise CNS exposure. The minimum structural 

requirements for OGA inhibition include the ability to establish high-affinity binding 

interactions with the enzyme’s catalytic aspartate dyad (Asp174 and Asp175). We 

proposed that the 2-amino group in 501 may engage with these residues. 

In this context, we desired 2-aminothiazol-4(5H)-ones bearing tethered, substituted 

aromatic rings able to be generated expediently. As with the molecular scaffolds 

described in previous chapters, we desired small (MW < 500 Da), lipophilic molecules 

with limited H-bond donating groups. Critically, previous compounds possessing the 2-

aminothiazole moiety have been identified to be non-substrates for P-gp.17 We speculated 

that the electron withdrawing effect of the carbonyl at the 4-position renders C2 position 

more electron rich, affording a relative decrease in the pKa of the amino group. Isosteric 

substitutions upon the aryl ring structures were expected furnish a panel of structurally 

diverse analogues (e.g. 512, Figure 5.3) to provide insight on the scaffolds SARs with 

various biological targets. 

 

Figure 5.3. Novel biaryl 2-aminothiazol-4(5H)-one scaffold 512 possessing the structural traits requisite 

for anti-amyloidogenic activity. 

We envisaged an expedient 3-step synthetic route toward the construction of the target 

compounds (Scheme 5.1). The first step involves a three-component one-pot reaction to 

install both: i) the amino group at C2 of the thiazolone and ii) the benzylidene tethered at 

C5. The protocol here was inspired by work conducted by Petrič and co-workers, wherein 

an amine catalyses Knoevanagel condensation between rhodanine (513) and an aromatic 

aldehyde before acting as a nucleophile in the substitution of the thiocarbonyl sulfur of 

rhodanine (513).18 The method benefits from short reaction time and relatively simple 

work-up. 
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Scheme 5.1. Three-component 2-amino-5-alkylidene-thiazol-4-one synthesis starting from rhodanine 513.  

The reaction was performed here using a dedicated microwave reactor which enabled 

short reaction times. We employed 3-bromobenzaldehyde as the substrate for 

condensation as it would facilitate installation of structurally diverse aryl rings via 

Suzuki-Miyaura cross coupling protocols. Benzylamine was used as a nucleophile as N-

debenzylation of the resultant protecting group may afford the primary amino group. We 

also expected the benzyl moiety to be orthogonal to the majority of the envisioned R-

groups introduced following coupling. 

 
Scheme 5.2. Proposed example synthesis of 2-aminothiazolidin-4-one (512). Reagents and conditions: (a) 

3-bromobenzaldehyde, benzylamine, EtOH, AcOH, MW, 120°C, 1h, 39%; (b) phenylboronic acid, 

PdCl2(dppf), K2PO4, tBuOH/PhMe/H2O (9:9:2 v/v/v), MW, 120°C, 1h, 88-91%; (c) hydrogenolysis 

conditions (refer to Scheme 5.3 and Table 5.1).  

The multicomponent reaction to produce 514 was achieved using a protocol adapted from 

previously optimised conditions.18 It was noted that the reaction mixture precipitated 

immediately following reaction completion, so it was suspected the bromine substitution 

may have significantly impacted the solubility of the reaction intermediate, potentially 

slowing down the reaction and impacting the yield. In any case, a yield of 39 % was 

achieved, a result consistent with reported findings.18 The authors suggested the 

decreased yield for this reaction could be explained by a competitive Cannizzaro reaction 

which would inactivate the aromatic aldehyde. Indeed the reaction protocol yielded, in 
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our hands, a complex mixture of materials when analysed by thin layer chromatography 

(TLC).  It is worth noting that Knoevanagel condensation could theoretically lead to the 

formation of both E- and Z-isomers. The reaction here yielded the Z-isomer exclusively, 

as confirmed following inspection of the 1H NMR spectrum of 514, which revealed a 

singlet correlating to the methine proton at δH 7.60, a lower field value than what would 

be expected for the E-isomer. This result was consistent with reported findings.7, 18 Due 

to the lesser deshielding effect of 1-S occurring, the E-isomers methine proton would 

resonate at lower chemical shift values.  

The subsequent step described the formation of the biaryl moiety via Suzuki-Miyaura 

coupling. We were anxious to discover whether Suzuki coupling was compatible with the 

2-aminothiazolidin-4-one scaffold as it is well-known that sulfur-containing functional 

groups tend to poison the Pd catalysts employed in Suzuki coupling reactions.5  

Furthermore, it was expected that isolation of the Suzuki-Miyaura-coupled product would 

be simpler if handled prior to N-debenzylation, as the presence of a free amine may 

complicate purification steps. Debenzylation had been planned to be undertaken via either 

hydrogenolysis, or acidolysis – reactions that are typically simple to work-up and purify. 

Reported Suzuki-Miyaura reaction conditions, optimised to produce compounds 

catalysed by microwave-assisted heating, reported in the literature were modified for use 

with appropriate reactants.19 The reaction was tested using phenylboronic acid (to form 

515, Scheme 5.2) and 2,3-dimethylphenylboronic acid (to form 515a), expecting that 

simple structures would not complicate subsequent synthetic steps. Gratifyingly, the 

product was able to be isolated with 91 and 88% yield respectively and used subsequently. 

To remove the benzyl protecting group, hydrogenolysis was attempted. A well-studied 

reaction, hundreds of protocols in the literature describe achieving quantitative yields of 

debenzylated products via hydrogenolysis.20 A reported protocol using 10% Pd/C (w/w) 

in methanol under a hydrogen atmosphere was modified for use with 515a.21 In our hands, 

515a was poorly soluble in methanol, and so the reaction was attempted in 

methanol/dichloromethane (2:1, v/v). Unfortunately, the reaction did not produce the 

desired compound, even after 24 h stirring. Indeed, no reaction was observed when using 

a H2-filled balloon attached directly to the round bottom flask. It was anticipated that a 

higher pressure of hydrogen may help to drive the reaction, and so a Parr hydrogenator 
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was used as a result. The reaction was left to stir operating at 3 atm overnight and the 

reaction coordinate was monitored using thin layer chromatography (TLC) on extracted 

aliquots. As expected, changing from the H2-filled balloon (estimated at just over 1 atm 

pressure) to the Parr hydrogenator, operating at 3 atm, did induce a reaction. Rather than 

removing the benzyl group, a complex mixture of compounds were obtained following 

workup. Examination of the mixture using LCMS (5-95%B over 15 min, H2O/ACN + 

0.1% HCO2H) found two signals corresponding to both the starting compound 515a (RT 

13.5 min; [M+H]+ m/z 399.2) and an unexpected side-product of the reaction (RT 12.7 

min; [M+H]+ m/z 401.1) (see Appendix). Based on the observed m/z, the unidentified 

compound was predicted to be the product of the reduction of the 5-substituted methine 

bridge (516), although this was not confirmed by further examination. The relative 

integrals of the signals were used to calculate the yield of the compound, equating to 

approximately 30% (NMR yield). As a result, it was expected that selective N-

debenzylation could not be conveniently achieved through hydrogenolysis. Acid-

catalysed hydrolysis of the benzyl group was therefore pursued. 
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Scheme 5.3. Attempts to remove the benzyl-protecting group from the 2-aminothiazolidin-4(5H)-one core 

using hydrogenolysis worked to catalyse the reduction of the 5-methylidene bridge. Reagents and 

conditions: 10% Pd/C, 3 atm H2, MeOH/DCM (1:1, v/v), rt, 16 h. 

As we had only generated a small amount of the Suzuki-coupled product, we elected to 

optimise the acidolysis conditions using the precursor, 514 which had been produced on 

a larger scale. Attempts to form 517 via acid-catalysed debenzylation were mostly 

unsuccessful. In the majority of cases, employing sulfuric acid (Table 5.1, Entries 1-3, 

5 and 6), p-toluenesulfonic acid (Entries 7-10, 12), trifluoroacetic acid (Entry 4) and even 

microwave heating (Entries 3-12), the benzyl group was unable to be removed and no 

reaction was observed, with starting material 514 being reclaimed. In cases where the 

microwave reactor was set to higher temperatures or for extended periods, 514 

decomposed and was not able to be reclaimed (Entries 5-6). Interestingly, under 

conventional reflux conditions, 517 was able to be formed before being isolated (31% 

yield, Entry 13), however the reaction conditions were poor yielding, besides being 

poorly reproducible. 
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Table 5.1. Reaction conditions for acid-catalysed debenzylation of 514 to form 517. 

Entry Conditions Comment 

1 H2SO4, rt, 48 h.22 No observable reaction 

2 H2SO4/H2O (1:1, v/v), rt, 48 h.22 No observable reaction 

3 H2SO4/H2O/PhMe (3:1:1, v/v/v), MW, 100°C, 1 h. 514: Maj. prod.; complex mixture 

4 CF3CO2H (4 equiv.), PhMe, MW, 100°C, 1 h.23 514: Maj. prod.; complex mixture  

5 H2SO4/PhMe (7:3, v/v), MW, 150°C, 15 min. Decomposition 

6 H2SO4/PhMe (7:3, v/v), MW, 100°C, 1 h. Decomposition 

7 pTSA (4 equiv.), PhMe, MW, 150°C, 15 min. No observable reaction 

8 pTSA (4 equiv.), PhMe, MW, 150°C, 1 h. No observable reaction 

9 pTSA (10 equiv.), PhMe, MW, 150°C, 4 h. No observable reaction 

10 pTSA (10 equiv.), PhMe, 160°C, 12 h. No observable reaction 

11 amberlite resin, PhMe, 160°C, 12 h. No observable reaction 

12 pTSA (10 equiv.), PhMe, MW, 150°C, 2 h. 514: Maj. prod.; complex mixture 

13 H2SO4/PhMe (7:3, v/v), 120°C, 16 h. 514: consumed; 517: 31% 

14 H2SO4, 90°C, 16 h. 514: consumed; 517: 28% 

15 H2SO4, 70°C, 16 h. 514: 90%; 517: 10% 

16 H2SO4, 90°C, 3 h. 514: consumed; 517: 19% 

17 H2SO4/PhMe (1:9, v/v), MW, 90°C, 2 h. 514: Maj. prod.; complex mixture 

18 H2SO4, 80°C, 3 h. Complex mixture 

 

Though eventually the benzyl group was removed via acidolysis, it was found to be 

difficult to improve upon the yield. Moreover, the reaction outcome was poorly 

reproducible. When the reaction was attempted, using the conditions described in Entry 

13, on a larger scale, the yield was significantly reduced. The poor yields of 517 hampered 

efforts to generate the necessary quantities required for the eventual optimisation of 

subsequent steps in the proposed synthesis toward 512. In efforts to simplify purification 

of the product of Suzuki-Miyaura coupling, the newly furnished 2-amino group was 

protected with a tert-butyl carbamate group (Scheme 5.4). The formation of Boc-

216



protected amines is typically very high-yielding, and was proposed to conserve material 

that could be lost during purification of the product of Suzuki-Miyaura coupling. 

Protection of the 2-amino-group with a tert-butyloxycarbonyl protecting group was able 

to be achieved using Boc anhydride (Boc2O) and DMAP under basic conditions at room 

temperature overnight to produce Boc-protected amine 518 with an excellent yield. The 

first attempt at coupling was investigated at a 50 mg scale and, unfortunately, the product 

519 was not able to be isolated. After the amount of time spent investigating the previous 

steps, this strategy was considered to be unsuitable due to tedious purification process 

and low yielding steps for the production of the desired scaffold. 

 

Scheme 5.4. Attempted synthesis of final compound 512b. Reagents and conditions: (a) Boc2O, Et3N, 

DMAP, DCM, rt, 12 h, 90%; (b) phenylboronic acid, PdCl2(dppf), K2PO4, tBuOH/PhMe/H2O (9:9:2 v/v/v), 

MW, 120°C, 1h; (c) TFA/DCM, (1:1, v/v). 

We speculated that the electron withdrawing effect of the carbonyl at the 4-position may 

be responsible for the perdurable nature of the benzyl group. Indeed, poor basicity of the 

amino group may explain, to some degree, why the both the acidolysis and hydrogenation 

reactions were not favourable. Debenzylation reactions have been conducted frequently 

and successfully using similar scaffolds, affording much greater yields under milder 

experimental conditions.22-24 To our knowledge however, debenzylation of the 2-

aminothiazol-4(5H)-one moiety has never been reported in the literature, nor in patents. 

In fact, debenzylation of even simple 2-aminothiazoles are rarely reported. Upon closer 

inspection, there seems to be a significant gap in the knowledge base surrounding the 

synthetic accessibility of amino-substituted thiazoles. It is expected that any protocol 

optimised to furnish thiazoles via this, or a similar, route would be very handy when 

working toward these useful synthons. In any case, enough time and effort had been spent 

on pursuing the desired scaffold, rather a new scaffold was envisioned wherein the 

positions of nitrogen and sulfur atoms would be inverted (520, see Figure 5.4A). This 

inversion was expected to suppress the electron withdrawing effect of the carbonyl, 
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furnishing a thiazole substituted with a 2-amino group predicted to have a higher pKa 

relative to 512. It was predicted that the pKa would not be sufficiently high to qualify the 

scaffold as a substrate for P-gp however. Interestingly, the newly proposed ring closely 

resembles the aminothiazole present in the structure of the proposed AD therapeutic 

agent, Thiamet-G.25 The aminothiazole group present in the structure of Thiamet-G 

establishes favourable H-bonding interactions with the catalytic aspartyl dyad located 

within the OGA enzymes active site, facilitating its inhibition. Since Thiamet-G is CNS 

permeant and able to effectively inhibit the aspartyl protease OGA (Ki = 21 nM), we were 

confident this new scaffold may qualify as an MTDL. 

 

Figure 5.4. In pursuit of a structural analogue of 512, the 2-aminothiazol-5(4H)-one 520 was envisioned. 

The pKa of the 2-substituted amino group is increased when the positions of the nitrogen and sulfur atoms 

are inverted (A): The 2-aminothiazol-5(4H)-one ring closely resembles the aminothiazole core of 

aspartylprotease inhibitor Thiamet-G (B): Retrosynthetic analysis determined that 520 could be produced 

from commercially available 522. 

Only a very limited number of synthetic strategies exist in the literature to access the 2-

aminothiazol-5(4H)-one ring. The most promising strategies employ thiourea as a 

nucleophile to react with glyoxalates or aroylacrylic acid derivatives.26, 27 Retrosynthetic 

analysis was used to determine a realistic synthetic route toward a close structural 

analogue of the general 512 scaffold. To generate the analogue, 520, it was determined 
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that 1-(3-bromophenyl)propan-2-one (521) would be required as a key intermediate. 

Unlike 3-bromobenzaldehyde, used in the previous scheme toward 512, 521 is highly 

expensive, considering it is required in the first step of synthesis, and is difficult to obtain 

in large enough pack sizes (from trusted vendors) to facilitate optimisation of the reaction 

protocols toward 520. Furthermore, there are only a limited number of reported 

approaches to generating 521, though speculatively it may be produced via Wacker-Tsuji 

oxidation of (E)-1-bromo-3-(prop-1-en-1-yl)benzene 522.28  

Unlike 521, 3-bromoacetophenone (523) is far less expensive, and was within reach 

having been employed to generate the chalcones described in Chapter 3 of this thesis. As 

such, a compromise was made and an expedient 3-step synthesis toward the construction 

of closely related structural analogues of 520 were envisioned (Scheme 5.5). The first 

step involves the oxidation of 3-bromoacetophenone with selenium dioxide to form the 

glyoxal. Here it was found that 524 could be generated with an excellent yield of 90%. 

The resultant product was recrystallised from water and stored as the monohydrate 

(524∙H2O). Following generation of the glyoxal, thiourea was employed in the generation 

of the 2-aminothiazol-5-one (525). 

 
Scheme 5.5. Proposed synthesis of 2-aminothiazolidin-4-one 520. Reagents and conditions: (a) SeO2, H2O, 

1,4-dioxane, reflux, 7 h, 90%; (b) thiourea, toluene, BF3Et2O, reflux, 16 h, 85%; (c) Suzuki-Miyaura 

coupling conditions (refer to Table 5.2). 

It was first discovered that thiazolones could be synthesised from phenylglyoxal by 

McKay and Proctor in 1981.26 They postulated that the sulfur atom in thiourea acts as a 

nucleophile rather than either of the nitrogen atoms under certain conditions. The 

condensation reaction here between 524∙H2O and thiourea was achieved using BF3Et2O 

in toluene under reflux with stirring for 16 h. A Dean-Stark apparatus was used to remove 

the water by-product to accelerate the reaction. Though initial attempts at the reaction 

were poor-yielding, the conditions and isolation protocol were optimised, affording an 

85% yield of the desired 2-aminothiazol-4(5H)-one 525. 
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The next step involved Suzuki-Miyaura coupling to form the target compound 520. 

Unfortunately, attempts to generate the desired compound via Suzuki-Miyaura cross-

coupling of 525 were consistently unsuccessful. In all cases, excess phenylboronic acid 

was used, however the nature of the boronic acid or the palladium catalyst employed were 

alternated. Initially PdCl2(PPh3)2 was employed as the catalyst with K2CO3 in THF/H2O 

(Table 5.2, Entry 1). Analysis of the reaction coordinate via TLC suggested that the 

starting material had been consumed and that a major product had evolved. Isolating the 

supposed product using flash chromatography gave only a few milligrams of material 

however, and NMR and MS data suggested the desired compound had not been isolated. 

Even when using the more reactive Pd(PPh3)4 catalyst (Entries 2-4), with a more reactive 

4-methoxyphenylboronic acid (due to electron-donating property of the 4-methoxy 

substituent, Entry 4) using an array of isolation protocols, 520 was still not able to be 

obtained. The poor results were presumed to be due to poisoning of the palladium catalyst.  
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Table 5.2. Reaction conditions for attempted Suzuki-Miyaura coupling reaction of 525 

to form 520. 

Entry Conditions Comment 

1 
PhB(OH)2 (1.25 eq.), K2CO3 (2.00 eq.), PdCl2(PPh3)2 (0.05 eq.), 

THF/H2O (1:1), MW, 140°C,  30 min 
Decomposition 

2 
PhB(OH)2 (1.25 eq.), K2CO3 (2.00 eq.), Pd(PPh3)4 (0.05 eq.), THF/H2O 

(1:1), MW, 140°C,  30 min 
Decomposition 

3 
(4-Me)ArB(OH)2 (1.25 eq.), K2CO3 (2.00 eq.), Pd(PPh3)4 (0.05 eq.), 

THF/H2O (1:1), MW, 140°C,  30 min  
Decomposition 

4 
(4-OMe)ArB(OH)2 (1.25 eq.), K2CO3 (2.00 eq.), Pd(PPh3)4 (0.05 eq.), 

THF/H2O (1:1), MW, 140°C,  30 min  
Decomposition 

5 
PhB(OH)2 (1.25 eq.), K2CO3 (2.00 eq.), PdCl2(PPh3)2 (0.05 eq.), 

THF/H2O (1:1), MW, 140°C,  30 min 
Decomposition 

6 
(4-OMe)ArB(OH)2 (1.25 eq.), K2CO3 (2.00 eq.), PdCl2(PPh3)2 (0.05 eq.), 

THF/H2O (1:1), MW, 140°C,  30 min 
Decomposition 

 

Though perhaps unlikely, another possibility was that the unsubstituted 2-amino group 

may have played a role in complicating the reaction, or potentially the workup and 

isolation. To address this, the amino group was protected with a tert-butyl dicarbamate 

(Boc2O) to form 526, which may later be deprotected under acidic conditions (Scheme 

5.6). Though Boc-protection of the 2-amino group was achieved, producing 526 with 

excellent yield, the subsequent Suzuki-Miyaura coupling reaction still was unable to 

produce the desired intermediate. The similar outcomes suggested that indeed, the Pd-

catalysed reactions were not compatible with the thiazol-5(4H)-one heterocycle. 
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Scheme 5.6. Proposed alternate route towards 2-aminothiazolidin-4-one 520. Reagents and conditions: (a) 

Boc2O, Et3N, DMAP, DCM, rt, 12h, 92%; (b) Suzuki-Miyaura coupling conditions; (c) TFA/DCM (1:1, 

v/v). 

Since the Suzuki-Miyaura coupling reaction was not working in the later stages of the 

scheme, an alternative strategy was devised. The new strategy involved the installation 

of the biaryl group prior to generating the problematic thiazolone ring. This approach is 

considerably less convenient, as each target compound requires a dedicated synthetic 

route, and each step of which requires optimisation along the way. In an effort to produce 

a small panel of target compounds, the alternative synthetic route was attempted using 

structurally diverse, substituted phenylboronic acids as depicted in Scheme 5.7. Coupling 

was catalysed by Pd(PPh3)4 in a mixture of toluene, ethanol and aqueous K2CO3 (2:1:2, 

v/v/v) and under conventional heating conditions. Isolation in each case was successful 

and the biaryl ethan-1-one products (528a-d) were isolated in high yields via flash 

chromatography.  

 

Scheme 5.7. Proposed alternate route towards 2-aminothiazolidin-4(5H)-ones 530a-d. Reagents and 

conditions: (a) Suzuki-Miyaura coupling conditions 86-98%; (b) SeO2, H2O, 1,4-dioxane, reflux, 7h, 73-

87%; (c) thiourea, toluene, BF3Et2O, reflux, 16h, 60-75%. 

Oxidation of the substituted acetophenones to form each of the respective glyoxals were 

overall relatively high-yielding. Recrystallization of the phenyl substituted 528a to form 

222



the monohydrate was challenging however. This was presumed to be due either to the 

structures hydrophobic character or its preference to occupy liquid state at room 

temperature. Putting 528a aside, formation of the thiazol-4-one rings to form 529b – 529d 

was attempted. The reactions to form 530c and 530d were successful, furnishing the 

compounds with a pleasing degree of purity. Interestingly, the reaction to form compound 

530b produced a complex mixture of compounds, though the desired compound was able 

to be partially isolated albeit with a markedly lower yield. 

Summarily, an elegant synthesis toward these target compounds was not able to be 

realized due to difficulties associated with the Suzuki-Miyaura coupling reaction. 

Furthermore, production of the compounds via alternative synthetic routes, though 

partially successful, was complicated by the unstable nature of the chemical scaffold. This 

led to challenges associated with the proper characterisation of the compounds. As there 

was not an ample selection of compounds produced, isolated and characterised, whatever 

compounds were in-hand were precluded from biological evaluation. The time and effort 

invested in pursuing the desirable 2-aminothiazolone scaffold had yielded too little 

outcome to warrant further investigation, rather designs utilising the alternative 2-

thioxothiazolidin-4-one core were pursued. 

5.3  SECTION II 

5.3.1  Designing 2-thioxothiazolidin-4-ones 

The 2-thioxothiazolidin-4-one ring (also rhodanine) 502 among other five-membered 

multi-heterocyclic (FMMH) rings, are frequently identified in active compounds 

occupying screening campaigns. Compounds containing this FMMH have been found to 

possess activity against a range of biological targets, and reports suggest their selectivity 

for specific targets may be tuned with structural development. As such, they are 

considered privileged scaffolds.29 Authors point to certain cases where interaction with 

multiple targets in a single biosynthetic pathway, such as bacterial peptidoglycan 

biosynthesis, is a desirable characteristic. As discussed in previous chapters, the objective 

here was to rapidly generate small molecules that possessed the structural traits requisite 

for establishing interactions with a number of therapeutic targets. Rhodanines therefore 

represent a promising chemical avenue toward satisfying this objective.  
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It has been suggested that at least a part of the exceptional bimolecular binding properties 

of rhodanines is due to the special electronic properties that are conferred by the 

exocyclic, double bonded sulfur.30 Indeed, DFT calculations have shown that in some 

rhodanine structures, HOMO orbitals and the negative electrostatic potential appear to be 

strongly localised at the exocyclic sulfur, when other related FMMH derivatives are 

characterised by a more diffuse spatial distribution of these electronic properties. Double 

bonded sulfur atoms (C=S) have been reported to act as hydrogen-bond acceptors.31 Such 

sulfur atoms have a more diffuse lone pair electron density distribution than double 

bonded oxygen atoms (C=O) and frequently interact with three or four hydrogen-bond 

donors. Hydrogen bonds to sulfur in C=S is calculated to be energetically inferior to bonds 

to oxygen in C=O, however as an energy penalty arises from breaking hydrogen bonds 

with water during ligand desolvation, a weaker hydrogen bonding interaction with water 

may result in a more energetically favourable overall ligand binding. Rhodanines and 

their derivatives, including thiohydantoins, possess a distinct intermolecular interaction 

profile characterised, not by unspecific properties such as aggregation or reactivity, but 

rather electronic and hydrogen-bonding properties. 

Though they are an appealing scaffold, some rhodanines and their related analogues are 

suspected to participate in conjugate addition reactions in vivo. In many rhodanine-

containing compounds, the exocyclic double bond is in conjugation with a keto group, 

thus may be prone to react with biological nucleophiles via Michael-type addition. 

Indeed, in vitro studies have suggested rhodanines (such as 531) may reversibly react 

with free thiols within a cell, furnishing unexpected rhodanine-adducts (532, Figure 

5.5).32 Furthermore, covalent bonding between a rhodanine and a cysteine residue of HCV 

RNA polymerase (NS5b) has also been reported.33 Counter-arguments postulate that 

reaction in this position would destroy the aromaticity of the ring, and so therefore it is 

unfavourable and probably unlikely to occur.30 Regardless, there are currently no known 

adverse effects correlating with rhodanine structure, and the toxicities and metabolic 

stabilities of rhodanine-based compounds, among other FMMHs, depends ultimately on 

the overall chemical entity.34 As such, rhodanine-based molecules remain an appealing 

class, seeing frequent use in medicinal chemistry. 
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Figure 5.5. Reversible conjugate addition reaction between rhodanine core 531 and free thiol 532.32 

Rhodanine compounds such as 533 (Figure 5.6A) have been reported to dose-

dependently inhibit tau protein aggregation in vitro besides being able to promote PHF 

disassembly at nanomolar concentrations.7 The rhodanines also displayed activity in 

murine neuroblastoma N2a cells without conferring cytotoxicity nor significantly 

impacting normal tau function. Following examination of a diverse library of compounds, 

a simple SAR on the molecular scaffold was obtained (Figure 5.6B). Notably, it was 

found that the rhodanine core imbued the scaffold with increased potency over 

thiohydantoin, thiooxazolidine, oxazolidinedione and hydantoin analogues. Compounds 

bearing a 3-N-linked, tethered carboxylic acid group had a stronger effect on disassembly 

activity than imidazole, benzimidazole or ester-containing analogues. Substitution of the 

furan ring with any other heterocycle led to a reduced potency. Finally, variation of the 

biaryl motif extending from the furan was well tolerated. 
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Figure 5.6. Structure-activity relationship for the tau-targeted rhodanine scaffold. 

Radioiodinated RH1 (534), TH1 (535) and TH2 (536) (Figure 5.6A) have since been 

reported as useful, tau-binding ligands with selectivity over Aβ species.35 Further 

investigation suggested the agents are able to bind to aggregated tau rather than 

monomeric or oligomeric. Interestingly, biodistribution studies found 536 was taken up 

into the mouse brain in high amounts without being retained at later time points. This 

result was more promising than findings for either of 535 or 534. The ability of 536 to 

specifically bind to NFTs in AD brain sections was also demonstrated. Since then, the 

bioavailability of similar rhodanines has been improved via incorporation into conjugate-

drug complex designs.36 

Rhodanines have also been found to potently inhibit Aβ fibrillogenesis. Compound 537 

exhibits strong binding affinity towards Aβ aggregates (KD = 7.5 nM) with an excellent 

ability for targeting Aβ plaques in Tg mice brain slices and retina tissue.6 Furthermore, 

the compound bears a phenothiazine moiety, a near-infrared fluorophore demonstrably 

detectable ex vivo. The compound was shown to disaggregate preformed Aβ fibrils and 
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was characterised by high stability in mouse serum with only low toxicity against human 

neuronal cells. Subsequently, a structure-kinetic-activity relationship study found that 

rhodanines bearing extended apolar regions, as in the identified lead 538, were able to 

delay oligomer formation as well as inhibit overall Aβ oligomer production more 

effectively than rhodanines functionalised with polar groups.37 

Inspired by the reported SAR-type studies for rhodanine-based compounds targeting 

protein aggregation, a panel of compounds bearing the 5-furan-2-ylmethylidenerhodanine 

core coupled with an extended apolar region were designed (Figure 5.7). We were 

interested to find whether the resultant scaffold improved upon the efficacy of the 

previous designs at inhibiting tau or Aβ oligomer formation, besides investigating 

potential anti-aggregative effects upon α-syn as well. Furthermore, as substitution at the 

3-N position has not been extensively explored in the literature, we set out to optimise 

synthetic routes toward 3-N-biphenyl substituted rhodanines. 

 

Figure 5.7. Design strategy of rhodanine-based MTDLs targeting amyloid-like protein aggregation and 

oligomer formation.  

Rhodanines may be synthesised via a number of routes.7, 38, 39 Most often rhodanines are 

generated through reaction of carbon disulfide, substituted primary amines and 

chloroacetic acid, proceeding via a dithiocarbamate intermediate. More recent protocols 

employ trithiocarbonates as a sulfur source, and proceed via nucleophilic substitution 

under basic conditions. Mandelkow, Waldmann and co-workers employ 

bis(carboxymethyl)trithiocarbonate with sodium carbonate in isopropanol to form a 

rhodanine ring around ethyl ester-protected glycine.7 The introduction of the furan-2-

ylmethylidene function was achieved via Knoevanagel condensation at 5-C with a series 

of aryl-substituted furan-2-carbaldehydes.  
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It was envisaged that the two reactions may be conducted one-pot, adding the components 

sequentially. As such, we predicted an expedient 3-step synthesis toward a panel of 

substituted rhodanines achieved by alternating arylfuran-2-carbaldehyde and biphenyl-3-

ylmethanamine reactants. Conveniently, a small array of arylfuran-2-carbaldehydes had 

already been prepared (Chapter 4, Section 4.3). A number of the compounds had to be 

reproduced however, as stocked compounds had been consumed in some cases. Though 

a number of derivatives were investigated, the synthetic scheme toward the target scaffold 

was probed initially using the 1,3-benzodioxole-substituted 540 and 542 toward 

production of 543 (Scheme 5.8). The first step involves Suzuki reaction of 3-

bromobenzylamine 539 to form substituted biphenyl-3-ylmethanamine 540. The reaction 

was conducted following conditions adapted from the literature, using palladium acetate 

in water refluxed over 4 h without any additives.40 In our hands, the reaction mixture was 

poorly soluble and resulted in only a moderate conversion to product (50-70% yield). The 

conditions were modified to use a mixture of toluene, ethanol and aqueous K2CO3 in a 

2:1:2 ratio (v/v/v). Under these conditions, the yields were improved significantly 

(>90%). 

Scheme 5.8. Example synthesis of novel rhodanine scaffold envisioned as potential MTDL. Reagents and 

conditions: (a) Pd(OAc)2, PhMe, EtOH, K2CO3 (aq), reflux, 4h, 95%;  (b) Pd(PPh3)4, PhMe, EtOH, K2CO3 

(aq), reflux, 16 h, 92%; (c) SC(SCH2CO2H)2, Et3N, EtOH, 90°C, MW, 10 min; (d) 540 (1 eq.), 110°C, MW, 

5 min, 73%). 

The following step was planned to be conducted one-pot to form the final compounds. 

Compound 540 was reacted with 1 molar equiv. of bis(carboxymethyl)trithiocarbonate in 

ethanol with triethylamine under reflux conditions. After two hours, the reaction 

coordinate was examined via TLC analysis. Once a non-polar product had formed, 542 

was added to the mixture and the reaction was left to stir for another 1 h at reflux. The 
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reaction formed a solid precipitate which, following isolation by filtration and washing, 

was identified to be the desired product, 543. This was pleasing, however it was expected 

that the reaction rate could be accelerated under microwave-assisted conditions. The 

reaction was conducted using a microwave reactor and the reaction time for the initial 

step (Scheme 5.8, ‘c’) was able to be reduced to a mere 10 minutes, with the following 

step (Scheme 5.8, ‘d’) reduced to 5 minutes. Gratifyingly, 543 was able to be formed in 

73 % yield.  

It was noticed that 543 was poorly soluble in any solvent besides DMSO. Even within 

DMSO however, the compound was poorly soluble. In order to probe the utility of the 

reaction, and evaluate the solubility of related structures, the reaction was conducted 

using two other amines in lieu of 540. The reaction was conducted using 3-

bromobenzylamine (539) to form 544, and using N-butylamine (545) to form 546 

(Scheme 5.9). Both syntheses were successful, producing compounds with pleasing 

yields. The isolation of butyl-substituted rhodanine 546 was found to be far less 

challenging than what was the case for 543 and 544. In fact, completely purifying these 

aromatic compounds was a laborious process. Isolating the compounds using 

chromatography was challenging due to the compounds’ poor solubilities. Even 

solubilising 544 at an analytical scale (~1-2 mg) to investigate its structure using 1H NMR 

was made difficult by its poor solubility. The solubility of 544 in DMSO was measured 

to be ~0.8 mg/mL, which calculates to be 1.4 mmol/L. The assay we had planned to screen 

this panel of compounds against required sample treatment with 10 μL aliquots of 1.0-2.0 

mM compound diluted in DMSO into aqueous media. Compound 544 therefore barely 

meets the solubility criteria required for generating stock solution prior to sample 

treatment. It was expected that the compound will crash out of solution upon actual 

treatment of the aqueous media. The poor solubility of both of 544 and 543 likely means 

that the compounds will not be compatible with many assays. We therefore were not 

prepared to commit to generating the large library of compounds we had envisaged 

initially and rather moved to designing novel rhodanine scaffolds with increased 

solubility.  
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Scheme 5.9. Optimised conditions were employed to produce compounds 544 and 546. Reagents and 

Conditions: (a) i. SC(SCH2CO2H)2, Et3N, EtOH, 90°C, MW, 10 min, ii. 542 (1 eq.), 110°C, MW, 5 min 

544 76% and 546 82 % yield. 

To increase solubility but maintain aromatic character, introduction of a spacer moiety 

bearing some hydrogen-bond participating group (i.e. amide bond) was proposed. As 

Mandelkow, Waldmann and co-workers had identified that tethered acid groups increased 

the potency of their tau-targeted rhodanine series,7  we envisioned that inclusion of a 

carboxylic acid group into our scaffold structure may work to increase the compounds’ 

solubilities, besides potentially benefitting potency. Introduction of a tethered carboxylic 

acid could be achieved conveniently via insertion of a glutamic acid spacer. At this stage, 

it was thought wise to calculate and consider the physicochemical properties of the 

proposed molecular structure (Table 5.3). As discussed previously, the parameters that 

must be considered when designing blood brain barrier (BBB) permeable substrates 

include the LogP, LogD, HBDs, TPSA, MW and highest pKa.
41 In the case of the simple, 

unsubstituted 547, a cLogP value was calculated to be 7.1, a value considerably higher 

than typical brain-penetrant molecules or CNS drugs.42 Introduction of the acid moiety 

confers a decrease to the structure’s cLogP value to an estimated 547, a value correlating 

more closely with brain penetrant molecules. Structure 548 has an increased number of 

hydrogen bond donors and is a bigger molecule however, a trade-off for a potential 

increase in solubility. Though the TPSA has been dramatically increased in 548 compared 

to 547, both correlate with typical values for brain penetrant molecules, though the lower 

TPSA of 547 correlates more closely with known CNS drugs.42  
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 Table 5.3. Differences in CNS permeability predictor parameters 

 

   

 cLogPa 7.1 5.4 

 TPSAb 35 102 

 HBD 0 2 

 MW 453.57 582.69 

 aValues calculated using ChemBioDraw Ultra v14.0 
bValues calculated using Molinspiration property engine v2018.10 

As mentioned, we envisaged a convenient synthesis of 548 through the insertion of a 

glutamic acid residue. This was to be achieved via amide coupling between substituted 

biphenyl methanamines and the C-terminal acid of Fmoc-L-Glu(OtBu)-OH. In efforts to 

conserve the limited supply of expensive palladium catalyst required for Suzuki reaction, 

the utility of the scheme was probed, again using 539, in pursuit of the brominated 

analogue 552. It was expected that the compound would be a suitable representative of 

the second series through which the solubility might be assessed. 

The initial amide coupling between 539 and Fmoc-Glu(OtBu)-OH proceeded smoothly, 

however the product 549 was poorly soluble and crashed out during flash chromatography 

compromising the yield. Gratifyingly, a moderate yield of 72 % was recovered. The next 

step involved the removal of the Fmoc-protecting group via slow addition of 

piperidine/DCM buffer at 0°C. Again, the yield of the reaction was impacted during flash 

chromatography, likely due to the presence of the primary amine. Triethylamine (1%) 

was used to buffer the mobile phase during chromatography, to ensure a pleasing yield of 

550 (Scheme 5.10).  
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Scheme 5.10. Attempted synthesis of second generation rhodanine compound 550. Reagents and 

conditions: (a) Fmoc-L-Glu(OtBu)-OH, DIPEA, PyBOP, DCM, 0°C, 2 h, 72 %; (b) piperidine/DCM (2:3, 

v/v), DCM, 0°C, 15 min, 88 %; (c) i. SC(SCH2CO2H)2, Et3N, EtOH, 90°C, MW, 10 min, ii. 542 (1 eq.), 

110°C, MW, 5 min; (d) TFA/DCM (1:1, v/v), rt, 3 h. 

As the conditions for generating the 5-furan-2-ylmethylidenerhodanine core had been 

optimised in the previous scheme, we set out to generate compound 551 through similar 

means. Again, 1 molar equiv. of bis(carboxymethyl)trithiocarbonate was used with 

triethylamine before mixing at 90°C under microwave irradiation before addition of 

furaldehyde 542 and subsequent heating to 110°C. Following the first step of the reaction, 

TLC was analysed to confirm the starting material had been consumed. Analysis 

suggested that indeed the starting material had been consumed and that a less polar 

compound had formed. As with previously, 542 was added to the mixture and the reaction 

was resumed. Again, TLC analysis suggested that a new compound had formed, with 

similar Rf to the intermediate compound. Naturally, it was expected that the compound 

had formed however, unlike previously, no precipitate had formed, and instead the 

mixture was a gummy, oily suspension. As filtration was not an option, we opted to 

concentrate the mixture to dryness before isolating the major product by flash 

chromatography. Surprisingly, analysis by 1H NMR suggested the major product was 

actually unreacted 542. The presence of unreacted furaldehyde implies two things i) the 

reaction mixture lacks any rhodanine core able to participate in the Knoevanagel 
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condensation reaction and ii) the reaction mixture lacks any primary amine that would 

undergo condensation with the aldehyde to form imines, and by consequence their 

degradation products. The reaction was conducted twice with no other major product able 

to be isolated completely, only complex mixtures of undesirable reaction side-products 

unable to be accurately characterised using 1H NMR. In retrospect, it is possible that the 

protected glutamic ester was undergoing intramolecular transformation to form a 

pyroglutamate derivative under these conditions. If this were the case, there would be no 

free amine for bis(carboxymethyl)trithiocarbonate, nor the furaldehydes, to react with. 

Indeed, cyclisation of related glutamic ester derivatives is reported to take place under 

similar conditions.43 It was conceded that the glutamic acid spacer moiety may not be 

compatible with the microwave reaction protocol previously optimised and so the 

reaction was attempted again under conventional heating conditions.  

Unfortunately, similar results were obtained without the use of microwave-assisted 

heating conditions. We postulated that better results may come from splitting the one pot 

reaction (Scheme 5.10, ‘c’) into the two separate steps, also isolating the unsaturated 

rhodanine along the way.  As it was, what we had originally envisioned to be an expedient 

3-step route toward a panel of rhodanine-based potential oligomer modulators (Scheme 

5.7) will have transformed into a laborious ~7 step scheme (Scheme 5.11).  
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Scheme 5.11. Proposed synthesis toward a panel of functionalised derivatives of 548. 

Though not entirely useless, the synthetic route described in Scheme 5.10 would only be 

able to be used to produce a panel of compounds with limited structural diversity as 

introduction of the functionalised biaryl group is conducted in the first step. As a result, 

this synthetic strategy was not considered a suitable for our purposes and so was not 

explored further. 

5.5  CONCLUSIONS AND FUTURE DIRECTIONS  

Discouraged by the consistent negative results, it seemed reasonable to us to abandon the 

pursuit of thiazole-based MTDLs, instead directing efforts toward capitalising on the 

positive outcomes from the objectives described in previous chapters. Indeed, pursuit of 

thiazole-based MTDLs via expedient syntheses had proved a more complex endeavour 

than anticipated. However, we were successful in generating a handful of target 

compounds besides developing and optimising a number of useful synthetic protocols 

along the way. 
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Though we remain confident that the compounds designed in this chapter may qualify as 

useful MTDL agents, further exploration of alternative synthetic routes toward their 

construction was considered to be beyond the scope of this project. After revisiting the 

literature, we identified an alternative synthetic approach to the 2-aminothiazol-4(5H)-

one structures described in Scheme 5.1 previously. Bharatam and co-workers described 

the synthesis of iminothiazolidin-4-one derivatives investigated for use as selective GSK-

3β inhibitors, achieved in a single step from commercially available pseudothiohydantoin 

(554) (Scheme 5.12).44 The reactions were performed under acidic conditions, to form 

the enolate and promote Knoevanagel condensation, rather than nucleophilic attack from 

the imine. Although quantum chemical calculations, performed at B3LYP/6-31 + G(d) 

level, determined that for these compounds the amino tautomeric form 555b was 

energetically favoured, the compounds were reported in form 555a as subsequent docking 

results indicated the imine form 555a established more favourable interactions with 

Val135, a specific residue in the enzymes catalytic pocket. As a result, this report was 

overlooked during our initial searches through the literature. This protocol would 

obviously have simplified efforts to generate the envisioned 2-aminothiazol-4(5H)-ones 

in this chapter. Should similar scaffolds be pursued in the future, an approach inspired by 

that in Scheme 5.10 should be employed. 

 

Scheme 5.12. Synthesis of iminothiazolidin-4-one GSK-3β inhibitors.44 Reagents and conditions: (a) 

CH3CO2H, CH3CO2Na, reflux, 72 h, 40-75 %. 

As stated throughout this chapter, the synthetic approaches discussed were designed to be 

expedient so as to enable the rapid production of an array of structurally diverse 

compounds. Though the optimised rhodanine synthesis reaction outlined previously 

(Scheme 5.8) was not able to be employed to generate a panel of compounds here, we 

remained curious as to whether the protocol was able to be conducted on the solid-phase 
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(Scheme 5.13). Solid-phase organic synthesis (SPOS) methods are frequently 

investigated for their utility in generating expansive combinatorial libraries.45 

 

Scheme 5.13. Optimised rhodanine-synthesis strategy is compatible with SPOS methods. Reagents and 

conditions: (a) i. Fmoc removal: 20% piperidine/DMF, ii. Fmoc-Lys(Boc)-OH, PyBOP, NMM, DMF, rt, 

1 h; (b) i. Fmoc removal: 20% piperidine/DMF, ii. SC(SCH2CO2H)2, DIPEA, EtOH, MW, 90°C, 10 min, 

iii. 3,4-dimethoxybenzaldehyde (1 equiv.), 110°C, 5 min; (c) Resin cleavage: TFA/DCM (9:1, v/v). 

To determine whether this synthesis was compatible with SPOS methods, we 

functionalised Rink Amide RAM resin (556) with Fmoc-Lys(Boc)-OH which, following 

Fmoc removal, was reacted following our previously optimised one-pot conditions to 

form the 5-methylidene-rhodanine (559). In this case, we employed commercially 

available 3,4-dimethoxybenzaldehyde as we expected its structural simplicity would not 

lead to unforeseen complications. LCMS-analysis of the cleavage mixture determined 

that the target rhodanine (559) was the major product formed (RT 6.87 min; [M+H]+ m/z 

410.0) (See Appendix). The E/Z configuration of the methine-bridge was not 

investigated. As mentioned, actually employing this strategy to produce a large panel of 

compounds is beyond the scope of this project, however it was satisfying to have 

confirmed that there was utility in this approach. To our knowledge, microwave-assisted, 

one-pot solid-phase rhodanine synthesis via this mechanism have not been reported in the 

literature to date. It is possible that this finding may inspire future projects involving 

rhodanine-based compounds. 

 

5.6  EXPERIMENTAL SECTION 

General Experimental Procedures. Proton nuclear magnetic resonance (1H NMR) 

spectra were recorded using a Bruker Avance DPX 400 spectrometer at a frequency of 
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400.2 MHz. Carbon nuclear magnetic resonance (13C NMR) spectra were recorded on a 

Bruker Avance DPX 400 spectrometer at a frequency of 100 MHz. The spectra are 

reported as parts per million (ppm) downfield shift using the solvent peak as internal 

reference. The data are reported as chemical shift (δ), multiplicity, relative integral, 

coupling constant (JHz) and assignment where possible. Low resolution mass spectra 

were recorded on a Finnigan LCQ Deca ion trap spectrometer (ESI). Analytical thin layer 

chromatography (TLC) was performed using commercially prepared silica plates (Merck 

Kieselgel 60 0.25 mm F254). Flash column chromatography was performed using 230-

400 mesh Kieselgel 60 silica eluting with analytical grade solvents. Reagents, catalysts 

and solvents were purchased from Sigma-Aldrich, AK Scientific and Chemsupply and 

were used as received unless otherwise noted. HPLC-ESI/MS (LCMS) was performed on 

an Agilent 1290 HPLC (with PDA) coupled in series to an Agilent 6530 Q-TOF operating 

in positive mode using Agilent Jet Stream ESI ion source. Separations were achieved 

using a Waters Sunfire 5 μm, 2.1 x 150 mm column and a flow rate of 1 mL∙min-1. A 

mobile phase of 0.1 formic acid in water (Solvent A) and 0.1% formic acid in acetonitrile 

(Solvent B) using linear gradients of 0-100% or 0-50% B over ~10 min was used. 

Commercial materials were used a received unless otherwise noted. All solid-phase 

peptide syntheses were carried out manually in disposable polypropylene syringes 

(Torviq) equipped with Teflon sinters. 

(Z)-2-(benzylamino)-5-(3-bromobenzylidene)thiazol-4(5H)-one (514):  

 

To a vigorously stirred solution of rhodanine (0.50 g, 3.8 mmol) in ethanol (2.00 mL) was 

added, in order, 3-bromobenzaldehyde (0.88 mL, 7.5 mmol), benzylamine (0.45 mL, 4.1 

mmol) and glacial acetic acid (21 μL, 0.38 mmol). The mixture was then heated with 

microwave irradiation (20 W of max. power) to 120 °C. The pressure limit was set at 90 

psi. Once the desired temperature was reached over 15 minutes, heating was continued 

for a further 30 minutes to maintain temperature. The reaction vessel was then cooled in 

an ice path, the precipitated crystalline solid was filtered off, washed with ice-cooled 

ethanol and dried in vacuo to give the title compound (0.55 g, 1.5 mmol, 39%) as a pale 
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yellow solid. 1H NMR (400 MHz DMSO-d6): δ 10.14 (t, J = 5.6 Hz, 1H, NH), 7.78 (t, J 

= 1.8 Hz, 1H, ArH), 7.62 (m, 1H, ArH), 7.60 (s, 1H, CH), 7.58 (m, 1H, ArH), 7.48 (t, J 

= 7.9 Hz, 1H, ArH), 7.41-7.30 (m, 6H, ArH), 4.75 (d, J = 5.6 Hz, 2H, CH2); 
13C NMR 

(100 MHz DMSO-d6): δ 179.3, 173.5, 137.0, 136.6, 132.0, 131.9, 131.3, 130.5, 128.7 (2 

x C), 127.9, 127.7 (2 x C), 127.6 (2 x C), 122.4, 47.8. 

(Z)-2-(benzylamino)-5-(3-bromobenzylidene)thiazol-4(5H)-one (515):  

 

To a suspension of 514 (0.1 g, 0.27 mmol) in toluene/tert-butanol/aqueous K2CO3 (2:1:2 

v/v/v 25 mL) was added phenylboronic acid (0.036 g, 0.29 mmol). The reaction flask was 

purged with argon and charged with Tetrakis(triphenylphosphine)palladium(0) complex 

(2 mol %) with mixing before being heated to reflux. After 16 h the mixture was allowed 

to settle to room temperature, was diluted with water and extracted with ethyl acetate 

before being washed with brine and dried with Na2SO4. The solution was then 

concentrated under reduced pressure and purified by flash chromatography 

(Hexane/EtOAc 1:1) to give the title compounds (0.09 g, 0.24 mmol, 91%) as a pale 

yellow solid. 1H NMR (400 MHz DMSO-d6): δ 10.13 (bs, 1H, NH), 7.86 (s, 1H, CH), 

7.72 (t, J = 7.2 Hz, 3H, overlapping ArH), 7.62 (t, J = 7.4 Hz, 1H, ArH), 7.58 (d, J = 7.8 

Hz, 1H, ArH), 7.50 (t, J = 7.6 Hz, 2H, ArH), 7.43-7.33 (m, 7H, overlapping ArH), 4.75 

(s, 2H, CH2). 

(Z)-2-amino-5-(3-bromobenzylidene)thiazol-4(5H)-one (517):  

 

To 514 (0.30 g, 0.80 mmol) was added concentrated sulfuric acid in toluene (2 mL, 7:3 

v/v) before heating to 90 °C with stirring for 16 hours. The pH of the mixture was then 

adjusted carefully with saturated sodium bicarbonate solution before being extracted with 
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ethyl acetate. The organic phase was then washed with brine, filtered, and concentrated 

to residue which was triturated with diethyl ether to give the title compound (0.071 g, 

0.25 mmol, 31%) as a pale yellow powder. 1H NMR (400 MHz DMSO-d6): δ 9.42 (bs, 

2H, NH2), 7.77 (s, 1H, ArH), 7.62 (d, J = 8.1 Hz, 1H, ArH), 7.58 (d, J = 8.1 Hz, 1H, ArH), 

7.56 (s, 1H, CH), 7.47 (t, J = 8.1 Hz, 1H, ArH). 

tert-Butyl-(Z)-(5-(3-bromobenzylidene)-4-oxo-4,5-dihydrothiazol-2-yl)carbamate 

(518):  

 

To a stirred suspension of 517 (0.050 g, 0.18 mmol) in dichloromethane (3.0 mL) was 

added triethylamine (0.075 mL, 0.54 mmol), N,N-dimethylaminopyridine (2.2 mg, 0.018 

mmol) and di-tert-butyl bicarbonate (0.16 g, 0.72 mmol) at 0 °C. The mixture was 

allowed to warm to room temperature and was mixed for an additional 12 hours before 

being concentrated under reduced pressure and purified by flash chromatography to give 

the title compound (0.061 g, 0.16 mmol, 90%) as a pale yellow powder. 1H NMR (400 

MHz DMSO-d6): δ 12.71 (bs, 1H, NH), 7.61 (ddd, J = 0.9, 1.9, 8.0 Hz, 1H, ArH), 7.50 

(t, J = 1.8 Hz, 1H, ArH), 7.40 (t, J = 8.0 Hz, 1H, ArH), 7.25 (d, J = 8.0 Hz, 1H, ArH), 

5.68 (s, 1H, CH), 1.22 (s, 9H, C(CH3)3). 

3-bromophenylglyoxal hydrate (524∙H2O):  

 

To a vigorously stirred solution of selenium dioxide (0.56 g, 5.0 mmol) and water (0.25 

mL) in 1,4-dioxane (8 mL) was added 3-bromoacetophenone 523 (0.66 mL, 5.0 mmol) 

before heating to reflux for 7 hours. Once the reaction had been confirmed by TLC to 

have completed, the mixture was allowed to cool to room temperature before 

dichloromethane was added and the mixture was filtered through a Celite® bed. The 

filtrate was then concentrated under reduced pressure before being purified by flash 
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chromatography (Hexane/EtOAc 1:1) to give a yellow oil which was recrystallised in 

water to give the title compound (1.0 g, 4.5 mmol, 90%) as a white flake. 1H NMR (400 

MHz DMSO-d6): δ 8.22 (t, J = 1.7 Hz, 1H, ArH), 8.04 (m, 1H, ArH), 7.84 (m, 1H, ArH), 

7.49 (t, J = 7.90 Hz, 1H, Ar), 6.91 (d, J = 7.0 Hz, 2H, OH), 5.62 (t, J = 7.0 Hz, 1H, CH). 

The spectroscopic data were in accordance with previously reported data.46 

2-amino-4-(3-bromophenyl)thiazole-5(4H)-one (525):  

 

To a vigorously stirred solution of 524∙H2O (0.10 g, 0.46 mmol) and thiourea (0.035 g, 

0.46 mmol) in toluene (2 mL) was added BF3•Et2O (1.5 μL, 1.2 μM) before heating to 

reflux for 17 hours. Once the reaction had been confirmed by TLC to have completed, 

the mixture was allowed to cool to room temperature before concentration under reduced 

pressure and filtered. The filtrate was resuspended in ethanol, filtered and washed with 

diethyl ether to give the title compound (0.11 g, 0.40 mmol, 85%) as a yellow-brown 

solid. 1H NMR (400 MHz DMSO-d6): δ 11.93 (s, 1H, NH), 10.50 (s, 1H, NH), 7.59 (d, 

J = 8.0 Hz, 1H, ArH), 7.47 (s, 1H, ArH), 7.40 (t, J = 7.8 Hz, 1H, ArH), 7.29 (d, J = 7.7 

Hz, 1H, ArH), 5.45 (s, 1H, CH); LRMS (ESI): m/z = 271.0 [(M+H)+], 542.8 [(2M+H)+], 

268.9 [(M-H)+]. 

tert-Butyl (4-(3-bromophenyl)-5-oxo-4,5-dihydrothiazol-2-yl)carbamate (526):  

 

To a vigorously stirred solution of 525 (0.10 g, 0.37 mmol) and di-tert-butyl dicarbonate 

(0.33 mL, 1.5 mmol) in dichloromethane (6.0 mL) was added triethylamine (0.15 mL, 1.1 

mmol) and 4-dimethylaminopyridine (4.5 mg, 0.037 mmol) at 0 °C. The mixture was 

allowed to reach room temperature and was stirred for a further 16 hours before being 

concentrated under reduced pressure to and purified by flash chromatography 

(Hexane/EtOAc 3:1) to give the title compound (0.13 g, 0.34 mmol, 92%) as light yellow 
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needles. 1H NMR (400 MHz DMSO-d6): δ 12.71 (s, 1H, NH), 7.61 (m, 1H, ArH), 7.50 

(t J = 1.7 Hz, 1H, ArH), 7.40 (t, J = 7.9 Hz, 1H, ArH), 7.24 (d, J = 7.8 Hz, 1H, ArH), 5.68 

(s, 1H, CH), 1.22 (s, 9H, (CH3)3). 

General method for conventional Suzuki-Miyaura Cross-Coupling reactions of 

acetophenones 

To a suspension of 3-bromoacetophenone (523) (0.66 mL, 5.0 mmol) in 

toluene/ethanol/aqueous K2CO3 (2:1:2 v/v/v 25 mL) was added appropriate 

phenylboronic acid (1.1 equiv.). The reaction flask was purged with argon and charged 

with Tetrakis(triphenylphosphine)palladium(0) complex (2 mol %) with mixing before 

being heated to reflux. After 16 h the mixture was allowed to settle to room temperature, 

was diluted with water and extracted with ethyl acetate before being washed with brine 

and dried with Na2SO4. The solution was then concentrated under reduced pressure and 

purified by flash chromatography (Hexane/EtOAc 1:1) to give the functionalised 3-aryl-

acetophenones. 

1-([1,1'-biphenyl]-3-yl)ethan-1-one (528a):  

 

3-Bromoacetophenone 523 was reacted with phenylboronic acid to give the title 

compound (0.97 g, 4.9 mmol, 98%) as a yellow oil. 1H NMR (400 MHz CDCl3): δ 8.21 

(t, J = 1.7 Hz, 1H, ArH), 7.96 (m, 1H, ArH), 7.82 (ddd, J = 1.2, 1.9, 7.8 Hz, 1H, ArH), 

7.64 (m, 2H, ArH), 7.56 (t, J = 7.7 Hz, 1H, ArH), 7.49 (m, 2H, ArH) 7.41 (m, 1H, ArH), 

2.68 (s, 3H, CH3). 

3'-acetyl-[1,1'-biphenyl]-4-carbonitrile (528b):  

 

3-Bromoacetophenone 523 was reacted with 4-cyanophenylboronic acid to give the title 

compound (1.0 g, 4.6 mmol, 92%) as a yellow oil. 1H NMR (400 MHz CDCl3): δ 8.18 (t, 

J = 1.4 Hz, 1H, ArH), 8.00 (m, 1H, ArH), 7.76 (m, 6H, ArH), 7.59 (t, J = 7.9 Hz, 1H, 
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ArH), 2.67 (s, 3H, CH3); 
13C NMR (100 MHz DMSO-d6): δ 197.8, 144.7, 139.9, 138.0, 

132.9 (2 x C), 131.8, 129.6, 128.7, 128.0 (2 x C), 127.0, 118.8, 111.7, 26.9. 

1-(3-(benzo[b]thiophen-2-yl)phenyl)ethan-1-one (528c):  

 

3-Bromoacetophenone 523 was reacted with benzo[b]thien-2-ylboronic acid to give the 

title compound (1.1 g, 4.3 mmol, 86%) as a yellow oil. 1H NMR (400 MHz DMSO-d6): 

δ 8.28 (t, J = 1.7 Hz, 1H, ArH), 8.04-7.95 (m, 4H, ArH), 7.89-7.87 (m, 1H, ArH), 7.64 (t, 

J = 7.7 Hz, 1H, ArH), 7.40 (quintd, J = 1.6, 7.0 Hz, 2H, ArH), 2.66 (s, 3H, CH3); 
13C 

NMR (100 MHz DMSO-d6): δ 197.8, 142.1, 140.4, 138.7, 137.7, 134.0, 130.5, 129.8, 

128.2, 125.3, 125.0 (2 x C), 124.0, 122.6, 121.1, 26.9. 

1-(3-(benzo[d][1,3]dioxol-5-yl)phenyl)ethan-1-one (528d):  

 

3-Bromoacetophenone 523 was reacted with 3,4-methylenedioxyphenylboronic acid to 

give the title compound (1.2 g, 4.8 mmol, 96%) as a yellow oil. 1H NMR (400 MHz 

CDCl3): δ 8.10 (t, J = 1.7 Hz, 1H, ArH), 7.89 (dt, J = 1.5, 7.8 Hz, 1H, ArH), 7.71 (ddd, J 

= 1.2, 1.9, 7.8 Hz, 1H, ArH), 7.5 (t, J = 7.7 Hz, 1H, ArH), 7.09 (m, 2H, ArH), 6.90 (m, 

1H, Ar), 6.02 (s, 2H, CH2), 2.65 (s, 3H, CH3); 
13C NMR (100 MHz DMSO-d6): δ 198.3, 

148.4, 147.7, 141.6, 137.7, 134.6, 131.6, 129.2, 127.0, 126.7, 121.0, 108.8, 107.8, 101.4, 

26.9. 

General Method for Glyoxal Hydrate Synthesis:  

To a vigorously stirred solution of selenium dioxide (0.56 g, 5.0 mmol) and water (0.25 

mL) in 1,4-dioxane (8 mL) was added appropriate arylated acetophenone (528a-d, 5.0 

mmol) before heating to reflux for 7 hours. Once the reaction had been confirmed by TLC 

to have completed, the mixture was allowed to cool to room temperature before 

dichloromethane was added and the mixture was filtered through a celite pad. The filtrate 

was then concentrated under reduced pressure before being purified by flash 
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chromatography (Hexane/EtOAc 1:1) to give an amorphous foam which was 

recrystallised in water to give the functionalised glyoxal hydrate compounds. 

3'-(2-oxoacetyl)-[1,1'-biphenyl]-4-carbonitrile hydrate (529b∙H2O):  

 

Compound 528b was reacted to give the title compound (1.1 g, 4.4 mmol, 87%) as a 

yellow-white flake. 1H NMR (400 MHz DMSO-d6): δ 8.39 (s, 1H, ArH), 8.13 (d, J = 7.8 

Hz, 1H, ArH), 7.97 (m, 6H, ArH), 7.67 (t, J = 7.8 Hz, 1H, ArH), 6.86 (d, J = 7.0 Hz, 2H, 

OH), 5.77 (t, J = 7.0 Hz, 1H, CH); 13C NMR (100 MHz DMSO-d6): δ 196.0, 143.9 138.5, 

134.5, 133.0 (2 x C), 131.8, 129.5 (2 x C), 128.0, 127.8 (2 x C), 118.8, 110.5, 89.5. 

2-(4'-(benzo[b]thiophen-2-yl)-[1,1'-biphenyl]-3-yl)-2-oxoacetaldehyde hydrate 

(529c∙H2O):  

 

Compound 528c was reacted to give the title compound (1.2 g, 4.2 mmol, 84%) as a white 

flake. 1H NMR (400 MHz DMSO-d6): δ 8.43 (s, 1H, ArH), 8.07 (t, J = 9.2 Hz, 2H, ArH), 

8.02 (d, J = 7.48 Hz, 1H, ArH), 7.97 (s, 1H, ArH), 7.90 (d, J = 7.6 Hz, 1H, ArH), 7.65 (t, 

J = 7.8 Hz, 1H, ArH), 7.41 (quint, J = 6.8 Hz, 2H, ArH), 6.90 (d, J = 7.1 Hz, 2H, OH), 

5.75 (t, J = 7.0 Hz, 1H, CH); 13C NMR (100 MHz DMSO-d6): δ 196.4, 142.7, 140.8, 

139.2, 135.0, 134.2, 131.0, 130.0, 129.8, 127.2, 125.4 (2 x C), 124.5, 123.0, 121.3, 90.1. 

 

2-(3-(benzo[d][1,3]dioxol-5-yl)phenyl)-2-oxoacetaldehyde hydrate (529d∙H2O):  

 

Compound 528d was reacted to give the title compound (0.99 g, 3.7 mmol, 73%) as a 

white flake. 1H NMR (400 MHz DMSO-d6): δ 8.25 (s, 1H, ArH), 8.00 (d, J = 7.8 Hz, 

1H, ArH), 7.87 (d, J = 7.7 Hz, 1H, ArH), 7.57 (t, J = 7.8 Hz, 1H, ArH), 7.30 (d, J = 1.6 

Hz, 1H, ArH), 7.19 (dd, J = 8.1, 1.6 Hz, 1H, ArH), 7.04 (d, J = 8.0 Hz, 1H, ArH), 6.80 
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(d, J = 7.2 Hz, 2H, OH), 6.09 (s, 2H, CH2), 5.77 (t, J = 7.1 Hz, 1H, CH); 13C NMR (100 

MHz DMSO-d6): δ 196.2, 148.1, 147.2, 140.1, 134.3, 133.7, 131.2, 129.1, 127.8, 127.4, 

120.6, 108.8, 107.3, 101.3, 89.2. 

 

3'-(2-amino-5-oxo-4,5-dihydrothiazol-4-yl)-[1,1'-biphenyl]-4-carbonitrile (530b):  

 

To a vigorously stirred solution of 529∙H2O (0.10 g, 0.39 mmol) and thiourea (0.030 g, 

0.39 mmol) in toluene (2.0 mL) was added BF3•Et2O (1.3 μL, 10 μM) before heating to 

reflux for 17 hours. Once the reaction had been confirmed to have completed, the mixture 

was allowed to cool to room temperature before concentration under reduced pressure 

and filtered. The filtrate was resuspended in ethanol, filtered and washed with diethyl 

ether to give the title compound (0.087 g, 0.30 mmol, 75%) as a yellow solid. 1H NMR 

(400 MHz DMSO-d6): δ 11.91 (s, 1H, NH), 10.53 (s, 1H, NH), 7.96 (d, J = 8.3 Hz, 2H, 

ArH), 7.87 (d, J = 8.3 Hz, 2H, ArH), 7.77 (d, J = 7.7 Hz, 1H, ArH), 7.64 (s, 1H, ArH), 

7.58 (t, J = 7.7 Hz, 1H, ArH), 7.35 (d, J = 7.7 Hz, 1H, ArH), 5.51 (s, 1H, CH). 

 

2-amino-4-(3-(benzo[b]thiophen-2-yl)phenyl)thiazol-5(4H)-one (530c):  

 

To a vigorously stirred solution of 529c∙H2O (0.10 g, 0.35 mmol) and thiourea (0.026 g, 

0.35 mmol) in toluene (2.0 mL) was added BF3-Et2O (1.1 μL, 9.1 μM) before heating to 

reflux for 17 hours. Once the reaction had been confirmed to have completed, the mixture 

was allowed to cool to room temperature before concentration under reduced pressure 

and filtered. The filtrate was resuspended in ethanol, filtered and washed with diethyl 
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ether to give the title compound (0.068 g, 0.21 mmol 60%) as a grey solid. 1H NMR (400 

MHz DMSO-d6): δ 11.93 (s, 1H, NH), 10.56 (s, 1H, NH), 8.00 (dd, J =1.3, 7.4 Hz, 1H, 

H-7”), 7.90 (s, 1H, H-3”), 7.88 (dd, J = 1.3, 7.4, 1H, H-4”), 7.82 (d, J = 7.8 Hz, 1H, ArH), 

7.67 (s, 1H, ArH), 7.55 (t, J = 7.8 Hz, 1H, ArH), 7.43-7.35 (m, 2H, H-5” & H-6”), 7.29 

(d, J = 7.8 Hz, 1H, ArH), 5.52 (s, 1H, CH); 13C NMR (101 MHz DMSO-d6): 183.1, 174.7, 

142.4, 140.0, 138.9, 135.7, 134.1, 130.0, 126.6, 126.3, 124.9 (2 x C), 124.4, 124.0, 122.3, 

120.6, 63.7; LRMS(ESI): m/z = 323 [(M-H)+]. 

 

 (3-(benzo[d][1,3]dioxol-5-yl)phenyl)methanamine (540):  

 

To a solution of 3-bromobenzylamine 539 (1.0 g, 5.4 mmol), and appropriate 3,4-

methylenedioxyphenylboronic acid (1.3 g, 8.1 mmol) in water (10 mL) was added 

palladium(II)acetate (0.048 g, 0.22 mmol). The mixture was then heated to reflux for 4 

hours before being allowed to cool to room temperature. The mixture was diluted with 

dichloromethane, basified using 20% aqueous NaOH to pH = 12, extracted thrice with 

dichloromethane and then finally washed with water before being concentrated under 

reduced pressure and then purified by flash chromatography (5% MeOH/DCM) to give 

the title compound (1.2 g, 5.1 mmol, 95%) as a yellow oil. 1H NMR (400 MHz DMSO-

d6): δ 7.56 (s, 1H, ArH), 7.42 (d, J = 7.5 Hz, 1H, ArH), 7.33 (t, J = 7.5 Hz, 1H, ArH), 

7.26 (d, J = 7.5 Hz, 1H, ArH), 7.23 (d, J = 1.6 Hz, 1H, ArH), 7.14 (dd, J = 1.6, 8.0 Hz, 

1H, ArH), 6.99 (d, J = 8.1 Hz, 1H, ArH), 6.05 (s, 2H, CH2), 3.75 (s, 2H, CH2); 
13C NMR 

(101 MHz DMSO-d6): 147.9, 146.7, 144.8, 139.7, 134.8, 128.6, 125.7, 125.2, 124.3, 

120.2, 108.6, 107.1, 101.1, 45.7. 
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 (Z)-3-(3-(benzo[d][1,3]dioxol-5-yl)benzyl)-5-((5-(benzo[d][1,3]dioxol-5-yl)furan-2-

yl)methylene)-2-thioxothiazolidin-4-one (543):  

 

To a solution of 540 (0.10 g, 0.44 mmol), in ethanol was added 

bis(carboxymethyl)trithiocarbonate (0.10 g, 0.44 mmol) and triethylamine (0.18 mL, 1.3 

mmol) before heating with microwave irradiation (20 W of max. power) to 90 °C. The 

pressure limit was set at 90 psi. Once the desired temperature was reached over 5 min, 

heating was continued for a further 10 min to maintain temperature. The reaction vessel 

was then allowed to cool before addition of 542 (0.095 g, 0.44 mmol) before heating was 

resumed, at 110°C, for a further 5 min at maintained temperature. The reaction vessel was 

allowed to cool and the precipitated solid was filtered, washed with ethanol, and dried in 

vacuo to give the title compound (0.17 g, 0.32 mmol, 73%) as a dark red solid. 1H NMR 

(400 MHz DMSO-d6): δ 7.70 (s, 1H, CH), 7.57 (s, 1H, ArH), 7.51 (d, J = 7.7 Hz, 1H, 

ArH), 7.43 (d, J = 1. 7 Hz, 1H, ArH), 7.41 (dd, J = 1.7, 8.0 Hz, 1H, ArH), 7.38 (t, J = 7.7 

Hz, 1H, ArH), 7.37 (d, J = 3.8 Hz, 1H, furan CH), 7.24 (d, J = 7.7 Hz, 1H, ArH), 7.24 (d, 

J = 3.8 Hz, 1H, furan CH), 7.19 (d, J = 1.7 Hz, 1H, ArH), 7.15 (d, J = 8.0 Hz, 1H, ArH), 

7.09 (dd, J = 1.7, 8.0 Hz, 1H, ArH), 7.00 (d, J = 8.0 Hz, 1H, ArH), 6.13 (s, 2H, CH2), 

6.05 (s, 2H, CH2), 5.30 (s, 2H, CH2). 

 

(Z)-5-((5-(benzo[d][1,3]dioxol-5-yl)furan-2-yl)methylene)-3-butyl-2-

thioxothiazolidin-4-one (546):  

 

To a solution of n-butylamine 545 (0.10 g, 1.4 mmol), in ethanol was added 

bis(carboxymethyl)trithiocarbonate (0.32 g, 1.4 mmol) and triethylamine (0.59 mL, 4.2 

mmol) before heating with microwave irradiation (20 W of max. power) to 90 °C. The 

pressure limit was set at 90 psi. Once the desired temperature was reached over 5 min, 

heating was continued for a further 10 min to maintain temperature. The reaction vessel 

was then allowed to cool before addition of 542 (0.30 g, 1.4 mmol) before heating was 
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resumed, at 110 °C, for a further 5 min at maintained temperature. The reaction vessel 

was allowed to cool and the precipitated solid was filtered, washed with ethanol, and dried 

in vacuo to give the title compound (0.43 g, 1.1 mmol, 82%) as a red solid. 1H NMR (400 

MHz CDCl3): δ 7.45 (s, 1H, CH), 7.34 (dd, J = 1.8, 8.2 Hz, 1H, ArH), 7.21 (d, J = 1.8 

Hz, 1H, ArH), 6.93 (d, J = 8.0 Hz, 1H, ArH), 6.92 (d, J = 3.6 Hz, 1H, furan CH), 6.71 (d, 

J = 3.6 Hz, 1H, furan CH), 6.05 (s, 2H, CH2), 4.13 (t, J = 7.6 Hz, 2H, CH2), 1.70 (quint, 

J = 7.7 Hz, 2H, CH2), 1.40 (sext, J = 7.5 Hz, 2H, CH2), 0.97 (t, J = 7.5 Hz, 3H, CH3). 

 

tert-Butyl-(S)-4-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-5-((3-

bromobenzyl)amino)-5-oxopentanoate (549):  

 

To a solution of 3-bromobenzylamine 539 (1.3 g, 7.1 mmol) in dichloromethane (30 mL) 

was added Fmoc-Glu(OtBu)-OH (3.0 g, 7.1 mmol) and DIPEA (3.7 mL, 21 mmol) with 

stirring at 0 °C. The mixture was left stirring for 2 h, before being concentrated under 

reduced pressure and purified by flash chromatography (Hexane/EtOAc, 4:1) to give the 

title compound (3.0 g, 5.1 mmol, 72%) as a yellow oil. 1H NMR (400 MHz CDCl3): 7.76 

(d, J = 7.5 Hz, 2H, Fmoc ArH), 7.57 (d, J = 7.5 Hz, 2H, Fmoc ArH), 7.41-7.37 (m, 4H, 

Fmoc, ArH), 7.29 (t, J = 7.0 Hz, 2H, Fmoc ArH), 7.17 (s, 1H, ArH), 7.16 (t, J = 7.5 Hz, 

1H, ArH), 6.76 (bs, 1H, NH), 5.80 (d, J = 6.7 Hz, 1H, NH), 4.41-4.38 (m, 4H, CH2, Fmoc 

CH2), 4.22 (d, J = 7.7 Hz, 1H, CH), 4.19 (t, J = 7.0 Hz, 1H, α-CH) 2.49-1.93 (m, 4H, 

CH2CH2), 1.44 (s, 9H, (CH3)3); 
13C NMR (101 MHz CDCl3): 173.2, 171.5, 156.5, 143.9, 

143.8, 141.4 (2 x C), 140.4, 130.8, 130.7, 130.4, 127.9 (2 x C), 127.2 (2 x C), 126.3, 125.2 

(2 x C), 122.9, 120.1 (2 x C), 81.4, 67.3, 54.6, 47.3, 43.0. 31.9. 28.2 (3 x C), 28.1. 
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tert-Butyl (S)-4-amino-5-((3-bromobenzyl)amino)-5-oxopentanoate (550):  

 

Compound 549 (3.0 g, 5.1 mmol), was dissolved in dichloromethane (30 mL) at 0 °C 

with mixing before addition of a piperidine/dichloromethane (10 mL, 1:1 v/v) buffer. The 

solution was stirred vigorously for 10 minutes before TLC had confirmed the starting 

material had been consumed, after which the mixture was concentrated to dryness under 

reduced pressure and purified by flash chromatography (4:1 EtOAc/hexane with 1% 

triethylamine buffer) to give the title compound (1.7 g, 4.5 mmol, 88%) as a viscous 

yellow oil; 1H NMR (400 MHz CDCl3): 7.70 (t, J = 5.5 Hz, 1H, NH), 7.42 (s, 1H, ArH), 

7.39 (dt, J = 2.0, 6.7 Hz, 1H, ArH), 7.22-7.17 (m, 2H, ArH), 4.44 (dd, J = 6.2, 15.1 Hz, 

1H, CHH), 4.38 (dd, J = 6.2, 15.1 Hz, 1H, CHH), 3.50 (dd, J = 5.1, 7.5 Hz, 1H, α-CH), 

2.40 (dt, J = 7.3, 16.1 Hz, 1H, γ-CH), 2.35 (dt, J = 7.3, 16.1 Hz, 1H, γ-CH), 2.19-2.10 (m, 

1H, β-CH), 1.87 (sept, J = 7.3 Hz, 1H, β-CH), 1.44 (s, 9H, (CH3)3); 
13C NMR (101 MHz 

CDCl3): 174.3, 173.0, 140.9, 130.8, 130.6, 130.4, 126.4, 122.8, 80.9, 54.7, 42.7, 32.2, 

30.3, 28.2 (3 x C). 

 

(S)-6-amino-2-(5-(3,4-dimethoxybenzylidene)-4-oxo-2-thioxothiazolidin-3-

yl)hexanamide (559):  

 

Rink amide (RAM) resin (0.45 mmol/g loading, 156 mg, 0.070 mmol) was swollen in dry 

DMF (2.0 mL) for 5 min at room temperature before being treated with 10 vol% 

piperidine/DMF (2.0 mL) solution and shaken for 5 min at room temperature. The 

procedure was repeated with a fresh portion, after which the resin was washed with DMF 

(5 x 2.0 mL), DCM (5 x 2.0 mL) and then DMF (5 x 2.0 mL). After, a solution of Fmoc-

Lys(Boc)-OH (0.13 g, 0.28 mmol), PyBOP (0.146 g, 0.28 mmol) and N-

methylmorpholine (0.062 mL, 0.56 mmol) in DMF (2.0 mL) was mixed with the resin 

and shaken for 1 h. After the resin was washed, as previously, it was treated again with 
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10 vol% piperidine/DMF (2.0 mL) solution and shaken for 5 min, twice, again, before a 

further washing cycle. A solution of bis(carboxymethyl)trithiocarbonate (0.032 g, 0.14 

mmol) and triethylamine (0.059 mL, 0.42 mmol) in ethanol was mixed with the resin 

before heating with microwave irradiation (20 W of max. power) to 90 °C. The pressure 

limit was set at 90 psi. Once the desired temperature was reached over 5 min, heating was 

continued for a further 10 min to maintain temperature. The reaction vessel was then 

allowed to cool before addition of 542 (0.030 g, 0.14 mmol) before heating was resumed, 

at 110 °C, for a further 5 min at maintained temperature. The reaction vessel was allowed 

to cool and was washed with DMF and then DCM (10 x 2.0 mL) before being treated 

with a cocktail of TFA/TIS/H2O (90:5:5 v/v/v, 2.0 mL) and was shaken for 1 h at room 

temperature. The resin was filtered and washed with TFA (2 x 2.0 mL) and the resultant 

filtrate was evaporated to dryness. Cold diethyl ether (2.0 mL) was added to the 

precipitate, suspended, transferred to a 2 mL Eppendorf tube, and subsequently 

centrifuged at 1400 rpm for 1 min. The supernatant was decanted and discarded and the 

precipitate was dried under high-vacuum. The mixture was analysed by LCMS: (RT 6.88 

min; [M+H]+ m/z 410.0). 
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This target-driven drug discovery project had two aims: 

1. To design selective inhibitors of protein (α-syn, tau or Aβ) aggregation and

evaluate their potential efficacy against their target proteins.

2. To investigate multi-target inhibitors of protein aggregation and evaluate their

efficacy against various neuropathological targets.

The first aim was achieved with the construction of the glycopeptides (Chapter 2). The 

trends observed following the evaluation of the glycopeptides derived from the NAC 

segment α-syn provided an initial proof-of-concept for the design strategy. The peptide-

dependent effects on aggregation were found to be sequence-dependent and glycosylation 

site-dependent, as expected, with the most effective inhibitor possessing O-GlcNAc at 

the N-terminal of the sequence. It remains too early to determine whether the strategy 

may be applied to generate inhibitors of other forms of protein aggregation, however Aβ- 

and tau-targeted glycopeptides were also constructed and preliminary studies are 

underway. 

The second aim was achieved with the construction of the quinazolin-4(3H)-ones 

(Chapter 3) and furan-2-yl-1H-pyrazoles (Chapter 4). The quinazolin-4(3H)-ones are 

amongst the most active compounds against yeast prion formation identified to date, and 

a number of the second generation compounds were found to be effective disruptors of 

α-syn aggregation. The compounds are currently being tested against the human prion 

protein. Among the pyrazoles and related structures, the majority of compounds 

investigated were effective inhibitors of α-syn aggregation, with some exhibiting dose-

dependent effects on aggregation. These compounds are currently being examined using 

in silico experiments.  

It is our belief that this project has been successful in identifying novel strategies toward 

altering the protein aggregation processes characteristic of a number of neurodegenerative 

diseases. Our hypotheses proposed that glycopeptides may be used to inhibit specific 

forms of protein aggregation and that multi-target directed ligands 
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Analytical HPLC and HRMS data for compounds 204a-213c. 

H-Val-Val-Ile-Ala-NH2 (204a) 

 

Figure S2-1. Analytical HPLC trace of compound 204a with retention time of 4.5 min. 

 

Figure S2-2. HRMS Spectrum of compound 204a with calculated m/z = 400.2918. 
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Ac-Lys-Leu-Val-Phe-Phe-NH2 (205a) 

 

Figure S2-3. Analytical HPLC trace of compound 205a with retention time of 7.5 min. 

 

Figure S2-4. HRMS Spectrum of compound 205a with calculated m/z = 694.4287. 
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H-Arg-Ile-Ile-Gly-Leu-OH (206a) 

 

Figure S2-5. Analytical HPLC trace of compound 206a with retention time of 10.2 min. 

 

Figure S2-6. HRMS Spectrum of compound 206a with calculated m/z = 571.3926. 
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H-Arg-Lys-Ile-Arg-Arg-OH (207a) 

 

Figure S2-7. Analytical HPLC trace of compound 207a with retention time of 0.6 min. 

 

Figure S2-8. HRMS Spectrum of compound 207a with calculated m/z = 243.5049. 
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H-Asp-Leu-Val-Pro-Leu-OH (208a) 

 

Figure S2-9. Analytical HPLC trace of compound 208a with retention time of 7.3 min. 

 

Figure S2-10. HRMS Spectrum of compound 208a with calculated m/z = 556.3341. 
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H-Gly-Thr-Val-Trp-Trp-Gly-OH (209a) 

 

Figure S2-11. Analytical HPLC trace of compound 209a with retention time of 6.4 min. 

 

Figure S2-12. HRMS Spectrum of compound 209a with calculated m/z = 705.3355. 
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H-Cys-Gly-Ile-Leu-Asp-Pro-Ile-Pro-Trp-OH (210a) 

 

Figure S2-13. Analytical HPLC trace of compound 210a with retention time of 7.8 min. 

 

Figure S2-14. HRMS Spectrum of compound 210a with calculated m/z = 1013.5125. 
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H-Leu-Ile-Ala-Ile-Met-Ala-OH (211a) 

 

Figure S2-15. Analytical HPLC trace of compound 211a with retention time of 9.5 min. 

 

Figure S2-16. HRMS Spectrum of compound 211a with calculated m/z = 631.3847. 
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H-Arg-Gly-Pro-Arg-Gly-Arg-Val-OH (212a) 

 

Figure S2-17. Analytical HPLC trace of compound 212a with retention time of 3.5 min 

 

Figure S2-18. HRMS Spectrum of compound 212a with calculated m/z = 266.4999. 
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Ac-Arg-Tyr-Tyr-Ala-Ala-Phe-Phe-Ala-Ala-Arg-Arg-NH2 (213a) 

 

Figure S2-19. Analytical HPLC trace of compound 213a with retention time of 5.1 min 

 

Figure S2-20. HRMS Spectrum of compound 213a with calculated m/z = 478.2581. 
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H-Ser(O-GlcNAc)-Val-Val-Ile-Ala-NH2 (204b) 

 

Figure S2-21. Analytical HPLC trace of compound 204b with retention time of 3.8 min. 

 

Figure S2-22. HRMS Spectrum of compound 204b with calculated m/z = 690.4032. 
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H-Ser(O-GlcNAc)-Lys-Leu-Val-Phe-Phe-NH2 (205b) 

 

Figure S2-23. Analytical HPLC trace of compound 205b with retention time of 5.2 min. 

 

Figure S2-24. HRMS Spectrum of compound 205b with calculated m/z =  942.5308. 
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H-Ser(O-GlcNAc)-Arg-Ile-Ile-Gly-Leu-OH (206b) 

 

Figure S2-25. Analytical HPLC trace of compound 206b with retention time of 4.4 min. 

 

Figure S2-26. HRMS Spectrum of compound 206b with calculated m/z = 861.5040. 
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H-Ser(O-GlcNAc)-Asp-Leu-Val-Pro-Leu-OH (208b) 

 

Figure S2-27. Analytical HPLC trace of compound 208b with retention time of 5.8 min. 

 

Figure S2-28. HRMS Spectrum of compound 208b with calculated m/z = 846.4455. 
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H-Ser(O-GlcNAc)-Gly-Thr-Val-Trp-Trp-Gly-OH (209b) 

 

Figure S2-29. Analytical HPLC trace of compound 209b with retention time of 6.2 min. 

 

Figure S2-30. HRMS Spectrum of compound 209b with calculated m/z = 995.4469. 
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H-Ser(O-GlcNAc)-Cys-Gly-Ile-Leu-Asp-Pro-Ile-Pro-Trp-OH (210b) 

 

Figure S2-31. Analytical HPLC trace of compound 210b with retention time of 7.5 min. 

 

Figure S2-32. HRMS Spectrum of compound 210b with calculated m/z = 1303.6239. 
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H-Ser(O-GlcNAc)-Leu-Ile-Ala-Ile-Met-Ala-OH (211b) 

 

Figure S2-33. Analytical HPLC trace of compound 211b with retention time of 6.0 min. 

 

Figure S2-34. HRMS Spectrum of compound 211b with calculated m/z = 921.4961. 
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H-Ser(O-GlcNAc)-Arg-Gly-Pro-Arg-Gly-Arg-Val-OH (212b) 

 

Figure S2-35. Analytical HPLC trace of compound 212b with retention time of 0.7 min. 

 

Figure S2-36. HRMS Spectrum of compound 212b with calculated m/z = 544.3020. 
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H-Ser(O-GlcNAc)-Arg-Tyr-Tyr-Ala-Ala-Phe-Phe-Ala-Ala-Arg-Arg-NH2 (213b) 

 

Figure S2-37. Analytical HPLC trace of compound 213b with retention time of 4.3 min. 

 

Figure S2-38. HRMS Spectrum of compound 213b with calculated m/z = 560.9584. 
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H-Ser(O-GlcNAc)-Gly-Val-Val-Ile-Ala-NH2 (204c) 

 

Figure S2-39. Analytical HPLC trace of compound 204c with retention time of 4.8 min. 

 

Figure S2-40. HRMS Spectrum of compound 204c with calculated m/z = 747.4247. 
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H-Ser(O-GlcNAc)-Gly-Lys-Leu-Val-Phe-Phe-NH2 (205c)  

 

Figure S2-41. Analytical HPLC trace of compound 205c with retention time of 9.6 min. 

 

Figure S2-42. HRMS Spectrum of compound 205c with calculated m/z =  999.5510. 
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H-Ser(O-GlcNAc)-Gly-Arg-Ile-Ile-Gly-Leu-OH (206c) 

 

Figure S2-43. Analytical HPLC trace of compound 206c with retention time of 4.5 min. 

 

Figure S2-44. HRMS Spectrum of compound 206c with calculated m/z = 459.7664. 
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H-Ser(O-GlcNAc)-Gly-Arg-Lys-Ile-Arg-Arg-OH (207c) 

 

Figure S2-45. Analytical HPLC trace of compound 207c with retention time of 0.8 min. 

 

Figure S2-46. HRMS Spectrum of compound 207c with calculated m/z = 359.2159. 
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H-Ser(O-GlcNAc)-Gly-Asp-Leu-Val-Pro-Leu-OH (208c) 

 

Figure S2-47. Analytical HPLC trace of compound 208c with retention time of 5.7 min. 

 

Figure S2-48. HRMS Spectrum of compound 208c with calculated m/z = 925.4489. 
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H-Ser(O-GlcNAc)-Gly-Gly-Thr-Val-Trp-Trp-Gly-OH (209c) 

 

Figure S2-49. Analytical HPLC trace of compound 209c with retention time of 6.1 min. 

 

Figure S2-50. HRMS Spectrum of compound 209c with calculated m/z = 1052.4684. 
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H-Ser(O-GlcNAc)-Gly-Cys-Gly-Ile-Leu-Asp-Pro-Ile-Pro-Trp-OH (210c) 

 

Figure S2-51. Analytical HPLC trace of compound 210c with retention time of 7.5 min. 

 

Figure S2-52. HRMS Spectrum of compound 210c with calculated m/z = 1360.6453. 
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H-Ser(O-GlcNAc)-Gly-Leu-Ile-Ala-Ile-Met-Ala-OH (211c) 

  

Figure S2-53. Analytical HPLC trace of compound 211c with retention time of 6.5 min. 

 

Figure S2-54. HRMS Spectrum of compound 211c with calculated m/z = 978.5176. 
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H-Ser(O-GlcNAc)-Gly-Arg-Gly-Pro-Arg-Gly-Arg-Val-OH (212c) 

 

Figure S2-55. Analytical HPLC trace of compound 212c with retention time of 1.3 min. 

 

Figure S2-56. HRMS Spectrum of compound 212c with calculated m/z = 572.8127. 
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H-Ser(O-GlcNAc)-Arg-Tyr-Tyr-Ala-Ala-Phe-Phe-Ala-Ala-Arg-Arg-NH2 (213c) 

 

Figure S2-57. Analytical HPLC trace of compound 213c with retention time of 4.0 min. 

 

Figure S2-58. HRMS Spectrum of compound 213c with calculated m/z = 435.2259. 
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Table S1. MS and HPLC data for compounds 204a-213c. 

Compound Purity (%) Calc. EM [M+H]+ Obs. EM [M+H]+ EM Error (ppm) 

204a >99 400.2918 400.2923 1.25 

205a >99 694.4287 694.4296 1.30 

206a >99 571.3926 571.3934 1.40 

207a >99 243.5049a 243.5057a 3.29 

208a >99 556.3341 556.3348 1.26 

209a >99 705.3355 705.3365 1.42 

210a >95 1013.5125 1013.5130 0.49 

211a >99 631.3847 631.3852 0.79 

212a >99 266.4999a 266.5005a 2.25 

213a >99 478.2581a 478.2581a 0.0 

204b >99 690.4032 690.4012 2.90 

205b >99 942.5308 942.5288 2.12 

206b >70 861.5040 861.5031 1.04 

208b >99 846.4455 846.4453 0.24 

209b >99 995.4469 995.4452 1.71 

210b >99 1303.6239 1303.6218 1.61 

211b >99 921.4961 921.4942 2.06 

212b >99 544.3020b 544.3022b 0.37 

213b >90 560.9584a 560.9576a 1.43 

204c >95 747.4247 747.4247 0.0 

205c >99 999.5510 999.5496 1.40 

206c >99 459.7664b 459.7669b 1.09 

207c >99 359.2159a 359.2158a 0.28 

208c >99 925.4489c 925.4486c 0.32 

209c >99 1052.4684 1052.4684 0.0 

210c >99 1360.6453 1360.6428 1.84 

211c >99 978.5176 978.5164 1.23 

212c >90 572.8127b 572.8197b 12.22 

213c >95 435.2259d 435.2250d 2.07 

EM = Exact Mass. See Experimental Section for methods. In most cases, only signals 

corresponding to desired compounds were present, purities were therefore estimated >99%. 
aEM corresponds to [M+3H]3+ adduct. 
bEM corresponds to [M+2H]2+ adduct. 
cEM corresponds to [M+Na]+ adduct. 
dEM corresponds to [M+4H]4+ adduct. 
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Analytical HPLC and HRMS data for compounds 214a-214f. 

Ac-Ser-Pro-Val-Val-Ser-Gly-Asp-Thr-Ser-NH2 (214a) 

 

Figure S2-59. Analytical HPLC trace of compound 214a with retention time of 3.2 min. 

 

Figure S2-60. HRMS Spectrum of compound 214a with calculated m/z = 911.4081. 
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Ac-Ser-Pro-Val-Val-Ser(O-GlcNAc)-Gly-Asp-Thr-Ser-NH2 (214b) 

Figure S2-61. Analytical HPLC trace of compound 214b with retention time of 3.0 min. 

Figure S2-62. HRMS Spectrum of compound 214b with calculated m/z = 1114.4875. 
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Ac-Ser(O-GlcNAc)-Gly-Pro-Val-Val-Ser-Gly-Asp-Thr-Ser-NH2 (214d) 

 

Figure S2-63. Analytical HPLC trace of compound 214d with retention time of 3.0 min. 

 

Figure S2-64. HRMS Spectrum of compound 214d with calculated m/z = 597.2491. 
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Ac-Ser-Pro-Val-Val-Ser-Gly-Asp-Thr-Ser(O-GlcNAc)-NH2 (214e) 

 

Figure S2-65. Analytical HPLC trace of compound 214e with retention time of 3.1 min. 

 

Figure S2-66. HRMS Spectrum of compound 214e with calculated m/z = 1092.5055. 
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Ac-Ser(O-GlcNAc)-Gly-Ser-Pro-Val-Val-Ser-Gly-Asp-Thr-Ser-NH2 (214f) 

Figure S11. Analytical HPLC trace of compound 214f with retention time of 3.0 min. 

Figure S12. HRMS Spectrum of compound 214f with calculated m/z = 1258.5410. 
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Table S2. MS and HPLC data for compounds 214a-214f. 

Compound Purity (%) Calc. EM [M+Na]+ Obs. EM [M+Na]+ EM Error (ppm) 

214a >99 911.4081 911.4076 0.55 

214b >99 1114.4875 1114.4865 0.90 

214c 568.7383a 568.7377a 1.1 

214d >99 597.2493a 597.2491a 0.33 

214e >99 1092.5055 1092.5061 0.55 

214f >99 1258.5410 1258.5410 0.0 

EM = Exact Mass. See Experimental Section for methods. 

aEM corresponds to [M+2Na]2+ adduct. 
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SUPPLEMENTARY DATA – CHAPTER 3: 

NMR data for compounds 312-315. 

Figure S3-1. 1H NMR spectrum of 312 (NCTS). 
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Figure S3-2. 1H NMR spectrum of 313a. 

 

Figure S3-3. 13C NMR spectrum of 313a. 
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Figure S3-4. 1H NMR spectrum of 313b. 

 

Figure S3-5. 13C NMR spectrum of 313b. 
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Figure S3-6. 1H NMR spectrum of 313c∙TFA. 

Figure S3-7 13C NMR spectrum of 313c∙TFA. 
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Figure S3-8. 1H NMR spectrum of 313d∙TFA. 

 

Figure S3-9. 13C NMR spectrum of 313d∙TFA. 
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Figure S3-10. 1H NMR spectrum of 313e∙TFA. 

 

Figure S3-11. 13C NMR spectrum of 313e∙TFA. 
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Figure S3-12. 1H NMR spectrum of 313f. 

 

Figure S3-13. 13C NMR spectrum of 313f. 
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Figure S3-14. 1H NMR spectrum of 313g∙TFA. 

 

Figure S3-15. 13C NMR spectrum of 313g∙TFA. 
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Figure S3-16. 1H NMR spectrum of 313h∙TFA. 

  

Figure S3-17. 13C NMR spectrum of 313h∙TFA. 
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Figure S3-18. 1H NMR spectrum of 313i∙TFA. 

Figure S3-19. 13C NMR spectrum of 313i∙TFA. 
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Figure S3-20. 1H NMR spectrum of 313j. 

Figure S3-21. 13C NMR spectrum of 313j. 
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Figure S3-22. 1H NMR spectrum of 314a∙TFA. 

Figure S3-23. 13C NMR spectrum of 314a∙TFA. 
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Figure S3-24. 1H NMR spectrum of 314b. 

 

Figure S3-25. 13C NMR spectrum of 314b. 
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Figure S3-26. 1H NMR spectrum of 314c∙TFA. 

 

Figure S3-27. 13C NMR spectrum of 314c∙TFA. 
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Figure S3-28. 1H NMR spectrum of 314d.

 

Figure S3-29. 13C NMR spectrum of 314d.  
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Figure S3-30. 1H NMR spectrum of 314e.

 

Figure S3-31. 13C NMR spectrum of 314e. 
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Figure S3-32. 1H NMR spectrum of 314f. 

 

Figure S3-33. 13C NMR spectrum of 314f. 
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Figure S3-34. 1H NMR spectrum of 314g. 

 

Figure S3-35. 13C NMR spectrum of 314g.  
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Figure S3-36. 1H NMR spectrum of 314h. 

Figure S3-37. 13C NMR spectrum of 314h. 
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Figure S3-38. 1H NMR spectrum of 314i. 

 

Figure S3-39. 13C NMR spectrum of 314i. 
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Figure S3-40. 1H NMR spectrum of 314j. 

  

Figure S3-41. 13C NMR spectrum of 314j. 
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Figure S3-42. 1H NMR spectrum of 314k.

 

Figure S3-43. 13C NMR spectrum of 314k. 
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Figure S3-44. 1H NMR spectrum of 314l. 

Figure S3-45. 13C NMR spectrum of 314l.  
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Figure S3-46. 1H NMR spectrum of 314m∙TFA. 

 

Figure S3-47. 13C NMR spectrum of 314m∙TFA. 
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Figure S3-48. 1H NMR spectrum of 314n∙TFA. 

 

Figure S3-49. 13C NMR spectrum of 314n∙TFA. 
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Figure S3-50. 1H NMR spectrum of 314o∙TFA. 

 

Figure S3-51. 13C NMR spectrum of 314o∙TFA.  
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Figure S3-52. 1H NMR spectrum of 313. 

 

Figure S3-53. 13C NMR spectrum of 313. 
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Figure S3-54. 1H NMR spectrum of 315. 

Figure S3-55. 13C NMR spectrum of 315. 
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SUPPLEMENTARY DATA – CHAPTER 4: 

ACS Chemical Neuroscience. 
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Figure S1. 1H NMR spectrum of 6a. 

 

Figure S2. 13C NMR spectrum of 6a. 
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Figure S3. 1H NMR spectrum of 6b. 

Figure S4. 13C NMR spectrum of 6b. 
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Figure S5. 1H NMR spectrum of 6c. 

 

Figure S6. 13C NMR spectrum of 6c. 
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Figure S7. 1H NMR spectrum of 6d. 

 

Figure S8. 13C NMR spectrum of 6d. 
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Figure S9. 1H NMR spectrum of 6e. 

  

Figure S10. 13C NMR spectrum of 6e. 
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Figure S11. 1H NMR spectrum of 7a. 

 

Figure S12. 13C NMR spectrum of 7a. 
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Figure S13. 1H NMR spectrum of 7b. 

  

Figure S14. 13C NMR spectrum of 7b. 
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Figure S15. 1H NMR spectrum of 7c. 

 

Figure S16. 13C NMR spectrum of 7c. 
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Figure S17. 1H NMR spectrum of 7d. 

 

Figure S18. 13C NMR spectrum of 7d. 
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Figure S19. 1H NMR spectrum of 7e. 

 

Figure S20. 13C NMR spectrum of 7e. 
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Figure S21. 1H NMR spectrum of 7f. 

 

Figure S22. 13C NMR spectrum of 7f. 
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Figure S23. 1H NMR spectrum of 7g. 

 

Figure S24. 13C NMR spectrum of 7g. 
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Figure S25. 1H NMR spectrum of 7h. 

 

Figure S26. 13C NMR spectrum of 7h. 
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Figure S27. 1H NMR spectrum of 7i. 

 

Figure S28. 13C NMR spectrum of 7i. 
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Figure S29. 1H NMR spectrum of 7j. 

 

Figure S30. 13C NMR spectrum of 7j. 
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Figure S31. 1H NMR spectrum of 7k. 

 

Figure S32. 13C NMR spectrum of 7k. 
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Figure S33. 1H NMR spectrum of 7l. 

 

Figure S34. 13C NMR spectrum of 7l. 
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Figure S35. 1H NMR spectrum of 8b. 

 

Figure S36. 13C NMR spectrum of 8b. 
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Figure S37. 1H NMR spectrum of 8c. 

 

Figure S38. 13C NMR spectrum of 8c. 
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Figure S39. 1H NMR spectrum of 8d. 

 

Figure S40. 13C NMR spectrum of 8d. 
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Figure S41. 1H NMR spectrum of 8e. 

 

Figure S42. 13C NMR spectrum of 8e. 
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Figure S43. 1H NMR spectrum of 8f. 

 

Figure S44. 13C NMR spectrum of 8f. 
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Figure S45. 1H NMR spectrum of 8h. 

Figure S46. 13C NMR spectrum of 8h. 
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Figure S47. 1H NMR spectrum of 8i. 

 

Figure S48. 13C NMR spectrum of 8i. 
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Figure S49. 1H NMR spectrum of 8j. 

 

Figure S50. 13C NMR spectrum of 8j. 
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Figure S51. 1H NMR spectrum of 8k. 

 

Figure S52. 13C NMR spectrum of 8k. 
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Figure S53. 1H NMR spectrum of 8l. 

Figure S54. 13C NMR spectrum of 8l. 
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Figure S55. 1H NMR spectrum of 9a. 

  

Figure S56. 13C NMR spectrum of 9a. 
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Figure S57. 1H NMR spectrum of 9b. 

  

Figure S58. 13C NMR spectrum of 9b. 
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Figure S59. 1H NMR spectrum of 9c. 

Figure S60. 13C NMR spectrum of 9c. 
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Figure S61. 1H NMR spectrum of 9d. 

 

Figure S62. 13C NMR spectrum of 9d. 
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Figure S63. 1H NMR spectrum of 9e. 

 

Figure S64. 13C NMR spectrum of 9e. 
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Figure S65. 1H NMR spectrum of 9f. 

  

Figure S66. 13C NMR spectrum of 9f. 
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Figure S67. 1H NMR spectrum of 9g. 

 

Figure S68. 13C NMR spectrum of 9g. 
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Figure S69. 1H NMR spectrum of 9h. 

  

Figure S70. 13C NMR spectrum of 9h. 
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Figure S71. 1H NMR spectrum of 9i. 

 

Figure S72. 13C NMR spectrum of 9i. 
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Figure S73. 1H NMR spectrum of 9j. 

 

Figure S74. 13C NMR spectrum of 9j. 
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Figure S75. 1H NMR spectrum of 1. 

 

Figure S76. 13C NMR spectrum of 1. 
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Figure S77. 1H NMR spectrum of (E)-3-(5-(3-chlorophenyl)furan-2-yl)acrylaldehyde. 
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SUPPLEMENTARY DATA – CHAPTER 5: 

 
Figure S5-1. 1H NMR spectrum of 514. 

 
Figure S5-2. 13C NMR spectrum of 514. 
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Figure S5-3. 1H NMR spectrum of 515. 

 

Figure S5-4. 1H NMR spectrum of 517. 
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Figure S5-5. 1H NMR spectrum of 518. 

 

Figure S5-6. 1H NMR spectrum of 524∙H2O. 
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Figure S5-7. 1H NMR spectrum of 525. 

Figure S5-8. 1H NMR spectrum of 526. 
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Figure S5-9. 1H NMR spectrum of 528a. 
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Figure S5-10. 1H NMR spectrum of 528b. 

 

Figure S5-11. 13C NMR spectrum of 528b. 
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Figure S5-12. 1H NMR spectrum of 528c. 

  

Figure S5-13. 13C NMR spectrum of 528c. 
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Figure S5-14. 1H NMR spectrum of 528d. 

 

Figure S5-15. 13C NMR spectrum of 528d. 

S163



 

Figure S5-16. 1H NMR spectrum of 529b. 

 

Figure S5-17. 13C NMR spectrum of 529b. 
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Figure S5-18. 1H NMR spectrum of 529c. 

 

Figure S5-19. 13C NMR spectrum of 529c. 
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Figure S5-20. 1H NMR spectrum of 529d. 

 

Figure S5-21. 13C NMR spectrum of 529d.  
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Figure S5-22. 1H NMR spectrum of 530b. 
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Figure S5-23. 1H NMR spectrum of 530c. 

 
Figure S5-24. 13C NMR spectrum of 530c. 
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Figure S5-25. 1H NMR spectrum of 540. 

 

Figure S5-26. 13C NMR spectrum of 540. 
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Figure S5-27. 1H NMR spectrum of 543. 

 

Figure S5-28. 1H NMR spectrum of 546. 
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Figure S5-29. 1H NMR spectrum of 549. 

 

Figure S5-30. 13C NMR spectrum of 549. 

S171



 

Figure S5-31. 1H NMR spectrum of 550. 

 

Figure S5-32. 13C NMR spectrum of 550. 
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Figure S5-33. LCMS data for the reaction which formed 516 as an unexpected side product. 
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Figure S5-34. LCMS data for the reaction mixture containing compound 559 a product of 

employing optimised rhodanine-synthesis strategy conditions with SPPS methodology. 
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