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Abstract  
 

Alzheimer’s disease (AD) is a progressive, neurodegenerative disorder, with characteristic 

symptoms including memory loss and cognitive decline. AD is characterized by the formation of 

dense amyloid β (Aβ) plaques and neurofibrillary tangles (NFTs) in the central nervous system 

(CNS). The amyloid β cascade hypothesis states that an increase in insoluble amyloid β aggregates 

initiates the neurodegenerative cascade observed in AD. The objective of this project was to 

design, synthesize and evaluate novel ethynyl-1,1’-biphenyl ring scaffolds in the prevention of 

Ab1-40/42 aggregation, through the utilization of medicinal chemistry principles. In this regard, the 

structure-activity relationship (SAR) data for a library of 17 small molecules based on an ethynyl-

1,1’-biphenyl compound library (5a-j, 9a-g and 14) were obtained. Ethynyl-1,1’-biphenyl 

derivatives (5a-j, 9a-g and 14) with varying steric and electronic properties were synthesized, 

characterized and screened through anti-Ab1-40/42 aggregation kinetics study and transmission 

electron microscopy (TEM) experiments to determine their inhibition profile. Lead candidates 

were identified, and molecular docking studies were conducted to investigate the binding modes 

of these lead derivatives to understand their binding interactions in Ab dimer and oligomer models. 

The most potent Aβ1-40 inhibitor was 5i (4-(4-ethynylphenyl)pyridine; (Aβ1-40  inhibition: 79%), 

followed by 5e (4'-ethynyl-(1,1'-biphenyl)-4-ol; (Aβ1-40  inhibition: ~67%).  All the ethynyl-1,1’-

derivatives were more potent inhibitors of Aβ1-42 aggregation, with compound 9g ((3'-ethynyl-

(1,1'-biphenyl)-4-yl)(methyl)sulfane) exhibiting greater inhibitory activity ((Aβ1-42 inhibition: ~87 

%), closely followed by 5i (4-(4-ethynylphenyl)pyridine; (Aβ1-40  inhibition: 86 %). These 

investigations demonstrate that biphenyl ring templates with ethynyl-substituents possess anti-Ab 

aggregation properties, which can be useful to study Ab  aggregation and also may serve as useful 

templates in designing novel class of anti-AD agents.  
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Chapter 1: Introduction 
 

1.1 Background on Alzheimer’s Disease  

Over the course of the twentieth century, the life expectancy of the world’s population has 

increased and correspondingly, a surge in senile dementia has been observed.1 Approximately 40 

million individuals worldwide are afflicted with dementia, and it is presently one of the largest 

health care challenges.1, 2 Alzheimer’s disease (AD) is the most common neurodegenerative 

disorder, accounting for 60% of dementia cases, with over half a million Canadians identified to 

be living with AD.3, 4 This amount is estimated to double every 20 years until 2050.2 It is further 

estimated that the number of individuals afflicted with AD, or other dementias, will continue to 

grow, as the population of North Americans aged 65 years or older is expected to double from 48 

million to 88 million by 2050.1, 5 In the past decades, AD and dementia has become a critical public 

health issue, causing a significant increase in economic, health and social care costs.6  

Consequently, priority has been given toward understanding and developing strategies in an 

attempt to prevent and treat AD and dementia. Dementia is an umbrella term, defined as a wide 

range of symptoms related to memory decline, in addition to impairment observed in 

communication and cognition.7 To have AD, one must exhibit this cognitive impairment, which 

gradually interferes with the ability to function, and/or  activities of daily life (ADL), and is 

accompanied by a decline from a previously functioning baseline.5, 8 It is important to note that 

this cognitive impairment and decline is not caused by other factors, including delirium or a 

psychiatric disorder, and that AD diagnosis is typically conducted through the exclusion of other 

health conditions.8 Therefore, AD diagnosis should not be applied if there is substantial evidence 

of vascular dementia caused by cerebrovascular disease, dementia with Lewy bodies, or fronto-

temporal lobar degeneration (FTD).5, 8 As previously mentioned, AD is the most common form of 
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dementia, with pathological features including senile plaques, neurofibrillary tangles (NFTs), and 

cerebral atrophy.9 AD is the most common cerebral proteopathy; however, it is only through 

autopsy findings that one can conclusively confirm the presence of AD, based on the accumulation   

of senile plaques and NFTs in a patient’s brain.5, 8 Currently, clinical assessment is the major tool 

used to diagnose AD.8, 10  

The neuritic senile plaques seen in AD brain are composed of extracellular deposits of 

amyloid b proteins (Ab), which are deposited in the grey matter of the brain. In addition, NFTs 

are hypothesized to be composed of abnormally hyperphosphorylated tau protein; a microtubule-

associated protein found in neuronal axons.5, 8 A number of studies involving human AD patients 

and transgenic mice models have demonstrated that early accumulation of Ab protein and 

hyperphosphorylated tau protein can trigger other adverse down-stream effects including: 

mitochondrial dysfunction,10, 11 microgliosis and astrocytosis,12 free radicals formation, oxidative 

stress and hyperphosphorylation of tau protein,12, 13 synaptic dysfunction and neurotransmitter 

deficits,12,14 ultimately resulting in cognitive decline.12, 13, 15 

First-generation therapies for AD involved  the development of cholinesterase (ChE) 

inhibitors, based on the well-studied cholinergic hypothesis.16-18 The cholinergic hypothesis states 

that AD pathology is observed  due to an overall deficiency of a central neurotransmitter, 

acetylcholine (ACh).17 The cholinergic pathway involves cognitive function and ACh is often used 

by sympathetic and parasympathetic neurons. Through the choline acetyltransferase (ChAT) 

enzyme, ACh is synthesized and released into the synaptic cleft wherein, it binds to muscarinic 

and/or nicotinic ACh receptors, initiating different neurotransmission cascades.19, 20 This ACh is 

hydrolyzed by cholinesterase enzymes to release choline, which is recycled for ACh synthesis.20  
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The cholinesterase enzyme exists as two isoforms: acetylcholinesterase (AChE) and 

butyrylcholinesterase (BuChE).20 Hippocampal ACh plays a significant role in memory function, 

with evidence including, but not limited to, the upregulation of ChAT during special memory tasks, 

and ACh levels within the hippocampus are associated with memory function, wherein, age-related 

cognitive decline also correlates to a decrease in this hippocampal ACh.19, 21-23 In postmortem 

brains of AD patients, there is a significant decline in ACh concentrations, and it was hypothesized 

that this decline in cholinergic neurotransmitter activity results in an overall increase in impaired 

cognitive function.21, 24 As a result, the cholinergic hypothesis for AD was developed, and it 

remains the oldest and most studied hypothesis for pathogenesis of AD.20 The hypothesis indicates 

that there is an increased rate of ACh degradation in the cholinergic region of the brain, due to an 

increase in cholinesterase activity.21, 22 This led to the development of therapeutics to treat AD 

patients with cholinesterase inhibitors (ChEIs) which are capable of increasing ACh 

concentrations, thus promoting ACh-mediated neurotransmission.19 Current marketed AD 

therapies include donepezil, rivastigmine and galantamine, all of which are ChE inhibitors.25  

Another drug used in AD therapy is memantine, which is an N-methyl-D-aspartate (NMDA) 

receptor antagonist. All these therapies act to stabilize cognitive performance in AD patients. 

However, they fail to show improvements in AD patients in  the long-term and generally provide 

a short period of symptomatic relief.20, 25 Unfortunately, there is not a single therapeutic which can 

either prevent the disease progression or offer a potential cure for AD. These factors, coupled with 

an aging population and increasing life span, will contribute in increasing  the prevalence of AD.26  

1.2 Amyloid Hypothesis  

The pathophysiology of AD is highly complex, and while various hypotheses have been 

posited to explain this perplexing disease, our collective understanding of AD pathogenesis is very 
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limited. Through studying the physical and behavioral patterns of AD patients, various hypotheses 

have been suggested to describe the pathological route of the disease.7, 26 Among the various AD 

hypotheses, the Aβ cascade hypothesis has been put forth, wherein an increase in insoluble Aβ 

aggregates initiate the neurodegenerative cascade observed in AD.17, 26 This Aβ cascade hypothesis 

has provided the basis for which much of current AD research is built on. 

In AD, cognitive decline is observed in patients as a result of multiple factors, including: 

synaptic loss, an increase in inflammatory signaling, an accumulation of neuritic senile plaques 

and NFTs, which results in overall neuronal deterioration.7, 17, 26, 27 These neuritic senile plaques 

are composed of extracellular deposits of Ab proteins (Ab1-40/42), that are deposited in the grey 

matter of the brain.5, 7, 17, 26, 27 A number of studies involving human AD patients and transgenic 

mice models have demonstrated that early accumulation of this extracellular deposit of Ab protein 

can trigger other adverse down-stream effects including, mitochondrial dysfunction,10, 11 

microgliosis and astrocytosis,12 free radicals formation, oxidative stress, hyperphosphorylation of 

tau protein,12, 13 synaptic dysfunction and neurotransmitter deficits,12, 14 ultimately resulting in 

cognitive decline.12, 13, 15  

1.2.1 Amyloid precursor protein 

Amyloid precursor protein (APP) is a highly conserved, integral protein expressed in the 

synapse of neuronal tissue.17 APP cleavage results in the release of amyloid b (Ab) protein, the 

main component of senile plaque formation, and thus, APP has been studied predominately for its 

role in Ab protein production.17, 28 APP is a constitutively expressed glycoprotein, with various 

isoforms found throughout the body. The primary role for APP is not fully understood. It has a 

range of physiological roles including, neuritogenesis, glucose homeostasis, synaptogenesis, 

neuroprotection, and regulation of intracellular signaling.24, 29-33 While many isoforms exist 
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throughout the body, APP is highly expressed in neuronal and glial cells in the CNS, with 

physiological roles involving cell adhesion and metal ion homeostasis, all of which contribute to 

the maintenance of neuronal plasticity and synapse formation.17, 28 The gene for APP is located on 

chromosome 21, and alternative splicing yields various isoforms of the protein, ranging in length 

from 695 to 777 amino acids.28, 33 APP is a large transmembrane protein, with a larger extracellular 

domain. However, the first proteolytic cleavage of APP occurs in the transmembrane region.17  

1.2.2 APP Metabolism and Processing  

APP undergoes transmembrane cleavage, via a series of secretase enzymes, to produce 

soluble monomeric Aβ peptides.17  These monomeric Ab peptides aggregate to form insoluble 

toxic fibrils that accumulate in the brain and induce inflammatory responses to activate neurotoxic 

pathways, ultimately resulting in neuronal cell death.17, 34, 35 Specifically, these neurotoxic Ab 

peptides are produced through cleavage of BACE-1 and  g-secretase on APP. The transmembrane 

proteolytic enzyme cleavage of APP generates one of two species: soluble and non-toxic peptides, 

via the non-amyloidogenic metabolic pathway, or the neurotoxic Ab peptides, via amyloidogenic 

metabolic pathway (Figure 1.1).17, 27, 34, 35  

The non-amyloidogenic metabolic pathway is a constitutive secretory pathway. It is also 

the predominant pathway involving the α-secretase enzyme, which cleaves this transmembrane 

APP protein to release the soluble APP α  protein (s-APP α),17, 27, 34, 35 as displayed in Figure 1.1. 

The s-APPα protein is observed to play a role in development, with exhibited neurotrophic and 

neuroprotective properties, as well as growth promoting functions. However, the exact mechanism 

of actions for s-APPα is not fully understood.17, 34, 36 Previous studies have also indicated that the 

overexpression of  α-secretase activity reduces amyloidogensis, or the accumulation of neurotoxic 

Aβ species.17, 27, 34, 35 This cleavage also releases another protein fragment, termed CT83 peptide, 
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which is not observed to have neurotoxic properties. This CT83 is further cleaved via g-secretase 

to release the P3 peptide and the amyloid precursor protein intracellular domain (AICD), which 

are involved in normal metabolic pathways (Figure 1.1).17, 27, 34, 35 This P3 fragment degrades 

rapidly, and is widely accepted to have minor functionality.37   

In contrast, the amyloidogenic pathway involves the enzyme b-site APP cleaving enzyme 

1 (BACE-1) and g-secretase cleavage of APP. BACE-1 competes with α -secretase for the same 

location, however BACE-1 is observed to have a range of substrates.38 Further, BACE-1 

expression increases during cellular stress, or oxidative stress.38, 39 In the amyloidogenic pathway, 

BACE-1 initially cleaves APP to release another soluble APP protein, termed s-APPb.27, 34 Unlike 

s-APPα protein, s-APPb has no observable neurotrophic or neuroprotective properties, and 

cleaving this protein produces the CT99 peptide. This CT99 peptide contains the neurotoxic Ab 

peptide, and upon g-secretase activity, a 4 kDa amyloid peptide (Ab1-40/42) and AICD is liberated 

(Figure 1.1).17, 27, 34, 35 While AICD is liberated from both amyloidogenic and non-amyloidogenic 

pathways, the length of this AICD peptide varies, although still maintaining the consensus motif 

required for binding to different adapter proteins.37, 40 AICD is observed to participate in an array 

of biological actions, however a clear role for the AICD domain has not been established outside 

of its role as a domain within the full length APP protein.37 This observation has been extended 

towards the other domains within the full length APP protein, indicating that the various domains 

have higher biological activity together within the APP protein, rather than on their own.41  
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Figure 1.1. APP processing and cleavage products. Amyloidogenic and non-amyloidogenic APP 

processing pathways are displayed. The non-amyloidogenic pathway involves  α-secretase and g-

secretase activity to release products s-APPa, AICD, and P3. The amyloidogenic pathway 

involves b-secretase and g-secretase activity to release products s-APPb, AICD, and toxic Aβ 

monomers that aggregate to form neurotoxic species leading to AD pathology. 

1.2.3 Secretase Enzymes 

APP  α-secretase cleavage occurs constitutively, and  α-secretase activity is associated with 

a family of proteins, known as disintegrin and metalloproteinase (ADAM) proteins.42 ADAM 

proteases are membrane bound or secreted proteins of the metzincin family, containing a 

prodomain, a metalloproteinase domain, a disintegrin domain, a cysteine-rich region, and an 

epidermal growth factor repeat region.42 Proteins within the ADAM family are involved in the 
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activation of many signalling pathways, and while α-secretase acts upon APP, it also acts on other 

substrates, including notch, cadherin, and tumor necrosis factor-α.43-45   

Moreover, β-secretase activity is directed by BACE-1, which cleaves APP to release s-

APPβ and produce CTF99.36 Interestingly, β-secretase activity is found throughout the body, and 

within majority of cells and tissues. However, highest concentrations of BACE-1 are observed in 

neural tissues.36, 46 In addition, BACE-1 shares a homologue, BACE-2, and the two share 

approximately 64% amino acid similarity.46 While both β-secretase homologue mRNAs are 

expressed throughout the body, BACE-2 mRNA is expressed in low levels and is untraceable in 

the brain; whereas, BACE-1 mRNA is expressed highest within the brain and pancreas.46 In 

addition, BACE-1 mRNA expression is observed at a higher rate along with a large increase in 

BACE-1 protein in AD patient brains.47 Similar to  α-secretase, BACE-1 acts on substrates other 

than APP, and while the physiological role of this protein is still unclear, studies have identified 

proteins neuregulin-1 (NRG1) and voltage-gated sodium channels (VGSCβ subunits) which are 

involved in the regulation of neuronal function as BACE-1 substrates.46, 47  

The g-secretase enzyme is involved in the final cleavage of APP in both amyloidogenic 

and non-amyloidogenic pathways. It is a multi-subunit protease complex, belonging to a family of 

intramembrane cleaving proteases. Accordingly, g-secretase cleaves within the intra-membrane 

region of APP to release Aβ1-40/42 or p3 and AICD.48  Hence, g-secretase requires at least four 

proteins to come together for the any activity to be observed.48 These four domains include 

presenilins (PS1 or PS2), nicastrin, anterior pharynx defective 1 (APH-1), and presenilin enhancer 

2 (PEN-2).37 PS1 and PS2 play a key role in the protease activity, with PS1 representing the major 

presenilin in the brain.40 The four domains cross-regulate one another, wherein, a deficiency in 

one domain causes the destabilization of other domains, thus, altering the production and 
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trafficking of the other domains.41 Over fifty γ-secretase substrates have been identified, including 

APP, notch, the neuregulin binding partner ErbB4, and N-cadherin, to name a few.40, 41, 48, 49  

1.2.4 Ab Peptide  

The amyloidogenic pathway involves the cleavage of APP via b-secretase and g-secretase 

to produce the Ab peptide, which is the main component of senile plaques. While different 

isoforms of this protein exist within the brain, this neurotoxic 4 kDa Aβ peptide is often cleaved 

in the form of Ab1-40, with the release of Ab1-42 occurring less frequently.17, 27, 34, 35 While isoform 

Ab1-40  differs from Ab1-42  by two amino acids at the C-terminal, the properties differ, in that, Ab1-

42  is more insoluble and prone to aggregation at a faster rate than  Ab1-40.17, 27, 34, 35 Although the 

size of these released Ab peptides may differ slightly, there are important domains within the 

peptide sequence that remains constant, which are also essential in AD pathogenesis. Within the 

sequence exists a metal-binding domain, near the N-terminus; a hydrophobic domain, referred to 

as the site of aggregation; and a larger hydrophobic domain near the C-terminus.50-52 The metal 

binding domain undergoes interactions with copper and iron metals, and this metal coordination 

increases the redox chemistry within the brain, thus, increasing the production of reactive oxygen 

species (ROS).53 The site of aggregation, or the KLVFFA domain, is a hydrophobic sequence that 

has been extensively studied and identified to drive the aggregation process to form various forms 

of  Ab  species, including oligomers and fibrils.52 The hydrophobic domain located at the C-

terminus has also been identified to drive the fibrillogenesis to form higher order Ab species, 

thereby facilitating the maturation of oligomer species into fibrils.50, 52 Monomeric Ab1-40/42 

peptides aggregate to form insoluble toxic fibrils that accumulate in the brain and induce 

inflammatory responses and activate neurotoxic pathways, resulting in neuronal cell death.54-56 
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Ab1-40/42 peptides can take on many forms, starting with the soluble monomeric form 

(Figure 1.2). The aggregation pathway of Ab1-40/42 peptides is similar to that of other 

amyloidogenic proteins.20 At higher concentrations, the biochemical properties of the peptide 

allows for self-assembly; wherein the monomeric Ab attaches to one another to form larger soluble 

aggregates, like dimers and oligomers; and these aggregates grow to form insoluble protofibrils 

and finally, mature fibrils.35  These insoluble mature fibril aggregates are the main component of  

dense and insoluble neuritic senile plaques.26  

 

Figure 1.2. Aggregation pathway of soluble Ab monomers to insoluble Ab fibril. 

Interestingly, there is a multitude of Ab species that exist, wherein prefibrillar multimers, 

or oligomers, of complexes ranging from dimers to 24-mers have been identified.35 These 

oligomers are classified as low molecular weight oligomers, consisting of less than 8 Ab subunits, 

and high molecular weight oligomers, with Ab aggregates approximately 42 kDa to 1 mDa in 

molecular weight.35 Protofibrils, composed of b-sheets, are more ordered than smaller oligomers 

and are considered to be high molecular weight oligomers, appearing as twisted threads on electron 

microscopy. Protofibrils are substructures of fibrils, and these insoluble fibrils end the aggregation 
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process.35 Among various Ab species,  soluble oligomeric are noted to be the more neurotoxic 

species, inhibiting many critical neuronal functions.34, 35 Recent studies have pointed to this 

prefibrillar Ab oligomer species as the major intermediate in the neurodegeneration observed in 

AD patients.34, 35 These mechanism of Ab oligomer formation in vivo is still unclear, and multiple 

complex Ab oligomer conformations has led to the hypothesis that many different pathways 

produce these Ab species.34, 35 Of these different pathways, extracellular Ab oligomer formation 

is one that has been studied extensively. Extracellular Ab oligomers can interact with GM1 

ganglioside, a sphingolipid involved in the regulation of developing and mature neurons, and 

induce neuronal cell death mediated by nerve growth factor (NGF) receptors.57, 58 Further, Ab 

oligomers have been observed to bind NMDA-type glutamate receptor (NMDAR), resulting in 

disrupted calcium homeostasis; this ultimately leads to an increase in oxidative stress and synaptic 

dysfunction.59, 60 More simply, membrane pores can be formed by Ab oligomers, causing cell 

membrane destabilization via an increased flow of ions across the membrane.61, 62 While 

extracellular Ab species have been noted as the main component of extracellular neuritic senile 

plaques, the identification of intracellular Ab proteins has been debated. However, studies have 

indicated the generation of intracellular Ab species via intracellular production within endoplasmic 

reticulum and trans-Golgi network. This generation is through the cleavage of APP in endosomes, 

generated from the endoplasmic reticulum; or the re-entry of extracellular Ab species through 

various receptors and transporters; as well as an accumulation of Ab species in lysosomes within 

AD patient brains.63-65 These noted pathways can result in the existence of intracellular Ab species 

within the cytosolic compartment. While the toxicity mechanisms for intracellular Ab oligomers 



 12 

remains unclear, it has been suggested that interactions of Ab species with other biomolecules, 

such as  molecular chaperones and lipids, can result in neurodegeneration.63, 64   

It is important to note, however, that the monomeric Ab species itself is not toxic.66, 67 The 

neurotoxicity arises through the formation of the b-sheet structure in Ab oligomers.66, 68 The Ab 

monomeric species consists of a string of aromatic residues that are involved in pi-stacking 

interactions. These pi-stacking interactions have been suggested to be fundamental for the self-

assembly of the Ab species, thus enhancing the fibrillogenesis.68 Non-AD individuals produce this 

monomeric Ab species, albeit at lower concentrations than AD patients, and with a clearance rate 

higher than that of its production rate.67 At this low picomolar concentration, which is typical under 

normal physiological conditions, Ab monomers have been identified to play many biological roles, 

including aiding in neuronal growth and glucose metabolism.69-72 Further, under normal 

physiological conditions, Ab concentrations are maintained at optimal levels; wherein, Ab species 

are cleared through transport mechanisms or degraded via peptidase action or microglial-mediated 

degradation.73, 74 Monomeric Ab species can undergo misfolding, triggering a self-induced 

aggregation process leading to the formation of higher order toxic Ab species.59, 66 Native, 

unfolded Ab monomers exist as random coils and, as aggregation proceeds, a conformational 

transition from random coil and α-helix to b-sheet is observed.52 This misfolding occurs through 

various hydrophobic interactions and metal coordinating interactions, which allows for the 

stabilization of this misfolded complex. The dimerization of this complex, however, occurs more 

readily than the monomeric misfolded native Ab species, as it is more energetically favourable.52 

The dimeric species quickly recruits more misfolded Ab monomers to form low molecular weight 

oligomers, and continues to recruit to form larger protofibrils.52 
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Various techniques have been developed in order to determine the morphology and 

structural conformation of  different Ab species. These different aggregated Ab species can be 

visualized via microscopic techniques, including light microscopy, electron microscopy, and 

atomic force microscopy. Of these microscopic techniques, electron microscopy is often employed 

in order to study plaque morphology, as well as to obtain structural information of higher order 

aggregated Ab species.35 Similarly, techniques have been further developed in order to determine 

the kinetic characteristic of Ab species, based on spectroscopy. Various techniques based on 

fluorescence microscopy allow for the observation of the Ab fibrillization process in real time. 

These techniques include, but are not limited to, turbidity measurements, thioflavin T (ThT) and 

Congo Red dye based assays.35  

In healthy individuals, both non-amyloidogenic and amyloidogenic pathways occur as a 

part of normal metabolism, with the non-amyloidogenic pathway occurring more frequently, as 

well as efficient clearing of the Ab1-40/42 peptides products from the amyloidogenic pathway.7, 26 

However, there occurs an imbalance in the APP metabolic pathways, resulting in a 

disproportionate amount of Ab1-40/42 peptides produced and cleared. This shift from the non-

amyloidogenic to amyloidogenic pathway is the main cause for the increased accumulation and 

subsequent aggregation of Ab1-40/42 peptides.7, 20 The cause for this shift is still unclear; however, 

various biochemical events, such as decrease in Aβ-degrading enzymes and an increase in the 

action of receptors responsible for shuttling soluble Aβ species into the extracellular space from 

blood stream, may play a role in this shift.50, 73  

1.3 AD Causes and Risk Factors  

In the past decade, AD research has repeatedly produced evidence for both, the misfolding 

of Ab protein, as well as tau protein, as causative agents for neuritic senile plaque and NFT 
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formation. Evidence from clinical, observational and pathological studies have highlighted the 

complexity of this disorder, as well as the multifactorial nature of AD.2   

1.3.1 Genetic Factors 

AD cases can be divided into categories depending on type of onset and family history. 

First, AD is divided into early-onset form, wherein individuals younger than 60 – 65 years are 

affected; or late-onset form, with individuals older than 60 – 65 years.5 Depending on family 

history, AD cases are further classified as familial, autosomal dominant, or sporadic.5 Familial AD 

studies provide the strongest evidence for Ab  and tau proteins as causative agents for AD 

pathology.  

Although most cases of AD are late-onset and sporadic, familial AD is a rare form of AD, 

accounting for less than 5% of all AD cases, with an early-onset and symptoms developing much 

earlier than typical AD.5  Through mutations in one of three genes related to APP, PS1 and PS2; 

AD is infrequently inherited as an autosomal dominant. As stated in earlier sections, these proteins 

are involved in APP processing. The mutations within these domains affect Ab cleavage and 

aggregation. The g-secretase requires four proteins to come together in order to function, with PS1 

and PS2 acting as subunits for g-secretase.48 PS1 and PS2 play a key role in the protease activity, 

and as mentioned previously, deficiency in one domain causes the destabilization of other 

domains.40 PS1 mutations occur more frequently than PS2 mutations, and accounts for the majority 

of autosomal dominant cases.75 Mutations within the APP gene, on chromosome 21, are found 

within or near the short Ab coding domain on the gene, clustering the b- and g-cleavage sites. 

These mutations may enhance b-secretase activity or modify g-secretase cleavage, resulting in an 

increase in Ab protein production.76, 77 Other APP mutations involve increasing the production of 

AICD, or other C-terminal proteins, causing a disruption in intracellular mechanisms leading to 
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apoptosis.77 Contrasting to APP, PS1 mutations are located throughout gene, and it has been 

hypothesized that it is through this loss in functionality of the g-secretase protein, does AD 

pathogenesis occur.78 As mentioned in earlier sections, g-secretase can act on an array of substrates, 

and this loss in functionality due to mutations within PS1 or PS2, may cause a variety of toxic 

outcomes.77 All APP and PS mutations have negative implications on APP metabolism and Ab 

processing, resulting in an increase in Ab peptide production. Limited familial AD studies to date 

have shown an increase in soluble and insoluble Ab1-42 peptide in genetic AD brain tissue, in 

comparison to sporadic AD brain tissue.79-81 Further, APP mutations are also associated with 

severe cerebral amyloid angiopathy (CAA), resulting in cerebral haemorrhage or stroke.26 In some 

cases, CAA is also observed in individuals with PS mutations, although less frequently.26    

Early in the 1990s, a link between late-onset AD and the APOE gene was identified.82, 83 

Since, the gene  has been studied extensively and is associated with late-onset AD pathogenesis.82, 

83 Late-onset AD has a large genetic component, with heritability estimates of 58 – 79%.84  APOE 

gene codes for apolipoprotein E, a lipoprotein found prominently in the brain that associates with 

cholesterol and phospholipids, and is responsible for lipid transport and cholesterol homeostasis.85 

Three common alleles of APOE include, !2, !3, !4; and these correspond to six different 

phenotypes.5 The !4 allele is associated with AD, wherein the presence of this allele increases the 

risk, as well as reduces the age at onset of AD.5 For example, individuals that are homozygous 

carriers of two APOE ε4 alleles have a higher risk and earlier onset than heterozygous individuals, 

however, APOE ε4 allele is neither necessary nor sufficient for developing AD.5, 84 Studies have 

indicated the association of the APOE ε4 allele with blood brain barrier (BBB) disruption, as well 

as cholesterol dysregulation.86, 87 There has been an emphasis on the importance of cholesterol in 

many cellular mechanisms and its effect on increased Ab production.89 In addition, the APOE ε4 
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isoform has been implicated in the amplification of detrimental pathways due to its interference 

on Ab clearance, as well as modulating Ab induced effects on inflammatory receptor signaling.87-

89     

1.3.2 Environmental Factors 

While extensive research on genetic factors has been conducted, majority of AD cases have 

no genetic basis.5 What has been understood is that AD is a multifactorial disorder, with an 

interplay of various environmental factors that come together to play a role in sporadic AD. The 

most established risk factor is increasing age, although ageing is not necessarily a direct cause of 

AD.90 Many studies have shown an exponential increase in AD incidence rates between the ages 

of 65 and 85 years, followed by a cumulative decreased risk of developing AD for men; whereas, 

women are associated with a higher relative risk.90  

Other modifiable risk factors have been identified, including vascular and metabolic 

disorders.5 Epidemiological and clinical studies have suggested that high levels of serum 

cholesterol, as well as raised blood pressure, increase the risk of developing AD later in life.91, 92 

Various links between cellular mechanisms and pathways related to hypertension or 

hypercholesterolemia and AD pathology have been identified. Vascular changes caused by these 

pathways can lead to cerebral hypoperfusion or these changes can converge to trigger the 

neurodegenerative pathways observed in AD pathology.91, 92 It has also been noted that obesity, 

diabetes, and impaired glucose tolerance increase the risk of developing dementia.91, 92 The 

vascular hypothesis suggests that cerebrovascular disease can add to the severity of AD, wherein 

various vascular risk factors are involved in the neurodegeneration and progression of AD.91, 92 

This hypothesis, like many AD hypotheses, is a debatable one, as both cerebrovascular disease and 

AD exist in elderly patients.91, 92 Another interesting hypothesis is the cognitive reserve hypothesis, 
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wherein an increase in mental, social and physical activity levels correlate to a decreased risk of 

AD.93 The hypothesis suggests that brain  stimulation through educational tools can lead to a more 

flexible use of neuronal networks, as well as life style components like stimulating environments 

and physical activity, can act as protective factors against AD.93 

The number of risk factors suggested continues to increase as new knowledge gets 

accumulated on this complex disorder. Migraines, increased intake of saturated fat, high serum 

homocysteine, fibrinogen concentrations, peripheral inflammation, atrial fibrillation, and head 

injuries are just a few that have been identified.94-100 

1.4 Clinical Diagnosis 

Initially, AD was defined as a clinical-pathological disorder: only diagnosed in life as 

probable AD and definitively diagnosed after death. While pathologic AD findings may assist with 

diagnosis, ultimately, AD dementia is a clinical diagnosis that requires accurate and timely 

diagnosis.101  

1.4.1 First Approach and Neuropsychological Evaluation 

Clinical diagnosis of AD relies on patients’ history, neuropsychological testing, and symptom 

assessment at the time. AD dementia clinical diagnosis can reach an accuracy rate of 95%, when 

established by experienced clinicians with comprehensive follow up.5 This rate decreases, 

however, outside of specialized centers, wherein the presence of co-morbidities, inaccurate self-

reporting, and a lack of information related to patients’ previous baseline cause diagnoses to be 

more unreliable.5   

In 1984, the first criteria for AD diagnosis was proposed by National Institute of Neurological 

and Communicative Disorders and Stroke (NINCDS) and the Alzheimer’s Disease and Related 

Disorders Association (ADRDA), termed the NINCDS-ARDRA original criteria.102 The criteria 
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includes tiers of probability for AD diagnosis, with the highest tier referred to as “definite AD,” 

involving autopsy confirmation; the second tier as “probably AD,” defined by progressive 

amnestic disorder with dementia that affect two areas of cognition and functional impairment, 

without other causes identified; and the last tier, “possible AD,” as progressive amnestic disorder 

with dementia, that may have other factors contributing to this observed cognitive impairment.8,102 

This original criteria utilizes patients’ medical history, clinical examination, neuropsychological 

testing, and laboratory assessments for reliable AD diagnose.102 Clinical tests should, ideally, 

identify patients with a disorder correctly, as well as correctly identify patients without the 

disorder.103 The sensitivity of a clinical test demonstrates the ability to identify patients with the 

disorder correctly. Similarly, the specificity demonstrates the ability of a clinical test to correctly 

identify patients without the disorder.103 Throughout over a dozen clinical pathological studies, the 

sensitivity of the NINCDS-ARDRA original criteria was observed to be 81%, with a specificity 

70%.104  

AD diagnosis is also based on criteria found in the Diagnostic and Statistical Manual of Mental 

Disorders, fourth edition (DSM-IV-TR). Similar to the NINCDS-ARDRA criteria, criteria found 

in DSM-IV-TR include deficits in memory and another cognitive domain. In addition, the DSM-

IV-TR emphasizes the requirement for these deficits to cause an impact on social function or 

activities of daily life (ADL).5 Several screening tools to detect dementia are available and the 

Mini-Mental State Examination (MMSE) is a popular one.105 The MMSE is a neuropsychological 

test assessing memory, executive functions, language, praxis, visuo-spatial abilities.105 However, 

issues have arisen with difficulties in the MMSE in detecting early dementia.105 

AD diagnosis is based on criteria identified by these two sources. However, AD cases are often 

discovered late in the disorder’s progression. As a result, in 2011, revision of the NINCDS-
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ARDRA criteria was conducted by the National Institute on Aging and Alzheimer's Association 

(NIA-AA). The NIA-AA was able to create a new set of diagnostic guidelines for the prodromal 

stages of AD, in other words, the long pre-dementia clinical stage of AD. During the preclinical 

phase of AD, it is observed that patients experience a long asymptomatic phase, characterized by 

normal cognitive ability, with the occurrence of neuropathological changes, which are much more 

difficult to detect.6 This preclinical phase is followed by a pre-dementia phase, involving the 

symptomatic stage of increased cognitive impairment, ultimately leading to the characteristic 

symptoms of functional impairment in overt dementia. Mild cognitive impairment (MCI) refers to 

the state preceding dementia, in between normal cognitive aging and dementia, wherein ADL is 

normal.105 MCI exists as a mixed entity, including both AD patients, as well as patients with 

cognitive impairment related or unrelated to other neurodegenerative causes. Studies in the 

neuropathology and imaging of AD support the transient nature of MCI, and so, further 

characterization of MCI subtypes have been created. Prodromal AD is one of these subtypes, 

referring to the individuals who are observed to be on the AD spectrum of clinical disease.5 The 

criteria for prodromal AD involves experiencing consistent episodic memory disturbance, as well 

as biomarker positivity. Biomarker positivity criteria can be obtained via structural imaging, 

cerebrospinal fluid (CSF), molecular imaging or the knowledge of a dominant mutation within 

immediate family.5  

Neuropsychological evaluation via standardized testing is utilized to identify and characterize 

MCI patients. However, due to lack of access to these tests, or to tertiary care memory clinics, 

identifying MCI patients becomes difficult.105 The Montreal Cognitive Assessment (MoCA) was 

developed as an additional screening tool to identify patients who perform within the normal range 

on the MMSE, however present traits found for MCI patients.105 The MoCA neuropsychological 
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test incorporates assessing executive functions, higher-level language abilities, and complex 

visuospatial processing, which can be mildly impaired in MCI patients.105 In contrast to MMSE, 

the MoCA tests involve fewer learning trials, more demanding tasks, and a longer delay before 

recall; all of which have increased the sensitivity of the MoCA screening tool to diagnose MCI.105 

Differentiating MCI from dementia, conclusively, depends on ADL impact.5 The Disability 

Assessment for Dementia, the Bristol ADL, and the AD8, are informant-based questionnaires that 

have been shown to effectively assess ADL in order to differentiate MCI patients from dementia 

patients.106 Other neuropsychological evaluations include, Grober-Buschke (GB) paradigm, which 

identifies memory impairment due to the initial stages of AD or other causes; and the Free and 

Cued Selective Recall Reminding Test (FCSRT), used to identify prodromal AD patients with 

MCI, with 79.7% sensitivity and 89.9% specificity.5, 107  

1.4.2 Role of Biomarkers  

Not only did the NIA-AA publish recommendations related to AD preclinical stages, the 

diagnosis of MCI due to AD, as well as the diagnosis of dementia due to AD; the NIA-AA also 

recommended the integration of biomarker information within their criteria for MCI, prodromal, 

and AD diagnosis.5 Biomarkers can be defined as a measurable substance or process that may 

effect changes within the body and can be observed from outside the patient, in order to understand 

the prevalence of a disorder in the body.108 While there is still work to be done to understand the 

importance and implementation of biomarkers for AD diagnosis in clinical samples, it has been 

observed that AD biomarkers allow for the discovery of AD pathology in patients with preclinical 

AD, who do not present cognitive impairment symptoms clinically. 5 The major AD biomarkers 

are categorized based on biomarkers related to Ab protein deposition processes: low levels of Ab1-

42 in CSF and positive positron emission tomography (PET) amyloid imaging; and biomarkers 
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related to downstream neurodegeneration: high levels of tau protein, total tau, phosphorylated tau 

in CSF, decreased uptake of 18fluorodeoxyglucose (FDG) in PET in temporo-parietal cortex, as 

well as disproportionate atrophy on structural magnetic resonance imaging (MRI) in medial, basal, 

lateral temporal lobe, medial parietal cortex.5, 108  

In the past decade, there has been a huge surge in the implementation of fluid biomarkers 

for AD diagnosis in clinical studies, with high consistency and diagnostic accuracy for AD 

diagnosis, as well as prodromal AD diagnosis.109 Core CSF biomarkers have been demonstrated 

to have high diagnostic accuracy in identifying prodromal AD, with a sensitivity and specificity 

values ranging from 85 to 90%.110, 111 The core CSF biomarkers for AD include Ab1-42, which 

demonstrates cortical amyloid deposition; total tau (t-tau), exhibiting the intensity of 

neurodegeneration; and  phosphorylated tau (p-tau), which relates to neurofibrillary pathological 

changes.109 CSF t-tau has become an indicator for the intensity of neurodegeneration, as t-tau 

levels are very high and continue to increase after acute neuronal damage, and a distinct increase 

in CSF t-tau levels is observed in AD dementia patients.110, 111 More specifically, tau proteins 

within the CSF that have been phosphorylated, i.e. p-tau, correlate more closely with NFT 

counts.112-114 Additionally, CSF p-tau levels do not change with acute neuronal damage, or with 

other neurodegeneration unrelated to NFTs, suggesting that p-tau counts reflect the state of 

phosphorylated tau more than the amount of neurodegeneration.112, 113 CSF t-tau and p-tau are 

highly interrelated, with increased levels found in earlier disease stages, such that, high levels are 

observed even within patients with preclinical or prodromal AD.112, 114 Studies also indicate a 

connection between CSF t-tau and p-tau levels with neuritic plaque counts. However, CSF Ab1-42 

levels remain the most accurate measure for these plaque counts. In contrast to t-tau measurements, 

initial efforts to identify and compare total CSF Ab levels showed no or negligible difference, 
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when comparing AD patients and healthy individuals.115 Recalling the features of Ab peptides in 

previous sections, various Ab species exist in CSF, the predominant species being Ab1-40, which 

is found at concentrations ten times of those for Ab1-42.116 Further analysis, measuring only CSF 

Ab1-40 yielded similar results as total Ab levels, with minor differences when comparing AD to 

non-AD patients. The Ab1-42 species is also one that is deposited early in plaques, and when 

measured in AD patients and healthy individuals, there was a noticeable decrease in CSF Ab1-42 

levels from AD patients to control. What was determined here was an association between high 

neuritic plaque counts and a reduced level of CSF Ab1-42.117 Hypotheses for this phenomenon are 

based on the physiochemical features of the Ab1-42 species. This Ab1-42 species is a more 

hydrophobic peptide, when comparing it to the Ab1-40 species. Thus, aggregation of these Ab1-42 

peptides occur more rapidly, resulting in plaque formation, with lower amounts of Ab1-42 species 

present to be secreted into the extracellular space and CSF, resulting in lower levels in CSF. 

Further, due to the large difference in concentrations between Ab1-40 and Ab1-42, the CSF Ab1-40 

measurements acts as a substitute for total Ab levels, and measuring the ratio of Ab1-40 to Ab1-42 

levels provides a better measure of the reduction in CSF Ab1-42 levels, such that individuals with 

low total Ab levels will not be deduced to have brain amyloidosis.117, 118    

CSF biomarkers can strengthen decision making clinical settings, however, a lumbar 

puncture in the lower spine to acquire CSF is a painful procedure and is often inaccessible to 

perform in many memory clinics. Blood biomarkers are often a more desirable biomarker to 

develop, due to their accessibility in comparison to the CSF. However, development of AD blood 

biomarkers proves to be difficult due to the low concentrations of these aforementioned CSF 

biomarkers in the blood, as well as the large amounts of other proteins, lipids, carbohydrates; and 

the high concentrations of matrix proteins in blood that would cause assay interference.102 Instead, 
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the development of novel ultra-sensitive techniques may allow for the measurement of these key 

biomarkers.106, 110   

In addition to CSF analysis, neuroimaging biomarkers that allow for the assessment of 

brain anatomy, can detect pathophysiological changes within the brain, as well as providing a 

diagnostic window for early AD diagnosis.119 The various biomarkers derived from brain imaging 

techniques include magnetic resonance imaging (MRI), specifically medial temporal lobe atrophy 

(MTA); single photon emission computed tomography (SPECT); and positron emission 

tomography (PET), specifically 18F-fluorodeoxyglucose (FDG) and Pittsburgh Compound B 

(PiB).5,120 MTA is a well characterized feature of AD brains and MRI techniques display these 

atrophies in regions related to cognitive deficits found in neuropsychological evaluation. Other 

non-AD related dementias have similar atrophies. However, in studies where diagnostic specificity 

of MTA was assessed in individuals with these non-AD related dementias, MTA was determined 

to be a highly accurate diagnostic marker for AD in autopsy confirmed AD patients, with a 

specificity of 94% and sensitivity of 91%.121 SPECT is another method that evaluates different 

brain regions related to cognitive deficits, measuring cerebral blood flow. These regions will have 

poor functionality, and accordingly, a reduction in cerebral blood flow.122 While SPECT is more 

widely available and more cost-effective than PET, it is observed to have poor diagnostic 

accuracy.122  

The most widely used diagnostic imaging procedure for AD is FDG PET, a minimally 

invasive tool used to evaluate cerebral glucose metabolism, which acts as a marker for synaptic 

activity and neuronal function.5 There are distinct metabolic characteristics for AD, including 

metabolic impairment within the posterior cingulate and temporo-parietal cortices, as well as 

conservation of glucose metabolism within the primary sensorimotor and visual cortices, basal 
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ganglia, and cerebellum.123 In other words, neurodegeneration is characterized by cerebral glucose 

hypometabolism, such that, FDG-PET scans will show higher degrees of FDG activity in areas 

that are metabolically active.123 Another PET method involves the use of an amyloid-binding 

tracer, N-methyl-(11C)-2-(4-methylaminophenyl)-6-hydroxybenzothiazole (11C-PiB), or PiB. 

Many radiolabeled ligands with affinities toward fibrillar Ab species within the brain have been 

developed, and while PiB has a very short half-life of 20 min, it remains the most researched and 

extensively used ligand.120 AD patients are observed to have almost twice as much brain PiB 

uptake in comparison to healthy individuals, with CSF Ab1-42 concentrations decreasing with 

increased PiB uptake; an indication of the reduction of monomeric Ab1-42 into the CSF as more 

aggregation of fibrillar Ab species occur.124 PiB has a strong affinity toward fibrillar Ab species, 

binding strongly within the prefrontal cortex (PFC), and this fibrillar Ab species is one of the 

predominant Ab species during the preclinical stages of AD, with little change in this fibrillar Ab 

species level after the progression of AD.124   

1.5 Anti-Amyloid Strategies  

Of the various strategies employed to reduce toxic Ab peptide load, anti-amyloid strategies 

involving the direct binding and subsequent prevention of Ab1-40/42 fibrils oligomerization have 

proven to be an effective approach.7, 20, 55, 68  

1.5.1 Small Drug Molecules Targeting Secretases  

In order to reduce the buildup of insoluble toxic Ab aggregates, various small drug molecules 

have been developed to inhibit the secretase enzymes responsible for generating this toxic amyloid 

peptide.20 As mentioned previously, the first step within the non-amyloidogenic pathway is the α-

secretase cleavage of APP.43 APP cleavage via α-secretase is beneficial, not only because it 

releases peptides that are observed to be neuroprotective agents, but also prevents the formation 
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of toxic Ab peptides.43 As there is an observed decrease in α-secretase activity in AD patients, a 

strategy to prevent Ab peptide formation has been proposed through increased activation of α-

secretase, in an attempt to restore the balance to shift more toward the non-amyloidogenic pathway. 

Many compounds have been identified to increase α-secretase activity including phorbol esters, 

activators of protein kinase A and C, muscarinic agonists, neuropeptides, statins, and retinoids.42 

While these compounds act as α-secretase activators, issues arise with selectivity and toxicity 

which has halted the development of these compounds as AD treatments.42 Furthermore, α-

secretase acts on a variety of substrates involved in normal physiological functions which is 

expected to cause adverse effects in the event of an upregulation in α-secretase activity by 

modulators.43  

Instead, more interest has been given to the other secretase enzymes involved in APP 

processing. BACE-1 is hypothesized to be the initiator of the amyloidogenic pathway, thus, 

BACE-1 remains the main drug target for Aβ production inhibition. However, similar to α-

secretase inhibitor limitations, selectivity issues have been observed for potential small molecules 

to target BACE-1.38, 47 As mentioned above, two b-secretase homologues exist and challenges 

have surfaced in developing BACE-1 inhibitors that do not cross-inhibit its homologue, BACE-

2.17, 20, 27 As a result, there is a possibility that BACE-1 inhibitory drugs may also cause BACE-2 

mechanism-based side effects, which would result in various adverse effects.7  

Similarly, due to the wide range of substrates g-secretase acts on, targeting this enzyme proved 

to be problematic due to its involvement in various important cellular pathways.17, 20, 68 The 

interference with normal physiological processes, such as the cleavage of other substrates, like 

notch, may result in severe adverse effects.37, 41, 49 Instead, there has been a push toward the 

development of γ-secretase modulators, wherein compounds are developed to target g-secretase to 
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prevent Ab production, without lowering the normal physiological levels of other g-secretase 

substrates.37, 125 Some g-secretase modulators include subset of nonsteroidal anti-inflammatory 

drugs (NSAIDs). However, these compounds were observed to have low potency and 

unfavourable pharmacokinetic properties.125, 126  

1.5.2 Small Drug Molecules Targeting Ab species  

Instead, more interest has been steered toward the development of small molecule inhibitors 

to prevent the  conformational changes of lower order Ab species from initial random coil to higher 

order b-sheet structures. As previously mentioned, low molecular weight Ab oligomers were 

identified as possessing the most toxic properties, due to their greater solubility and ability to get 

into cells.63-65 If a small molecule can form a stable complex with the monomeric Ab species, this 

can reduce the rate of oligomerization and prevent protein misfolding.63-65 In addition, small 

molecules which can promote the nontoxic forms of Aβ aggregates is considered as desirable in 

reducing Aβ-mediated toxicity.127 Other methods involve the development of multifunctional 

small molecules, with dual activities.20 For example, Ab aggregation inhibitors that also contain 

metal ion chelation properties to reduce the formation of higher order Ab species, as well as reduce 

the formation of ROS, have been proposed to be a more effective treatment option to consider.20 

Other examples include the incorporation of existing AD treatment strategies, such as AChEIs, 

with molecules exhibiting anti-Ab aggregation properties.128-130  

1.6 Biphenyl Derivative  

The complexity of AD is well-established, with multiple pathologies suggested in order to 

develop effective therapeutic strategies to alleviate neuropsychiatric symptoms of AD patients. 

However, as mentioned earlier, current approved drugs provide only symptomatic relief and do 

not modify or prevent AD from progressing. In addition, since 2003, no new drugs have been 
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approved, leaving many disheartened and searching for new strategies to approach this complex 

dilemma.25  

1.6.1 Naturally Occurring Biphenyl Derivatives 

The polytherapeutic approach, wherein multiple drugs have multiple targets in order to combat 

one disease, is one that has great promise.131 The basis for this approach comes from the use of 

herbal mixtures that include hundreds of possible active principles, and have been used to treat a 

multitude of diseases and disorders for centuries before the beginning of modern medicine. Many 

natural compounds found in these crude herbal remedies include phenolics, such as resveratrol, 

curcumin (Figure 1.3).131 Naturally occurring polyphenol-containing compounds are known for 

their anti-inflammatory, anti-oxidative, anti-aggregating and other protective properties and 

special interest has been given to studies investigating these compounds and their effect on AD 

pathogenesis.68 These natural compounds have been largely investigated for their anti-Ab 

aggregation activity, in an attempt to determine the key structures responsible for inhibiting Ab 

aggregation.22, 23 For example, curcumin ((1E,6E)-1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-

heptadiene-3,5-dione, Figure 1.3), is a naturally occurring diferuloyl methane that has been 

observed to reduce Ab levels in transgenic mice, through direct binding and inhibition of the Ab 

oligomerization process.132, 133 Resveratrol (3,5,4′-trihydroxystilbene, Figure 1.3) is another 

polyphenol which is also known to reduce Ab load by direct binding, as well as other indirect 

mechanisms, like inhibiting BACE-1 activity and Aβ plaque disruption.134, 135   
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Figure 1.3. Chemical structures of curcumin and resveratrol.  

The bark of Magnolia species is a natural remedy used in traditional Chinese and Japanese 

medicine, with many biologically active compounds including magnolol and honokiol (Figure 

1.4).136 Honokiol (3,5′-diallyl-4,2′-dihydroxybiphenyl) and magnolol (5,5′-diallyl-2,2′-

dihydroxybiphenyl) are both biphenyls with reported features against inflammation, depression, 

anxiety, and oxidative stress, through scavenging free radicals.136-140 These natural compounds 

were also observed to have neuroprotective properties from focal cerebral ischemia-reperfusion 

injury, NMDA-induced mitochondrial dysfunction, as well as protect neurons against Ab induced 

toxicity.141-143 In addition, these small molecules are capable of crossing the BBB in order to enter 

the CNS, a highly desirable feature required for drugs that target CNS diseases.144  

 

Figure 1.4. Chemical structures of honokiol and magnolol.  

1.6.2 Synthetic Biphenyl Derivatives  

The biphenyl structure is an important building block used in organic synthesis. It consists 

of two benzene rings linked by a C-C bond at the 1,1’-position.145 The biphenyl ring system is also 

a key pharmacophore present in many natural and synthetic molecules with biological activity.145 
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Many substituted biphenyl derivatives, with a wide range of activity, have been developed and 

have been observed to act as antimicrobial, antifungal, anti-proliferative, anti-diabetic, 

immunosuppressant, analgesic, and anti-inflammatory agents.145  

In addition, several marketed anti-hypertensive agents, such as losartan, valsartan and 

telmisartan (Figure 1.5), are biphenyl derivatives.146 All these anti-hypertensive agents act as 

angiotensin receptor blockers or antagonists.149-151 Moreover, NSAIDs such as fluorbiprofen and 

diflunisal (Figure 1.5), which are used to treat pain disorders including rheumatoid arthritis and 

osteoarthritis, possess a biphenyl ring system and are known to act as cyclooxygenase (COX) 

inhibitors.147-149   

  

Figure 1.5. Chemical structures of some anti-hypertensive agents and NSAIDs.  

With respect to anti-Aβ activity, recent studies have shown that the natural biphenyl 

derivatives honokiol and magnolol (Figure 1.4) inhibit Aβ aggregation, whereas another synthetic 

biphenyl derivative  biphenyl-3,3’,4,4’-tetrol (BPT) (Figure 1.6) displays inhibitory effects on Ab 

aggregation, suggesting the potential application of biphenyl derivatives in treating AD.150   
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Figure 1.6. Chemical structure of synthetic biphenyl derivative  biphenyl-3,3’,4,4’-tetrol (BPT).  

1.6.3 Biphenyl Synthesis 

Biphenyls are used in the  development pharmaceuticals, agrochemicals, ligands, polymers and 

organic materials. The synthesis of biphenyl compounds was key in the early development of 

carbon-carbon bond forming chemistries. Many methods today utilize the transition-metal 

catalyzed cross-coupling approach, an early approach that continues to be the most general and 

reliable method.151 The most commonly used cross-coupling reaction is the Suzuki-Miyaura 

reaction, involving a palladium-catalysed cross-coupling between organoboronic acids and 

halides. While arylboronic acids have been traditionally used, as new methods have developed, 

the reaction partner is not limited to arylboronic acids, and includes arylsilicon, arylzinc, aryltin, 

arylmagnesium compounds, as well as alkyls, alkenyls and alkynyls.151  

An alternative approach is the use of arynes (or benzynes), which are highly reactive, and the 

route to biaryls involves the addition of suitable aryl nucleophile to the electrophilic benzyne 

intermediate. There is a large range of adaptable methods to capture  the electrophilic aryne moiety 

in a C–C bond forming event, wherein benzynes react efficiently with hard organometallics, like 

aryllithiums and Grignard reagents (e.g. phenylmagnesium bromide) and can participate in multi-

component couplings mediated by transition metals such as copper, palladium and nickel. Metal-

free aryl bond formation is also observed due to the reactivity of the strained triple bond in 

benzynes (Scheme 1).151  
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Biphenyls can also be synthesized by using Grignard reagent and aryllithiums with aryl 

halides, as well as through the Ullman reaction, which involves the coupling of aryl halides via the 

use of copper metal in thermal conditions.152, 153 Other methods involve the coupling of aryl 

halides, through the utilization of a reducing agent in the presence of a catalyst and base, to give 

biphenyl as major product.145 However, due to the accessibility and range of availability of 

arylboronates and reagents, as well as the mild reaction conditions which uses water as a solvent, 

it is no wonder that the Suzuki-Miyaura method of coupling of biphenyls is predominantly used.  

 

Scheme 1.1. General approaches to biphenyl synthesis.   
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1.6.4 Ethynyl Bioisostere 

The ethynyl or alkyne moiety is a very resourceful two-carbon unit that can be transformed to 

have a range of functionalities. Ethynyl moieties are unsaturated hydrocarbons, consisting of a 

carbon-carbon triple bond, wherein the carbon atoms share a # and two π orbitals between the two, 

resulting in a linear molecule.154 While ethynyl containing compounds are predominant within the 

plant kingdom, they do not occur naturally in mammalian systems. However, these naturally 

occurring ethynyl containing compounds have been studied extensively for their antifungal and 

nematicidal activity.155 These studies have resulted in the incorporation of ethynyl moieties in drug 

development, in order to improve the pharmacological and biological properties of the drug. The 

incorporation of ethynyl substituent into synthetic drugs, as in the contraceptives norethindrone 

and ethynylestradiol, is an example of the application of ethynyl substituents in drug development 

(Figure 1.7).155-157  

 

Figure 1.7. Chemical structures of norethindrone and ethynylestradiol.  

Furthermore,  the incorporation of a terminal unsubstituted ethynyl group on aromatic carbons 

to act as an electrophilic surrogate for halomethyl has enhanced the pharmacological properties of 

various drug molecules, as similarities in reactivity are observed between conjugated ethynyls and 

halomethyls.158 Halomethyls are observed to enhance the therapeutic efficacy and improve the 

pharmacological properties of drug molecules, due to their electronegativity, size, lipophilicity, 

and electrostatic interactions.159 However, an addition of these halogens can result in unfavourable 

cytotoxicity,  phototoxicity,  as well as reactive metabolite formation which can be a  disadvantage 

HO

O

H

H

H

H

Norethindrone 
HO

HO

H

H

H

Ethynylestradiol



 33 

in drug design.160, 166 In this case, the use of an ethynyl moiety as a  halogen bioisostere could offer 

a better alternative to the design of novel molecules. In addition, the molecular electrostatic 

potentials for halobenzenes and phenylacetylene are similar, wherein both exhibit a positive charge 

at the tip of the C-X/H bond, as well as an area of negative charge perpendicular to this bond; thus, 

allowing for the polarized ethynyl moiety acts as a weak hydrogen bond donor.159  

Bioisosteric replacement of halogen moieties with ethynyl groups has been observed in various 

studies. Novel synthesis of a series of ethynylphenyl carbonates and carbamates, wherein a 

chloromethyl moiety was replaced with an ethynyl group to improve stability, was developed to 

target inflammation, as well as dually target AD through AChE inhibition and inflammation 

suppression.159 Similarly, the bioisosteric replacement of chlorine moiety with ethynyl group was 

observed for two marketed drugs, epidermal growth factor receptor (EGFR) inhibitors gefitinib 

and erlotinib (Figure 1.8). EGFR mutations are oncogenic drivers in cancers, thus inhibitors to 

bind and block EGFR signalling are a key anti-cancer treatment.161 The chlorine moiety was 

observed to undergo weak halogen bonding with a carbonyl oxygen on the binding site. The 

replacement of this chlorine with an ethynyl moiety, wherein the ethynyl mimicked that contact 

within the binding site, allowed for these bioisosteres to bind to all conformations of the receptors 

which was not possible with the corresponding chlorine containing compoound.158, 161 These 

examples highlight the application of ethynyl moiety in drug design. 

 

 
Figure 1.8. Chemical structures of erlotinib and gefitinib. 
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Chapter 2: Hypothesis and Rationale 
 

2.1 Template Design 

  

Figure 2.1. Ethynyl-1,1’-biphenyl template design concept based on key functional groups of 

natural and synthetic pharmacotherapies and other research candidates. 
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In designing small molecules for CNS diseases, it is critical to ensure that they exhibit 

optimum physicochemical properties to cross the blood-brain barrier (BBB). In this regard, 

Lipinski’s rule of 5 states that drug candidates should have (i) molecular weights MW < 500 

Daltons, (ii) lipohilicity or partition coefficient (cLogP) < 5, (iii) 5 or less  hydrogen bond donors 

(HBDs) and (iv) 10 or less hydrogen bond acceptors (HBA) to exhibit good absorption, 

distribution, metabolism and excretion (ADME) properties.162 Over the years, these rules have 

stood the test of time to develop drugs for non-CNS diseases.163 As such, when developing 

potential therapeutics for CNS diseases, one has to consider BBB penetration which can be 

challenging due their tight junctions that are not easily permeable.163 In order to optimize this 

penetration, adjustments in Lipinski’s rules have been made, such as MW < 400, cLogP range 

from 1–4, 3 or less HBDs and 7 or less HBA, to develop CNS drugs with optimal BBB 

penetration.162-166  

As previously mentioned, the biphenyl structure is a key pharmacophore that consists of two 

benzene rings linked by a C-C bond at the 1,1’-position. This pharmacophore is present in many 

natural and synthetic molecules with a range of biological activities, including properties related 

to antimicrobial, antifungal, anti-proliferative, anti-diabetic, immunosuppressant, analgesic, and 

anti-inflammatory function.145 More interestingly, natural biphenyl derivatives, honokiol and 

magnolol, and synthetic derivative, BPT, have been observed to have anti-Ab activity, in addition 

to a variety of other neuroprotective properties (Figure 2.1). Functionalized biphenyl derivatives 

can be efficiently synthesized, using suitable catalysts reagents and reactants, as mentioned in  

section 1.6.3 (Chapter 1). 

The unique properties of the ethynyl structure makes it an ideal substituent to this biphenyl 

pharmacophore. Not only can the ethynyl moiety be easily introduced synthetically, but as 



 36 

identified in earlier sections, terminal unsubstituted ethynyl groups on aromatic carbons are able 

to act as a halogen bioisostere.158 This implies that the observed reactivities between conjugated 

ethynyls and halomethyls are similar, and while halomethyls have favorable pharmacological 

properties in the design of small drug molecules; halomethyls, unfortunately, can also undergo 

unfavorable reactions, resulting in the formation of reactive metabolites.160 The ethynyl group is 

an example of a non-classical bioisostere, wherein the π orbitals mimic an aromatic system, and 

the polarized -CH moiety is able to act as a weak hydrogen bond donor. The result is a molecular 

electrostatic potential that is similar to that of halobenzenes.159 Moreover, the addition of an 

ethynyl substituent will prevent the formation of different stereochemical forms, as the ethynyl 

group is locked in a linear geometry.165   

 The goal of this research project was to design and evaluate a novel template capable of 

targeting the self-assembly of Ab1-40/42 peptides. We hypothesize that the combination of  biphenyl 

pharmacophore with the ethynyl substituent provides an ideal small drug CNS candidate due to its 

favourable lipophilicity, and relative stability; as potential anti-AD agents (Figure 2.1).  
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2.2 Hypothesis and proposed ethynyl-1,1’-biphenyl derivatives 

The unsubstituted ethynyl-1,1’-biphenyl ring is lipophilic, with a cLogP value of 4.30, which 

is suitable for BBB permeation and can be modulated by incorporating polar substituents, as shown 

in Figure 2.2.  

 

Figure 2.2. Target ethynyl-1,1’-biphenyl derivative library with noted properties. 

The chosen ethynyl-1,1’-biphenyl design was hypothesized to bind effectively to the Ab dimer 

species, thus, preventing further Ab aggregation. Due to the mutually twisted planar properties of 

this ethynyl-1,1’-biphenyl structure, which contains a dihedral angle ɸ = 44.4° (in gas phase), it 

was hypothesized that this will allow the molecule to better position itself within the KLVFFA 

region of the Ab dimer species (Figure 2.2). The aromatic rings are capable of undergoing van der 

Waals and hydrophobic interactions in the KLVFFA region of Ab dimer species, consequently 

facilitating the anti-aggregating activity. In this regard, preliminary results of the computational 
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analysis demonstrate that the proposed 4-ethynyl 1,1’-biphenyl derivatives exhibit favorable 

binding interactions with the amyloid dimer model  (pdb id: 2LMN). Figure 2.3 shows the 

interactions of 4-ethynyl-1,1’-biphenyl in the Aβ1-40 dimer model. The ethynylbiphenyl derivative 

underwent various interactions, including H-bond between Val18 amino group in the  KLVFFA 

region and the unsubstituted phenyl ring (distance = 3.25 Å), hydrophobic interactions between 

Val18 and the unsubstituted phenyl ring (distance = 5.14 Å), and hydrophobic interactions between 

Phe19 and the unsubstituted phenyl ring (distance = 5.26 Å and 5.14 Å, respectively), suggesting 

its potential to bind and stabilize the dimer conformation.  

Figure 2.3. The binding mode of 4-ethynyl-1,1’-biphenyl (stick cartoon, Panel A) in the dimer 

model of Aβ1-40 (PDB id: 2LMN). Hydrogen atoms in the Aβ1-40 model are removed for clarity. 

Panel B shows the 2D interaction map of 4-ethynyl-1,1’-biphenyl, with key amino acids in the 

Aβ1-40 dimer model. 

It was hypothesized that increasing this dihedral angle of the twisted biphenyls to a 

perpendicular conformation was expected to favor better binding at the KLVFFA region of Ab. 

Furthermore, the structure-activity relationship (SAR) data was obtained by changing the steric 

and electronic features to study the anti-Aβ activity. For example, the ethynyl-substituent was 

incorporated at either ortho, or meta or para-positions. In addition, the effect of incorporating 
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substituents at either C3 or C4 (eg. H, F, OH, OMe, SMe or, SO2Me) on one of the aromatic rings 

was investigated. Further, through the incorporation of known pharmacophores with anti-Aβ 

activity, such as 1,2-dimethoxybenzene substituents, it was hypothesized that these chemical 

features would enhance the anti-Aβ activity, in comparison to the unsubstituted ethynyl-1,1’-

biphenyl. In another variation, one of the aromatic rings was replaced with a pyridine bioisotere. 

While similar to the phenyl ring in properties related to aromaticity, the pyridine ring is more 

electron-deficient due to the electron withdrawing nature of the nitrogen atom. These pyridine 

derivatives are noteworthy heterocyclic systems and are key scaffolds in biologically active and 

naturally occurring substances, due to their valuable pharmacological properties.  

 

Figure 2.4. Pyridine containing ethynyl-1,1’-derivatives with partition coefficient (cLogP) 

values. 

The addition of the pyridine structure also dramatically decreases the lipophilicity of the 

compound, which could enhance its oral absorption (Figure 2.4). As a result, it is useful to study 

and compare the effects of this key moiety to understand the SAR. It is anticipated that the SAR 

acquired will provide evidence on the suitability of ethynyl-1,1’-biphenyl derivatives in targeting 

the Aβ aggregation cascade and their potential as anti-AD agents. 
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Chapter 3:Methodology 

3.1. Synthetic Chemistry   

In order to synthesize the ethynyl-1,1’-biphenyl derivatives, the synthetic routes chosen 

were based on literature, with modifications made to optimize yields and to ensure efficient 

synthesis. After reaction optimization, a small library of 17 ethynyl-1,1’-biphenyl derivatives (5a-

j, 9a-g and 14) were prepared and characterized.  

3.1.1. 4-Ethynyl-1,1’-biphenyl derivatives synthesis (5a-h) 

The general synthetic summary to prepare the 4-ethynyl-1,1’-biphenyl derivative library is 

shown below, in Scheme 3.1.  
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Scheme 3.1. General synthetic route for the preparation of 4-ethynyl-1,1’-biphenyl derivatives. 

4-ethynyl-1,1’-biphenyl derivatives (5a-h) were synthesized by coupling substituted 

phenylboronic acids (1) with bromobenzene or substituted bromobenzene derivatives (2) via 

Suzuki-Miyaura cross-coupling reaction to form a new C-C bond between the two phenyl rings, 

and to afford carbaldehyde intermediates (3a-h).168 In the next step, the carbaldehyde 

intermediates (3a-h) were brominated with CBr4 in the presence of triphenylphosphine to obtain 

geminal dibromoalkenes (4a-h).169 In the last step Cs2CO3 was used to generate the final 4-ethynyl-

1,1’-biphenyl derivatives (5) possessing a terminal acetylene substituent (5a-h)170 as shown in 

Scheme 3.1. The experimental details, reaction mechanisms and analytical data for all 

intermediates and final compounds are provided in the following sections.  

To begin with, intermediate (1,1’-biphenyl)-4-carbaldehyde (3a) and the other biphenyl-4-

carbaldehyde derivatives (3b-h) were obtained via Suzuki-Miyaura cross-coupling reaction. This 

reaction was run in tetrahydrofuran (THF), under argon (g), and refluxed for 18 h with stirring, at 

60 °C. The resulting solution was evaporated in vacuo, re-dissolved in dichloromethane (DCM), 

and collected organic fractions were dehydrated using anhydrous magnesium sulfate (MgSO4), 

filtered and evaporated in vacuo to afford a crude solid intermediate. Purification was performed 

via silica gel column chromatography with a suitable solvent system. Intermediate product yields 

ranged from 26 – 91%.  

 Figure 3.1 displays the palladium catalyzed coupling reaction mechanism to generate 

(1,1’-biphenyl)-4-carbaldehyde (3a).168 The cross-coupling between the organoboronic acid and 

the bromobenzene compound is facilitated via a palladium catalyst, palladium (II) acetate. 

Palladium(II) complexes are generally more stable than the palladium(0) complex and exist 
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predominately in these two oxidation states. In order to drive the reaction to completion and 

increase product yields, the ligand Xantphos was utilized, as it broadens the substrate scope.168 As 

such, the conditions allow for the cross-coupling of a range of electron-rich, electron-poor and 

sterically hindered arylboronic acids.168 Initially palladium (II) acetate undergoes reduction when 

it forms a complex with the Xantphos ligand, generating the palladium (0) complex. This 

palladium (0) complex is required for the next oxidative addition step to occur. Oxidative addition 

of the bromobenzene to the palladium(0) complex generates a palladium(II) intermediate. The 

base, K3PO4, facilitates the next step, transmetallation. The phenylboronic acid is activated with 

the base which enhances the polarization of the organic ligand, forming borate through a more 

nucleophilic salt complex. As a result, the palladium(II) intermediate undergoes transmetallation 

with the phenylboronate more readily, and the product (1,1’-biphenyl)-4-carbaldehyde (3a) is 

finally released via reductive elimination, and the palladium(0) catalyst is regenerated. 
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Figure 3.1. Palladium catalyzed Suzuki coupling reaction mechanism to generate [1,1’-biphenyl]-

4-carbaldehyde (3a). 
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In the next step, the intermediate (1,1’-biphenyl)-4-carbaldehyde (3a) derivatives 

underwent a bromination via a Corey-Fuchs reaction to form  4-(2,2-dibromovinyl)-1,1'-biphenyl 

(4a) derivative (Figure 3.2). 

This reaction was carried out in dichloromethane (DCM) for 2 h with stirring at 0 °C. The 

resulting solution was evaporated in vacuo, re-dissolved in dichloromethane (DCM), and collected 

organic fractions were dehydrated using anhydrous magnesium sulfate (MgSO4), filtered and 

evaporated in vacuo to afford a crude solid intermediate. Purification was performed via silica gel 

column chromatography with a suitable solvent system. Intermediate product yields ranged from 

22 – 92%.  

Figure 3.2 displays the bromination via Corey-Fuchs reaction mechanism to generate 4-

(2,2-dibromovinyl)-1,1'-biphenyl (4a) intermediates.169 Formation of this dibromoalkene is 

achieved from its biphenyl-4-carbaldehyde precursor via triphenylphosphine. The formation of the 

ylide from CBr4 requires two equivalents of triphenylphosphine. One equivalent of 

triphenylphosphine forms the ylide, which attacks the aldehyde on the biphenyl-4-carbaldehyde 

intermediate (3a), and the other triphenylphosphine acts as a reducing agent and bromine 

scavenger. This results in the generation of the 4-(2,2-dibromovinyl)-1,1'-biphenyl (4a) 

intermediate. 
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Figure 3.2. Bromination via Corey-Fuchs reaction mechanism to generate 4-(2,2-dibromovinyl)-

1,1'-biphenyl (4a). 

Finally, 4-ethynyl-1,1'-biphenyl (5a) was obtained via Cs2CO3-mediated synthesis (Figure 

3.3).170 This reaction was run in dimethylsulfoxide (DMSO), and refluxed for 14 h with stirring, 

at 115 °C. The resulting solution was evaporated in vacuo, re-dissolved in ethyl acetate (EtOAc), 

and collected organic fractions were dehydrated using anhydrous magnesium sulfate (MgSO4), 

filtered and evaporated in vacuo to afford a crude solid intermediate. Purification was performed 

via silica gel column chromatography with a suitable solvent system. Final product yields ranged 

3a 4a, 92%

CBr4, PPh3

DCM, 0 °C, 2 h

Br3C Br PPh3+ CBr3 PPh3Br+

C
Br

Br
Br

PHPh3

Br

PPh3 Br2PPh3

C
Br

Br
PPh3 C

Br

Br
PPh3

HC O

OPPh3

CH
C

BrBr C
Br

Br
PPh3

HC O

BrBr
OHC



 46 

from 28 – 96%. Figure 3.3 displays Cs2CO3-mediated synthesis reaction mechanism to generate 

4-ethynyl-1,1'-biphenyl (5a). 

 

Figure 3.3. Cs2CO3-mediated synthesis reaction mechanism to generate 4-ethynyl-1,1'-biphenyl 

(5a). 
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The synthesis of  terminal aryl-acetylene product from the dibromo-alkene intermediate, involves 

the use of inorganic base Cs2CO3 via an umpolung, or polarity inversion, reaction.170 Cs2CO3 was 

utilized as it has better solubility in DMSO than other inorganic bases, like K2CO3 or Na2CO3. The 

proposed reaction involves a two-step process, wherein, under basic conditions, the elimination of 

hydrogen bromide from the alkene results in the formation of the alkyne, followed by 

umpolung/protonation in a single step to form (5a).170  

3.1.2. 3-Ethynyl-1,1’-biphenyl derivatives synthesis (9a-g) 

The general synthetic summary to prepare the 3-ethynyl-1,1’-biphenyl derivatives library 

is shown below, in Scheme 3.2.  
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Scheme 3.2. General synthetic route for the preparation of 3-ethynyl-1,1’-biphenyl derivatives. 

The synthesis of 3-ethynyl-1,1’-biphenyl derivatives (9a-g) was obtained in the exact same 

manner as the 4-ethynyl-1,1’-biphenyl derivatives (5a-h. Scheme 3.1 ), with the only difference in 

the use of the 3-formylphenylboronic acid (6), rather than 4-formylphenylboronic acid (1). 

Following the same method as the synthesis of the 4-ethynyl-1,1’-biphenyl derivatives, substituted 

phenylboronic acids (6) with bromobenzene or substituted bromobenzene derivatives (2a-g) 

undergo Suzuki-Miyaura cross-coupling reaction to form a new C-C bond between the two phenyl 

rings, and to afford carbaldehyde intermediates (7a-g).168 In the next step, the carbaldehyde 

intermediates (8a-g) were brominated with CBr4 in the presence of triphenylphosphine to obtain 

geminal dihaloalkenes (8a-g).169 In the last step Cs2CO3 was used to generate the final 4-ethynyl-

1,1’-biphenyl derivatives (9) possessing a terminal acetylene substituent (9a-g).170  

3.1.3. Ethynylphenyl pyridine derivative synthesis (5i, 5j, 14) 

  Synthesis of  ethynylphenyl pyridine derivatives follows the same scheme as the 4- and 3-

ethynyl-1,1’-biphenyl reaction schemes (Schemes 3.1 and 3.2). The general synthetic summary to 

prepare 4-(4-ethynylphenyl)pyridine and 3-(4-ethynylphenyl)pyridine is shown below, in Scheme 

3.3. These derivatives (4i-j) were obtained in the exact same manner as the 4-ethynyl-1,1’-

biphenyl derivatives (5a-f), with the only difference being the use of bromopyridine as the 

coupling agent (2i-j).  
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Scheme 3.3. General synthetic route for the preparation of 4-(4-ethynylphenyl)pyridine (5i) and 

3-(4-ethynylphenyl)pyridine (5j).  

 In contrast, the corresponding regioisomer of 5j  (2-ethynyl-5-phenylpyridine, compound 

14) was synthesized after obtaining the starting 3-ethynylpyridine in a two-step reaction, starting 

with a Sonogashira cross-coupling to obtain (trimethylsilyl)ethynylpyridine, its deprotection under 

basic conditions and final coupling with phenylboronic acid (Scheme 3.4).168,171,172 Similar to the 

Suzuki-Miyaura coupling reaction, the Sonogashira reaction is able to couple terminal alkynes 

with aryl halide under mild conditions and with high selectivity.171 This cross-coupling requires a 

palladium catalyst, a copper(I) co-catalyst, and an amine base in order to drive this reaction to 

completion. In this case, trimethylsilylacetylene (TMSA) acts as the terminal alkyne protecting 

group and using these conditions, a new C-C bond is formed with the aryl halide, or 5-bromo-2-

iodopyridine (10). This Sonogashira reaction yielded 5-bromo-2-((trimethylsilyl)ethynyl)pyridine 
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(11) as the product. In the next step, treatment of the (trimethylsilyl) acetylene (11) with sodium 

hydroxide afforded the desilylated product 12, which was then combined with phenylboronic acid 

(13) in a Suzuki-Miyaura cross-coupling reaction in order to afford the final product, 2-ethynyl-5-

phenylpyridine (14).168, 172 The general synthetic summary to prepare 2-ethynyl-5-phenylpyridine 

(14) is shown below, in Scheme 3.4.  

 

Scheme 3.4. General synthetic route for the preparation of 2-ethynyl-5-phenylpyridine (14). 

To start with, the intermediate 5-bromo-2-((trimethylsilyl)ethynyl)pyridine (11) was 

obtained via Sonogashira cross-coupling reaction.171 This reaction was carried out in 

tetrahydrofuran (THF)/triethylamine (Et3N), under argon , and refluxed for 8 h with stirring, at 80 

°C. The resulting solution was evaporated in vacuo, re-dissolved in ethyl acetate (EtOAc), and 

collected organic fractions were dehydrated using anhydrous magnesium sulfate (MgSO4), filtered 

and evaporated in vacuo to afford a crude solid intermediate. Purification was performed via silica 

gel column chromatography with a suitable solvent system. Intermediate product yields was 91%.  
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 Figure 3.4 shows the palladium catalyzed coupling reaction mechanism to generate 5-

bromo-2-((trimethylsilyl)ethynyl)pyridine (11). This cross-coupling between the 5-bromo-2-

iodopyridine (10) and TMSA requires a palladium catalyst, a copper(I) cocatalyst, and an amine 

base in order to drive this reaction to completion. The palladium catalyst here is palladium(II) 

triphenylphosphine dichloride, which undergoes a ligand exchange with Et3N, followed by b-

hydride elimination and reductive elimination to produce the palladium(0) complex.171 Oxidative 

addition of the 5-bromo-2-iodopyridine (10) to the palladium(0) complex generates a palladium(II) 

intermediate. Copper(I) iodide in the presence of Et3N reacts with TMSA to generate the alkynyl 

copper, which then undergoes transmetallation with the palladium(II) intermediate complex. 

Reductive elimination with coupling of the two organic ligands gives the product and regenerates 

the palladium(0) catalyst. Trans/cis isomerization occurs next, which is then followed by reductive 

elimination to afford the final product, 5-bromo-2-((trimethylsilyl)ethynyl)pyridine (11).171 
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Figure 3.4. Palladium catalyzed Sonoghashira coupling reaction mechanism to generate 5-

bromo-2-((trimethylsilyl)ethynyl)pyridine (11).  

This 5-bromo-2-((trimethylsilyl)ethynyl)pyridine (11) intermediate was treated with 

sodium hydroxide (NaOH) to afford the desilylated product 12.172 The triple bond of 11 can be 

selectively reduced when conditions are controlled to minimize reductive debromination; in this 

case, reducing the time and amount of NaOH added to the reaction mixture. The desilylated 

intermediate 12 was then combined with phenylboronic acid (13) in a Suzuki-Miyaura cross-
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reaction mechanism of this Suzuki-Miyaura cross-coupling is the same as the mechanism outlined 

for products 3a-j, 7a-g.168 

3.2. Biological Assays  

Biological screening for the ethynylbiphenyl derivatives 5a-h, 9a-g and 14 was carried out 

by measuring their anti-aggregation properties against both Aβ1-40 and Aβ1-42. This was achieved 

by conducting fluorescence aggregation kinetics studies and transmission electron microscopy 

(TEM). The results obtained provided SAR data on the potential of ethynylbiphenyl derivatives as 

anti-AD agents. The details of biological assays are given in the sections below.   

3.2.1. Amyloid-β (Aβ) aggregation assay  

The anti-Aβ aggregation activity of the ethynylbiphenyl derivatives 5a-j, 9a-g, 14 and 

other biphenyl derivatives were evaluated using the ThT-based fluorescence kinetic assay. More 

specifically, the mechanism of action of compounds toward Aβ aggregation by direct binding can 

be determined experimentally via fluorescence spectroscopy. This ThT-based fluorescence assay 

relies on a key probe, thioflavin T (ThT), which is used in order to monitor and measure Aβ fibril 

formation.173 ThT a benzothiazole dye that exhibits enhanced fluorescence upon binding to 

amyloid fibrils. ThT binds in between the β-sheets formed during Aβ fibrillization, causing a shift 

in the conformation of ThT.173, 174 This conformational change also influences the fluorescent 

properties of ThT, resulting in a shift in the excitation spectrum. In protic solvents, free ThT 

absorbs at 385 nm, with an emission maximum value of 445 nm. Upon binding to Aβ, however, 

this fluorescent excitation shifts to 440 nm, and emission maximum shifts to a value of 490 nm.174 

As such, this method was used to quantify the Aβ aggregation process over a period of time, 

wherein, the ability of ethynylbiphenyl derivatives to promote or inhibit Aβ aggregation was 

determined by aggregation kinetic study. The change in the fluorescence of the excitation and 
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emission wavelengths of ThT was measured, where an increase in fluorescence indicates the 

binding of ThT to Aβ oligomers or fibrils.  

Amyloid aggregation occurs, typically, in three phases. The first being the lag phase, 

wherein monomeric species of Aβ undergo misfolding to form dimer species. Figure 3.5 displays 

a general model for ThT-based Aβ1-40 and Aβ1-42 aggregation, with Aβ1-40 and Aβ1-42 curves 

identified. While Aβ1-40 has a sigmoidal shaped curve, the Aβ1-42 curve is observed to take on a 

more logarithmic curve shape. This is due to the length of lag time for each species. The lag phase 

is much shorter for Aβ1-42, in comparison to Aβ1-40, as Aβ1-42 is more insoluble and prone to 

aggregation at a faster rate than Aβ1-40. This lag phase is followed by a rapid growth phase, wherein 

dimer species aggregate to form oligomers and larger protofibrils. As this process is more 

thermodynamically favourable in comparison to the lag phase, it proceeds quickly. This elongation 

phase is rapidly followed by a saturation phase, wherein the predominant Ab species is the mature 

fibril species. The curve is observed to plateau at this increased fluorescence value, highlighting 

the stability of these mature Ab fibril species. The known Aβ aggregation inhibitor methylene blue 

was used as reference compound, when conducting this assay to determine the anti-Aβ aggregation 

activity of the ethynylbiphenyl derivatives.  
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Figure 3.5. ThT-based Aβ1-40/42 aggregation kinetic curve model.  

3.2.2. TEM assay and imaging 

While biochemical studies were carried out to assess the anti-aggregation properties of 

ethynylbiphenyl derivatives toward Aβ1-40/42 peptide by fluorescence aggregation kinetics, 
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which appear darker.173, 175 The resulting image is recorded with high-resolution digital camera. 

Samples are stained with an electron-dense material, like phosphotungstic acid (PTA), which will 

provide better contrast to visualize our proteins of interest.173, 175  

The Ab aggregate morphology was evaluated by carrying out transmission electron 

microscopy (TEM) in the presence and absence of ethynylbiphenyl derivatives. These studies 

provide further confirmation on the anti-Ab activity of promising ethynylbiphenyl derivatives. 
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Chapter 4: Results and Discussion 

As discussed previously, the primary aim of this project was to design, synthesize and 

evaluate novel ethynyl-1,1’-biphenyl ring scaffolds that can prevent Ab1-40/42 aggregation, through 

the utilization of medicinal chemistry principles. In this regard, the SAR data for a library of 17 

small molecules based on ethynyl-1,1’-biphenyl system was obtained. The biological profiles for 

the derivatives within this library will be discussed in this section, with a focus on their anti-Aβ1-

40/42 aggregation properties and TEM experiments to support these observations. Molecular 

modeling studies were conducted on the best candidates identified within this ethynyl-1,1’-

biphenyl library, in order to gain an understanding of the binding interactions between the 

compounds and Aβ1-40/42 models.  

4.1. Structure activity relationship (SAR) studies 

The SAR studies allow for the identification of the functional groups or moieties responsible 

for a specific biological effect. In our case, the obtained SAR studies provides a better 

understanding on the effect of ethynyl-1,1’-biphenyl derivatives with different electronic and steric 

features on Aβ aggregation inhibition properties.  

4.1.1. Anti-Aβ1-40 aggregation activity 

Through the utilization of ThT-based fluorescence kinetic assay, the anti-Aβ1-40 

aggregation activity of the ethynyl-1,1’-biphenyl derivatives was evaluated at 1, 5, and 25 μM 

concentrations. The results are presented below in Table 4.1, as average % inhibition ± SD, n = 3 

for two independent experiments, and were compared with the known inhibitor methylene blue 

(MB). In addition to our synthesized ethynyl-1,1’-biphenyl derivatives 5a-j, 9a-g and 14, known 

Aβ1-40 inhibitors honokiol and magnolol, as well as unsubstituted biphenyl, various halo and cyano 

substituted biphenyl compounds were also tested to obtain a more detailed SAR study (Table 4.1). 
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As mentioned in previous sections, honokiol and magnolol are naturally occurring biphenyls with 

observed anti-Aβ aggregation properties.137-144 Comparing our ethynyl-1,1’-biphenyl library with 

these additional compounds will allow for a better understanding on the chemical features that 

account for their anti-Aβ aggregating activity and provide valuable information on the use of 

ethynyl-substituents as bioisosteres of halogens or cyano-substituents.  

Table 4.1: Inhibition data for ethynyl-1,1’-biphenyl derivatives 5a-j, 9a-g, 14 and other biphenyl 

derivatives toward Aβ1-40. 
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Compound R1 R2 R3 % Inhibition 

(1 µM) 

% Inhibition 

(5 µM) 

% Inhibition 

(25 µM) 

5a H H H 39.18 ± 1.21 43.82 ± 20 62.42 ± 7.12 

5b OMe H H 18.32 ± 7.20 36.53 ± 10.15 43.74 ± 6.02 

5c H H OMe 25.72 ± 1.30 35.19 ± 1.57 38.02 ± 5.87 

5d OMe OMe H 11.61 ± 0.17 34.24 ± 3.74 45.62 ± 3.49 

5e OH H H 18.49 ± 3.08 29.31 ± 3.29 66.91 ± 1.73 

5f F H H 18.29 ± 4.51 37.67 ± 4.82 46.35 ± 2.54 

5g SMe H H 2.54 ± 0.17 14.83 ± 1.80 26.58 ± 1.67 

5h SO2Me H H 11.14 ± 0.38 15.91± 0.32 35.29 ± 1.38 

5i - - - 11.06 ± 0.59 58.47 ± 0.29 79.08 ± 2.24 

5j - - - 21.98 ± 0.42 34.13 ± 0.85 64.50 ± 0.36 

9a H H H 41.71 ± 0.69 46.73 ± 0.53 55.82 ± 2.75 

9b OMe H H 11.05 ± 2.83 27.91 ± 4.34 32.62 ± 2.95 

9c H H OMe 19.41 ± 2.07 36.38 ± 0.25 45.90 ± 1.81 

9d OMe OMe H 38.58 ± 0.27 54.72 ± 0.45 44.29 ± 1.18 

9f F H H * 16.60 ± 0.53 29.87 ± 0.97 

9g SMe H H 40.69 ± 5.98 45.93 ± 8.35 50.34 ± 7.70 

14 - - - 13.98 ± 0.50 34.15 ± 0.66 40.51 ± 0.14 

4-Chlorobiphenyl    49.65 ± 0.49 60.63 ± 8.62 61.64 ± 8.26 

4-Bromobiphenyl    54.01 ± 2.25 64.37 ± 4.75 64.67 ± 1.89 

4-Fluorobiphenyl    36.36 ± 3.11 48.85 ± 5.63 52.20 ± 2.77 
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4-Iodobiphenyl    37.21 ± 4.36 41.90 ± 4.94 60.56 ± 2.04 

4-Bromo-4’-

methoxybiphenyl 

   52.70 ± 0.29 59.17 ± 0.74 61.07 ± 2.02 

4-Cyanobiphenyl    44.08 ± 5.49 50.89 ± 4.89 51.93 ± 0.57 

Biphenyl    42.06 ± 0.56 52.02 ± 0.80 53.08 ± 2.54 

Honokiol    44.83 ± 1.40  58.16 ± 3.63 77.75 ± 2.82  

Magnolol    31.25 ± 7.41 45.72 ± 3.34 67.77 ± 4.84 

 MB    92.53 ± 3.25 96.97 ± 1.84 99.36 ± 0.46 

Results expressed as average ± SD of two separate experiments (n = 3), obtained from ThT-

monitored 24 h aggregation kinetics of Aβ1-40 (5 μM) in the presence of 1, 5 and 25 μM of 

compound at pH 7.4, 37 °C in phosphate buffer.*Promotes aggregation. 

Aggregation kinetics data for all tested compounds show that compounds exhibited a 

concentration dependent decline in ThT fluorescence and were able to prevent Aβ1-40 

fibrillogenesis, with maximum inhibition observed at 25 µM (~26–79% inhibition). Table 4.1 

provides a summary for all the compounds tested at concentrations 1, 5, and 25 µM, with 

methylene blue used as a reference compound. All ethynyl-1,1’-biphenyl derivatives were 

observed to have inhibitory activity toward Aβ1-40, with the only exception being 3-ethynyl-1,1’-

biphenyl derivative 6f, which was observed to promote Aβ1-40 fibrillogenesis at 1 µM 

concentration. In addition, honokiol, magnolol, unsubstituted biphenyl, cyanobiphenyl and 

halogenated biphenyl compounds, were also observed to show anti-Aβ1-40 aggregation properties. 

Figure 4.1 shows the % inhibition of ThT fluorescence intensity in the presence of Aβ1-40 (5 μM) 

for various tested compounds at 25 μM, and their corresponding % inhibition of Aβ1-40 

fibrillogenesis.  
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Figure 4.1. The percent inhibition of ThT fluorescence intensity in the presence of Aβ1-40 (5 μM) 

incubated with ethynyl-1,1’-biphenyl derivatives (5a-j, 9a-g, 14) and halogenated biphenyl, 

cyanobiphenyl derivatives, biphenyl, honokiol, magnolol and MB at 25 μM in phosphate buffer 

pH 7.4, 37 °C after 24 h.  

The 24 h ThT-based aggregation kinetics data of Aβ1-40 (5 µM) in the presence of 5a (4-

ethynyl-1,1'-biphenyl) and reference agent MB is shown as representative examples in Figure 4.2. 

The aggregation kinetic curve for  Aβ1-40 alone shows the characteristic trend with an initial lag 

phase lasting approximately for 8 h, followed by a rapid elongation phase and finally, exhibiting a 

saturation phase after approximately 16 h,  indicating the formation of mature Aβ1-40 fibrils (Figure 
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4.2). In the presence of compound 5a, a concentration dependent decline in ThT fluorescence was 

observed and was able to prevent Aβ1-40 fibrillogenesis (~39–62% inhibition, Table 4.2 and Panel 

A, Figure 4.2). Maximum inhibition was seen at 25 µM (62% inhibition, Panel A, Figure 4.2).  
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Figure 4.2. Panels A and B show ThT-monitored 24 h aggregation kinetics of Aβ1-40 (5 μM) in the 

presence of 1, 5 and 25 μM of ethynyl-1,1’-biphenyl derivatives 5a and MB respectively, at pH 

7.4, 37 °C, phosphate buffer.  

Compared to ethynylbiphenyl derivative 5a, the 4-pyridyly containing compound 5i (4-(4-

ethynylphenyl)pyridine) exhibited better inhibition of Aβ1-40 aggregation (Table 4.2) and was the 

most potent inhibitor, with  79.08% inhibition of Aβ1-40 observed at 25 µM, however, it was not as 

effective as MB (∼99% inhibition at 25 μM) in preventing Aβ1-40 aggregation. Chemically, 

derivative 5i contains a pyridine ring (Table 4.1). While similar to the benzene, the nitrogen atom 

within the pyridine ring contains a lone pair of electrons that can undergo additional hydrogen-

bonding (H-bonding) interactions within the Aβ1-40 dimer species, thus stabilizing these aggregates 

and reducing their fibrillogenesis. A detailed analysis of the binding interactions of 5i and other 

derivatives with Aβ1-40 aggregates is discussed in section 4.2. Evaluating the anti-Aβ1-40 

aggregation properties of the other pyridine containing derivative, 3-(4-ethynylphenyl)pyridine 

(5j), at the same concentration range (1–25 µM), shows that compound 5j was also a slightly better 

inhibitor than 5a at 25 µM (64% inhibition). However it was not as effective as compound 5i. In 

contrast, the corresponding regioisomer compound 14 (2-ethynyl-5-phenylpyridine) was observed 

to be an even weaker inhibitor of Aβ1-40 fibrillogenesis compared to both 5j and 5i, with an 

observed inhibition activity of ~13–40% (Table 4.2).  

Ethynylbiphenyl derivatives with electron-donating groups (EDGs) 5b, 5c, and 5d; 

containing 2-methoxy, 4-methoxy and 3,4-dimethoxy substituents, were observed to exhibit  

inhibition profiles similar to compound 14 at 25 µM (~38–45% inhibition). Among the three 

derivatives, the ortho-substituted methoxy derivative (5c) exhibited the weakest inhibition toward 

Aβ1-40 fibrillogenesis with a maximum inhibition of 38% at 25 µM, followed by the para-
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substituted methoxy derivative (5b), which exhibited superior inhibition of Aβ1-40 fibrillogenesis 

at 25 µM (43% inhibition), and lastly, the 3,4-dimethoxy substituent containing derivative 5d was 

observed to have slightly better inhibition at 25 µM (45% inhibition). Interestingly, EDG-based 

derivative 5e, containing a para-substituted hydroxy, exhibited an excellent inhibition profile 

(~18–66% inhibition), and was observed to be a better inhibitor of Aβ1-40 fibrillogenesis at 25 µM 

(66% inhibition). It was not as potent as the reference agent MB ( 99.3% inhibition at 25 µM, 

Table 4.2). 

EWG-based derivative 5f, containing a para-substituted fluoro moiety, was observed to 

have an inhibition profile similar to EDG-based derivatives 5b, 5c, and 5d; with a maximum 

inhibition of 46% at 25 µM. In contrast, derivative 5g, containing a para-substituted thiomethyl 

moiety, was observed to show weaker inhibition toward Aβ1-40 fibrillogenesis, with a maximum 

inhibition of 26% at 25 µM. However, oxidation of the sulfur atom gave sulfonylmethyl containing 

derivative 5h which  exhibited better inhibition of Aβ1-40 at 25 µM (35% inhibition) compared to 

compound 5g (Table 4.2).  

As part of the SAR study, when the ethynyl-substituent was moved from C4 to C3-position 

in derivatives 9a-g, it led to a decline in Aβ1-40 aggregation inhibition compared to the 

corresponding 4-ethynyl-1,1’-biphenyl derivatives (5a-j, Table 4.2). Derivatives 9a-g exhibited 

~29 – 55% inhibition in Aβ1-40 fibrillogenesis at the 24 h time point. Unsubstituted 3-ethynyl-1,1’-

biphenyl derivative (9a) exhibited superior inhibition among 3-ethynyl-1,1’-biphenyl derivative, 

with a maximum inhibition of 55% at 25 µM. It was less effective compared to the 4-ethynyl-1,1’-

biphenyl derivative (5a) at 25 µM (62% inhibition, Table 4.2). EDG-based derivatives 9b, 9c, and 

9d, containing methoxy and dimethoxy substituents, were observed to exhibit an inhibition profile 

similar to the methoxy substituted 4-ethynyl-1,1’-biphenyl derivative (5b, 5c and 5d) at 25 µM 
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(~32–44% inhibition). The same pattern was also observed, wherein the 3,4-dimethoxy substituent 

(9d) was observed to have the best inhibition at 25 µM (44% inhibition), among the methoxy-

substituted 3-ethynyl-1,1’-biphenyl derivatives (9b-d).  

In contrast to the 4-ethynyl-1,1’-biphenyl derivative 5f, which exhibited a maximum 

inhibition of 46% at 25 µM; the corresponding regioisomer 3-ethynyl-1,1’-biphenyl derivative  9f, 

exhibited weaker inhibition of  Aβ1-40 at 25 µM (29% inhibition, Table 4.2). The 4-thiomethyl 

containing derivative 5g was a weaker inhibitor compared to the corresponding regioisomer 9g 

which exhibited better inhibition at 25 µM (~50% inhibition). In general, compounds with superior 

Aβ1-40 aggregation inhibition were identified in the 4-ethynylbiphenyl series. 

As discussed previously, naturally occurring compounds, honokiol and magnolol, are 

known Aβ1-40 inhibitors. It came as no surprise to see that both honokiol and magnolol exhibited 

excellent inhibition of Aβ1-40 aggregation (Table 4.2) and it was observed that honokiol was a 

better inhibitor of Aβ1-40 fibrillogenesis at 25 µM (78% inhibition). Its isomer, magnolol was also 

observed to be strong inhibitor Aβ1-40 fibrillogenesis at 25 µM (68% inhibition). In comparison to 

the unsubstituted 4-ethynyl-1,1’-biphenyl derivative (5a, 62% inhibition) and the unsubstituted 3-

ethynyl-1,1’-biphenyl derivative (9a, 55% inhibition), both honokiol and magnolol were observed 

to be better inhibitors of Aβ1-40 fibrillogenesis at 25 µM. Interestingly, the unsubstituted biphenyl  

also exhibited inherent anti-Aβ1-40 aggregation activity with  inhibition range of 42–58% (Table 

4.2). It was observed that the addition of the ethynyl moiety led to an increase in the anti-Aβ1-40 

aggregation activity at 25 µM (compound 5a, 62% inhibition, Table 4.2).  

Halogenated biphenyl compounds, 4-bromobiphenyl, 4-bromo-4’-methoxybiphenyl, 4-

chlorobiphenyl, 4-iodobiphenyl, and 4-fluorobiphenyl (Table 4.2), were also tested against Aβ1-40 

at the same concentration range (1–25 µM). All compounds exhibited inhibition toward Aβ1-40  
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fibrillogenesis, with a range of 52–64% inhibition at 25 µM, which was very similar to the 

unsubstituted 4-ethynyl-1,1’-biphenyl derivative (5a, 62% inhibition, Table 4.2). Among the 

halogenated biphenyls, the 4-bromobiphenyl compound was the best inhibitor with a 64% 

inhibition at 25 µM. Interestingly, its methoxy substituted derivative, 4-bromo-4’-

methoxybiphenyl, exhibited a lower inhibition profile (52–61% inhibition). The 4-cyanobiphenyl 

was a less potent inhibitor of Aβ1-40  fibrillogenesis compared to halogenated compounds with  44 

– 51% inhibition range. While the cyano moiety is similar to the ethynyl moiety, in that, it consists 

of a carbon and nitrogen group joined via a triple bond; it differs as it is an EWG substituent that 

can undergo polar or H-bonding interactions. When comparing 4-cyanobiphenyl with the 

unsubstituted 4-ethynyl-1,1’-biphenyl derivative at 25 µM (5a, 62% inhibition), 4-cyanobiphenyl 

exhibited ~52% inhibition of Aβ1-40  fibrillogenesis; thus, indicating that the ethynyl containing 

compound 5a exhibited better inhibition.  

Generally, it was evident that better anti-Aβ1-40 aggregation activity was observed for  4- 

ethynyl-1,1’-biphenyl derivatives whereas the presence of a 4-pyridine bioisostere in compound 

5i (4-(4-ethynylphenyl)pyridine) provided maximum Aβ1-40 aggregation inhibition. The results 

also show that ethynylbiphenyl system serves as a suitable template to design small molecules as 

inhibitors of Aβ1-40 aggregation and that an ethynyl-substituent is a suitable bioisostere for halogen 

and cyano-containing biphenyls. It should be noted that polychlorinated and polybrominated 

biphenyls (PCBs and PBBs) are known to be toxic to humans and are classified as environmental 

toxins which suggests their unsuitability in drug design and development176-178 This study shows 

that modifying the biphenyls with an ethynyl-substituent is a novel strategy to develop potential 

drug candidates. 
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4.1.2. Anti-Aβ1-42  aggregation activity 

The ThT-based Aβ1-42 aggregation kinetics was carried out in the presence of the ethynyl-

1,1’-biphenyl derivatives (5a-j, 9a-g, 14), halogenated biphenyls, cyano-biphenyl  and reference 

compound over a period of 24 h, and results are provided in Table 4.2.  

Table 4.2: Inhibition data for ethynyl-1,1’-biphenyl derivatives 5a-j, 9a-g, 14  and other 

biphenyl derivatives toward Aβ1-42. . 
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Compound R1 R2 R3 

% Inhibition 

(1 µM) 

% Inhibition 

(5 µM) 

% Inhibition 

(25 µM) 

5a H H H 71.91 ± 7.39 79.58 ± 0.64 83.56 ± 0.41 

5b OMe H H 48.05 ± 2.39 74.78 ± 4.30 86.38 ± 3.66 

5c H H OMe 71.48 ± 2.48 78.27 ± 13.57 84.28 ± 1.81 

5d OMe OMe H 26.18 ± 0.21 40.08 ± 1.51 56.90 ± 9.07 

5e OH H H 55 ± 1.60 70.31 ± 1.37 79.55 ± 0.45 

5f F H H 65.71 ± 13.84 68.10 ± 9.54 79.08 ± 1.80 

5g SMe H H 63.71 ± 1.26 68.77 ± 0.16 78.28 ± 0.42 

5h SO2Me H H 69.19 ± 0.84 76.51 ± 1.54 80.96 ± 0.25 

5i H H H 81.72 ± 0.58 83.43 ± 6.83 85.80 ± 0.75 

5j H H H 62.28 ± 0.14 63.34 ± 1.71 79.64 ± 0.19 

9a H H H 77.62 ± 5.55 83.82 ± 2.54 86.25 ± 1.63 

9b OMe H H 59.02 ± 0.91 73.46 ± 1.32 84.76 ± 2.91 

9c H H OMe 72.44 ± 6.32 82.52 ± 5.53 83.82 ± 3.01 

9d OMe OMe H 68.34 ± 2.31 72.26 ± 5.97 77.63 ± 3.25 

9f F H H 80.50 ± 0.11 81.79 ± 2.88 85.36 ± 1.97 

9g SMe H H 47.43 ± 4.17 67.03 ± 3.65 86.97 ± 2.04 

14 H H H 63.71 ± 2.44 68.77 ± 3.05 78.28 ± 1.09 

4-Chlorobiphenyl    55.94 ± 3.07 84.26 ± 7.09 84.86 ± 0.39 

4-Bromobiphenyl    79.88 ± 1.83 82.67 ± 6.66 88.61 ± 1.21 

4-Fluorobiphenyl    84.67 ± 2.23 86.93 ± 3.28 88.68 ± 4.92 
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4-Iodobiphenyl    79.39 ± 4.59 83.06 ± 5.67 84.67 ± 3.47 

4-Bromo-4’-

methoxybiphenyl 

   

74.43 ± 1.48 81.79 ± 4.19 59.66 ± 0.11 

4-Cyanobiphenyl    82.46 ± 1.83 84.27 ± 3.39  85.78 ± 3.39 

Biphenyl    35.89 ± 1.30 54.39 ± 0.16 61.24 ± 0.48 

Honokiol    77.39 ± 1.48 83.96 ± 4.19 89.34 ± 0.11 

Magnolol    82.22 ± 5.01 85.35 ± 3.02 85.83 ± 0.09 

 MB    97.83 ± 1.06 98.34 ± 0.52 98.22 ± 0.26 

Results expressed as average ± SD of two separate experiments (n = 3), obtained from ThT-

monitored 24 h aggregation kinetics of Aβ1-42 (5 μM) in the presence of 1, 5 and 25 μM of 

compound at pH 7.4, 37 °C in phosphate buffer. 

Aggregation kinetics data for all tested compounds show that compounds exhibited a 

concentration dependent decline in ThT fluorescence and were able to prevent Aβ1-42 

fibrillogenesis, with maximum inhibition observed at 25 µM (~56–89% inhibition). Figure 4.3 

displays the percent inhibition of ThT fluorescence intensity in the presence of Aβ1-42 (5 μM) and 

the various tested compounds at 25 μM.  
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Figure 4.3. The percent inhibition of ThT fluorescence intensity in the presence of Aβ1-42 (5 μM) 

incubated with ethynyl-1,1’-biphenyl derivatives (5a-j, 9a-g, 14) and halogenated biphenyl, 

cyanobiphenyl derivatives, biphenyl, honokiol, magnolol and MB at 25 μM in phosphate buffer 

pH 7.4, 37 °C after 24 h.  

Aggregation kinetic data for compound 5a (4-ethynyl-1,1'-biphenyl) and reference agent 

MB is shown in Figure 4.4 as representative examples. The control aggregation kinetics curve for 

Aβ1-42 (5 μM) shows that it tends to aggregate at a faster pace compared to Aβ1-40 (Figure 4.4). The 

lag phase was very short (∼2 h), followed by a rapid elongation phase lasting for ∼10 h before 

reaching the saturation phase. 
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Figure 4.4. Panels A and B show ThT-monitored 24 h aggregation kinetics of Aβ1-42 (5 μM) in 

the presence of 1, 5 and 25 μM of 4-ethynyl-1,1’-biphenyl derivatives 5a and MB, at pH 7.4, 37 

°C in phosphate buffer. 

Upon initial observation, all tested compounds exhibited greater inhibition toward Aβ1-42 

over Aβ1-40 inhibition. In the presence of 25 µM of 4-ethynyl-1,1’-biphenyl derivatives (5a-j), there 
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was a decline in ThT fluorescence intensity, with a range of 56–86% inhibition in Aβ1-42 

fibrillogenesis at the 24 h time point; in comparison to an Aβ1-40 inhibition range of ~26–79% 

inhibition. Aggregation kinetics data for the unsubstituted 4-ethynyl-1,1’-biphenyl derivative (5a) 

shows that it exhibited a concentration dependent decline in ThT fluorescence and was able to 

prevent Aβ1-42 fibrillogenesis (~71–83% inhibition, Panel A, Figure 4.4). In this case, derivative 

5a was observed to be a stronger inhibitor of Aβ1-42, in comparison to Aβ1-40 (62% inhibition at 25 

µM, Table 4.1). 

Consistent with the results observed with Aβ1-40, 5i (4-(4-ethynylphenyl)pyridine) was also 

observed to be a better inhibitor of Aβ1-42 aggregation, with 85% inhibition observed at 25 µM. 

However, it was not as effective as MB (∼98% inhibition at 25 μM, Table 4.2). Other pyridine 

containing derivatives 5j and 14 exhibited excellent inhibition of Aβ1-42 aggregation (79% and 61% 

inhibition at 25 µM respectively, Table 4.2) although were less effective as compared to 5a (83% 

inhibition at 25 µM).   

While 2-methoxy, 4-methoxy and 3,4-dimethoxy containing derivatives (5b, 5c, and 5d) 

were observed to exhibit weaker Aβ1-40 inhibition profile at 25 µM (~38–45% inhibition, Table 

4.1), these derivatives exhibited  excellent Aβ1-42 inhibition profile at 25 µM (~56–86% inhibition, 

Table 4.2). In this case, however, the para-substituted methoxy derivative (5b) exhibited the 

highest activity toward Aβ1-42 fibrillogenesis with a maximum inhibition of 86% at 25 µM, 

followed by the ortho-substituted methoxy derivative (5c, 84% inhibition, Table 4.2). In contrast,  

the 3,4-dimethoxy derivative (5d) was observed to exhibit the lower inhibitory activity toward 

Aβ1-42 fibrillogenesis at 25 µM (56% inhibition). Similarly, compound 5e with an EDG, containing 

a para-substituted hydroxy, derivative exhibited excellent inhibition (~54–79% inhibition at 25 

µM) and was a slightly weaker inhibitor in comparison to unsubstituted 4-ethynyl-1,1’-biphenyl 
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derivative 5a (83% inhibition at 25 µM, Table 4.2). Comparable results were observed for EWG-

based derivative 5f, containing a para-substituted fluoro moiety, with a maximum inhibition of 

79% at 25 µM. Compound 5g, containing a para-substituted thiomethyl group which showed 

weaker inhibition of  Aβ1-40 fibrillogenesis (26% at 25 µM) exhibited superior inhibition of Aβ1-42 

fibrillogenesis, with a maximum inhibition of 78% observed at 25 µM (Table 4.2). Similar to 

results observed for Aβ1-40 inhibition rates, the oxidation of the sulfur atom enhanced the Aβ1-42 

inhibition activity as seen with compound 5h (80% inhibition at 25 µM).  

The 3-ethynyl-1,1’-biphenyl derivatives (9a-g) exhibited excellent inhibition of Aβ1-42 with 

a range of 77 – 86% inhibition at the 24 h time point. Similar to the results observed for aggregation 

kinetics data of Aβ1-40, unsubstituted 3-ethynyl-1,1’-biphenyl derivative (9a) was observed to be 

one of the most potent of the 3-ethynyl-1,1’-biphenyl derivatives, with a maximum inhibition of 

86% at 25 µM. Derivative 9g, containing a para-substituted thiomethy group, was also exhibited 

similar activity with 47-86% inhibition range (Table 4.2).  The 3-ethynylbiphenyl derivatives with 

EDGs 9b, 9c, and 9d; containing 2-methoxy, 4-methoxy and 3,4-dimethoxy substituents, were 

observed to exhibit an Aβ1-42 inhibition profile similar to the methoxy substituted 4-ethynyl-1,1’-

biphenyl derivatives (5b, 5c and 5d) at 25 µM (~77–84% inhibition). Presence of an EWG in 

compound 9f (3-ethynyl-4'-fluoro-1,1'-biphenyl) exhibited excellent inhibition of Aβ1-42 at 25 µM 

(85% inhibition, Table 4.2). 

Even the biphenyl compound exhibited inherent inhibition of Aβ1-42 fibrillogenesis (36 - 

61% inhibition, Table 4.2). However, it was much weaker compared to ethynylbiphenyl 

derivatives. This also confirms that the addition of ethynyl moiety appears to increase both anti-

Aβ1-40 and Aβ1-40 fibrillogenesis activity.  
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 The natural biphenyl derivatives honokiol and magnolol were observed to be excellent 

inhibitors of Aβ1-42 fibrillogenesis at 25 µM (89% inhibition and 85% inhibition, respectively, 

Table 4.2) with slightly better inhibition compared to 5a at  25 µM.  

Halogenated biphenyl compounds (4-bromobiphenyl, 4-bromo-4’-methoxybiphenyl, 4-

chlorobiphenyl, 4-iodobiphenyl, and 4-fluorobiphenyl) were also tested against Aβ1-42  at the same 

concentration range (1–25 µM), and all compounds exhibited inhibition toward Aβ1-42  

fibrillogenesis, with a range of 59–88% inhibition at 25 µM, which was very similar to the 

unsubstituted derivatives 5a and 9a (83% and 86% inhibition). Again, it was observed that the 

most potent inhibitor among these compounds was the 4-bromobiphenyl which exhibited 88% 

inhibition at 25 µM (Table 4.2).The addition of a bromine-substituent at 4-position led to a 

decrease in the inhibition activity (59% inhibition at 25 µM, Table 4.2) in the 4-bromo-4’-

methoxybiphenyl compound.. The presence of a 4-cyano-group in the 4-cyanobiphenyl compound 

exhibited excellent inhibition range as well (82 – 85% inhibition, Table 4.2).  

Generally, it is apparent that the synthesized ethynyl-1,1’-biphenyl derivative library, as 

well as the various biphenyl compounds exhibit a higher selectivity toward Aβ1-42 inhibition over 

Aβ1-40 inhibition. The 4-ethynylbiphenyl derivatives 5b, 5i, and 3-ethynylbiphenyl derivatives 9a 

and 9g were identified as compounds with excellent inhibition of  Aβ1-42 aggregation (∼86 % 

inhibition at 25 µM). The results also show that halogenated biphenyls and the natural biphenyl 

(honokiol and magnolol) exhibited excellent inhibition properties (84 – 88 % inhibition at 25 µM) 

whereas the ethynylbiphenyl derivatives 5a-j, 9a-g and 14 exhibited 56 - 87% inhibition at 25 µM 

demonstrating the utility of biphenyl rings and the ethynyl-substituent in the design and 

development of novel Aβ aggregation inhibitors. This study also highlights the suitability of 
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ethynyl-substituent as a bioisostere for halogens and cyano-substituent in designing biphenyl-

based Aβ aggregation inhibitors.   

4.1.3. Transmission electron microscopy (TEM) studies  

 TEM studies were used to investigate and assess the morphology of Aβ1-40 and Aβ1-42 

aggregates after incubating them with ethynyl-1,1’-biphenyl derivatives to study their effect on 

Aβ. Images obtained from this  qualitative technique is used to validate and confirm the results 

observed in the ThT-based fluorescence assay. The ethynylbiphenyl derivatives 5a-c, 5e, 5i, 5j, 

9a, 9f, 9g and honokiol were used as representative examples. After 24 h incubation, Aβ1-40 control 

(5 µM) formed distinct fibrils in the absence of any test compounds (Figure 4.5A). Co-incubation 

of Aβ1-40 with 5a (25 µM) led to a reduction in Aβ1-40 fibril load, which further confirms its  anti-

Aβ1-40 aggregation property (Figure 4.5C). The pyridine containing compounds (5i and 5j), the  

phenolic derivative 5i and the 3-ethynyl derivative 9a also were able to reduce Aβ1-40 load at 25 

μM (Figure 4.5B, 4.5F, 4.5E and 4.5D, respectively). The reference compound honokiol exhibited 

significant inhibition of Aβ1-40 fibrillogenesis at 25 µM (Figure 4.5G), leading to a reduction in 

Aβ1-40 fibril formation, providing further evidence on the anti-aggregation properties of these 

ethynylbiphenyl derivatives.  
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Figure 4.5. TEM images of Aβ1-40 alone (5 μM) after 24 h incubation at 37 °C (Panel A), Aβ1-40 

+ 5i (25 μΜ, Panel B), Aβ1-40 + 5a (25 μΜ, Panel C), Aβ1-40 +  9a (25 μΜ, Panel D), Aβ1-40 + 5e 

(25 μΜ, Panel E), Aβ1-40 + 5j (25 μΜ, Panel F), and Aβ1-40 + honokiol (25 μΜ, Panel G). Scale - 

100 nm. 
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TEM studies of Aβ1-42 alone (5 μM) showed the formation of fibrils after 24 h incubation 

at 37 °C (Figure 4.6A). Co-incubation with 5b (25 μM) for 24 h, led to a drastic reduction in Aβ1-

42 fibril formation (Figure 4.6C). Similarly, co-incubation with 5i (25 μM, Panel B), 5c (25 μM, 

Panel D), 9a (25 μM, Panel E), 9f (25 μM, Panel F) and 9g (25 μM, Panel G) for 24 h, led to a 

noticeable reduction in Aβ1-42 fibril formation, thus confirming the anti-Aβ1-42 aggregation 

properties of ethynylbiphenyl derivatives. 
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Figure 4.6. TEM images of Aβ1-42 alone (5 μM) after 24 h incubation at 37 °C (Panel A), Aβ1-42 

+ 5i (25 μΜ, Panel B), Aβ1-42 + 5b (25 μΜ, Panel C), Aβ1-42 + 5c (25 μΜ, Panel D), Aβ1-42 + 9a 

(25 μΜ, Panel E), Aβ1-42 + 9f (25 μΜ, Panel F), and Aβ1-42 + 9g (25 μΜ, Panel G). Scale - 100 

nm. 

4.2. Molecular modeling studies  

Molecular modeling, or docking, studies using computational software is often utilized to 

design novel molecules and to understand the interactions of test compounds with their molecular 

target to correlate their chemical structures with the observed biological activity and for further 

SAR optimization and validation. In this regard, the molecular docking studies of ethynylbiphenyl 

derivatives with superior inhibition profiles of Aβ1-40 and Aβ1-42 was investigated using the NMR 

structures of  dimer and oligomer models of Aβ1-40 and Aβ1-42 respectively to gain insight into their 

ability to prevent or reduced Aβ aggregation.  
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4.2.1. Molecular docking of ethynylbiphenyl derivatives with Aβ1-40   

 Molecular docking studies of lead derivatives 5e (4'-ethynyl-4-biphenyl-4-ol) and 5i (4-(4-

ethynylphenyl)pyridine), which exhibited excellent inhibition of Aβ1-40 aggregation (66 and 79% 

inhibition at 25 µM, respectively), was investigated by building dimer and oligomer models of 

Aβ1-40. The docking algorithm CDOCKER in the software program Discovery Studio Structure-

Based-Design (BIOVIA, Inc) was used. As mentioned in previous sections, Aβ1-40 exists as 

different species, including the monomeric, dimeric, trimeric, tetrameric, oligomeric and fibril 

forms. In solution, the Aβ1-40 protein exists in equilibrium with these species and, as such, 

molecular docking studies were conducted with these lead derivatives (5e, 5i) using dimer and 

tetramer models of Aβ1-40. The solid-state NMR structure of Aβ1-40 was used to model the dimer 

and tetramer-β-sheet assembly, and both these models adopt a U-shaped conformation.179 

The molecular docking of derivative 5e, which was observed to be an excellent inhibitor 

of  Aβ1-40 fibrillogenesis (66% inhibition at 25 μM), within the Aβ1-40 dimer model shows that it 

was oriented in a perpendicular fashion to the Aβ1-40 dimer axis and underwent H-bonding and 

hydrophobic interactions with amino acids in the  N- and C-terminal region (Figure 4.7A). Most 

notably, the 4-hydroxy substituent of 5e acts as a hydrogen donor and was contact with the 

backbone C=O of Lys16, (distance = 5.32 Å). This Lys16 is near the N-terminus, within the site 

of aggregation, or the KLVFFA region which is known to be the seeding point for Aβ aggregation. 

Effective binding within this region stabilizes the dimer assembly, thus preventing further 

aggregation. In addition, the ethynyl moiety was in contact with the C=O of Leu34 near the C-

terminal region via H-bonding interaction (distance = 2.37 Å). In addition, 5e underwent a number 

of nonpolar contacts with amino acids near the C-terminal and N-terminal regions. Prominent 

interactions include alkyl interactions with alkyl chain of Val36 (distance < 5 Å) and alkyl-π 
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interactions with aromatic ring of derivative 5e and alkyl chain of Leu17 (distance = 5.0 Å). This 

analysis suggests that a combination of H-bonding and hydrophobic interactions stabilize the 

dimer structure and contribute to its superior anti-aggregation activity.  

Figure 4.7. The binding mode of derivative 5e (stick cartoon, Panel A and C) in the dimer and 

oligomer models of Aβ1-40 (PDB id: 2LMN). Hydrogen atoms in the Aβ1-40 model are removed 

for clarity. Panel B and D show the 2D interaction map of derivative 5e, with key amino acids in 

the Aβ1-40 dimer and oligomer models. 

The molecular docking of 5e with the Aβ1-40 tetramer assembly show that it was oriented 

in a region consisting of amino acids His14, Gln15 andLys16 (Figure 4.7C). The aromatic rings 

of 5e were in contact with side chains of Lys16, undergoing H-bonding, mostly due to electrostatic 

interactions (distance = 2.49 Å and 2.67 Å), whereas the 4-hydroxy substituent was in contact with 
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another Lys16, via conventional H-bonding (distance = 1.84 Å). The aromatic rings of 5e were 

also in contact with side chains of Lys16, via alkyl-π interactions (distance < 5 Å). These 

investigations suggest that derivative 5e can stabilize the oligomer assembly and prevent further 

aggregation into higher order structures. 

 The derivative 5i was observed to be the best inhibitor of Aβ1-40 fibrillogenesis (79% 

inhibition at 25 μM). Similar to derivative 5e, the molecular docking of derivative 5i within the 

Aβ1-40 dimer model shows that it was oriented closer to the  N- and near the C-terminal region 

(Figure 4.8A). In contrast to the binding interactions observed for compound 5e, compound 5i was 

observed to undergo a greater number of H-bonding and hydrophobic interactions with the Aβ1-40 

dimer. The 4-ethynyl substituent underwent nonpolar contacts with side chains of Leu34, Val36, 

(distance < 5 Å), located near the C-terminal region; as well as hydrophobic interactions with the 

pyridine ring and the side chains of Leu17 and Val18 within the KLVFFA region (distance = 5 Å). 

In addition to these nonpolar interactions, conventional H-bonding interactions was observed 

between the pyridine nitrogen atom and the side chain of Val18, within the KLVFFA region 

(distance = 2.50 Å). The 4-ethynyl substituent was also observed to interact with the backbone 

C=O of Leu34, Lys16 and Val18; via H-bonding interactions (distance = 2.44 Å, 2.65 Å, and 2.46 

Å, respectively).  

In the Aβ1-40 tetramer assembly, the best binding mode of derivative 5i, was comparable to 

the orientation of 5e and was positioned in a region consisting of amino acids His14, Gln15 and 

Lys16 (Figure 4.8C). Similar to the binding interactions observed for derivative 5e, the phenyl and 

pyridine rings of 5i were in contact with side chains of Lys16, undergoing π-donor H-bonding 

interactions (distance = 2.77 Å and 2.14 Å), whereas the nitrogen atom of the pyridine ring was in 

contact with another Lys16, via conventional H-bonding (distance = 1.99 Å). In addition, the 
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aromatic rings of 5i were also in contact with side chains of Lys16, via alkyl-π interactions 

(distance < 5 Å). The number of H-bonding and hydrophobic interactions of 5i, within both dimer 

and oligomer Aβ1-40 assemblies, stabilize the Aβ1-40 structure and contribute to its superior anti-

aggregation activity, compared to 5e. These investigations suggest that derivative 5i can stabilize 

the Aβ1-40 dimer and oligomer assemblies and prevent their further aggregation into higher order 

structures. 

Figure 4.8. The binding mode of derivative 5i (stick cartoon, Panel A and C) in the dimer and 

oligomer models of Aβ1-40 (PDB id: 2LMN). Hydrogen atoms in the Aβ1-40 model are removed for 

clarity. Panel B and D show the 2D interaction map of derivative 5i, with key amino acids in the 

Aβ1-40 dimer and oligomer models. 
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4.2.2. Comparison of molecular docking studies of ethynylbiphenyls with corresponding 

halogen and cyano bioisosteres in Aβ1-40 models 

The binding mode of Aβ1-40 aggregation inhibitors 5a, 4-bromobiphenyl and 4-

cyanobiphenyl was also investigated in the Aβ1-40 dimer model, in order to investigate the different 

binding interactions exhibited by these compounds with varying bioisosteric features (Figure 4.9). 

As mentioned in previous sections, the incorporation of a terminal unsubstituted ethynyl group on 

aromatic carbons acts as an electrophilic surrogate for halomethyls.159 In addition, the comparison 

of the nitrile group, which has similar polarity properties to the halogen and ethynyl moiety, but 

differs in the presence of an electronegative nitrogen results in an increase in the polarity of the 

nitrile containing compound, with a decreased cLogP value, as displayed in Figure 4.9. In this 

case, the use of an ethynyl moiety as a halogen bioisostere exhibited similar anti-Aβ1-40 aggregation 

activity; wherein compound 5a, 4-ethynyl-1,1’-biphenyl, was observed to have a maximum 

inhibition of 62% inhibition at 25 μM; and 4-bromobiphenyl was observed to have a comparable 

a maximum inhibition of 64% inhibition at 25 μM. The 4-cyanobiphenyl compound, however, was 

observed to be less potent toward Aβ1-40 fibrillogenesis, with a maximum inhibition of 51% at 25 

μM.  

 

Figure 4.9. Chemical structures and cLogP values for compound 5a, 4-bromobiphenyl and 4-

cyanobiphenyl compounds.  

Br

4-Bromobiphenyl

N

4-Cyanobiphenyl5a

cLogP = 3.87 cLogP = 4.54 cLogP = 3.74
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The molecular docking of derivative 5a within the Aβ1-40 dimer model shows that it was 

interacting with the N-terminal region of the Aβ1-40 dimer assembly; with H-bonding and 

hydrophobic interactions occurring within the KLVFFA region (Figure 4.10A). Interestingly, the 

aromatic ring of 5a underwent hydrophobic interactions with the aromatic side chains of Phe19 

(distance = 4.20 Å) and the alkyl side chain of Val18 (distance = 5.13 Å). 

Figure 4.10. The binding mode of derivative 5a (stick cartoon, Panel A) in the dimer model of 

Aβ1-40 (PDB id: 2LMN). Hydrogen atoms in the Aβ1-40 model are removed for clarity. Panel B 

shows the 2D interaction map of derivative 5a, with key amino acids in the Aβ1-40 dimer model. 

Similar to derivative 5a, the molecular docking of 4-cyanobiphenyl within the Aβ1-40 dimer 

model shows that it was oriented near the KLVFFA region (Figure 4.11A). In contrast to the 

binding interactions observed for derivative 5a, 4-cyanobiphenyl was not observed to undergo any 

H-bonding interactions with the Aβ1-40 dimer. Instead, the aromatic rings were observed to interact 

with the aromatic side chains of Phe19 (distance = 4.28 Å and 5.53 Å) and the alkyl side chain of 

Val18 (distance = 5.07 Å) via hydrophobic π-	π	and π-alkyl interactions. The lack of H-bonding 

interactions seen with the  4-cyanobiphenyl and the Aβ1-40 dimer model may not be adequate to 

stabilize the dimer as effectively as derivative 5a, thus reflecting its weaker Aβ1-40 inhibitory 

activity. In a similar fashion, 4-bromobiphenyl was also positioned near the KLVFFA region of 
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the Aβ1-40 dimer model (Figure 4.11C). Analogous to the binding mode of 4-cyanobiphenyl, 4-

bromobiphenyl did not undergo H-bonding interactions and the aromatic rings on the compound 

were observed to interact with the aromatic side chains of Phe19 and Phe20 (distance = 4.44 Å 

and 5.33 Å) via hydrophobic π-π	 interactions. The hydrophobic π-π	 interactions between one 

aromatic ring within 4-bromobiphenyl and two different aromatic sidechains (Phe19 and Phe20) 

may create a more stable complex between the compound and the Aβ1-40 dimer model, in 

comparison to 4-cyanobiphenyl. This stabilizing of the Aβ1-40 dimer model is reflected in the 

increased anti-Aβ1-40 aggregation activity of 4-bromobiphenyl.  

 

Figure 4.11. The binding mode of 4-cyanobiphenyl (stick cartoon, Panel A) and 4-bromobiphenyl 

(stick cartoon, Panel C) in the dimer model of Aβ1-40 (PDB id: 2LMNs). Hydrogen atoms in the 
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Aβ1-40 model are removed for clarity. Panel B and D show the 2D interaction map of 4-

cyanobiphenyl and 4-bromobiphenyl compounds with key amino acids in the Aβ1-40 dimer model. 

 The CDOCKER algorithm used produces the top binding modes of these compounds 

bound using CHARMm force field. These binding modes were ranked based on the CDOCKER 

energies and CDOCKER interaction energies in kcal/mol, indicating the relative stability of these 

binding modes.181,183 In this case, the CDOCKER energies for the ethynylbiphenyls with 

corresponding halogen and cyano bioisosteres in Aβ1-40 models are given below: 

 CDOCKER Energy (kcal/mol)   

4-Ethynyl-1,1’-biphenyl (5a) –2.08  

4-Cyanobiphenyl –1.05  

4-Bromobiphenyl –3.01  

In this case, 4-bromobiphenyl was observed to have the highest negative CDOCKER energy (–

3.01 kcal/mol), in comparison to the cyano and ethynyl substituted derivatives, indicating a more 

stable complex. This high negative CDOCKER energy further validates the stabile binding mode 

of 4-bromobiphenyl within the Aβ1-40 dimer model, which is also reflected in the increased anti-

Aβ1-40 aggregation activity of 4-bromobiphenyl. This is followed by derivative 5a (–2.08 

kcal/mol), and 4-cyanobiphenyl (–1.05 kcal/mol), which was observed to form the least stable 

binding mode, thus, reflecting its weaker Aβ1-40 inhibitory activity.  

4.2.3. Molecular docking of ethynylbiphenyl derivatives with  Aβ1-42  

Molecular docking studies of lead derivatives 9g (3'-ethynylbiphenyl-4-

yl)(methyl)sulfane) and 5i (4-(4-ethynylphenyl)pyridine), which exhibited excellent inhibition of 

Aβ1-42 aggregation (86% inhibition at 25 µM), was investigated by building dimer and oligomer 

models of Aβ1-42. The docking algorithm CDOCKER in the software program Discovery Studio 
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Structure-Based Design (BIOVIA, Inc) was used. Molecular docking studies were conducted with 

these lead derivatives (9g, 5i) using dimer and tetramer models of Aβ1-42. The NMR structure of 

Aβ1-42 was used to model the dimer and tetramer-β-sheet assembly, and both these models adopt 

an S-shaped conformation, unlike the U-shape observed for Aβ1-40 models.180,181  

The molecular docking of derivative 9g, which was observed to be an excellent inhibitor 

of  Aβ1-42 fibrillogenesis (86% inhibition at 25 μM), within the Aβ1-42 dimer model shows that it 

was interacting with N-terminal amino acids Val12, Val18, Ala21, Gln15 and Lys16 (distance < 

5.0 Å) as shown in Figure 4.12A, via hydrophobic interactions. Interestingly, the 3-

ethynylsubstituent underwent H-bonding interactions with the C=O backbone of Glu11 (distance 

= 3.0 Å), while the aromatic ring underwent hydrophobic interactions with Ala21 whereas the 4-

thiomethyl-benzene ring was in contact with Lys16 via cation-π interactions, wherein Lys16 acts 

as the cation (distance < 5.0 Å).These interactions show that 9g is able to effectively stabilize Aβ1-

42 dimer model, and as a resulting in excellent Aβ1-42 inhibitory activity.  

The molecular docking of 9g with the Aβ1-42 tetramer assembly shows that it was oriented 

within the N-terminal region of the assembly (Figure 4.12C). Similar to the binding interactions 

observed in the Aβ1-42 dimer assembly, the binding mode, of 9g  was interacting with the side 

chains of Val18 and Ala21 via various hydrophobic π-alkyl and alkyl interactions (distance < 5.0 

Å). In the Aβ1-42 tetramer model, however, the 3-ethynyl hydrogen interacts with C=O backbone 

of Glu22 via H-bonding interaction (distance = 2.94 Å). These studies suggest the ability of 

derivative 9g to bind to the Aβ1-42 oligomer assemblies and prevent their further aggregation. 
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Figure 4.12. The binding mode of derivative 9g (stick cartoon, Panel A and C) in the dimer and 

oligomer models of Aβ1-42 (PDB id: 5KK3). Hydrogen atoms in the Aβ1-42 model are removed for 

clarity. Panel B and D show the 2D interaction map of derivative 9g, with key amino acids in the 

Aβ1-42 dimer and oligomer models. 
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In comparison, the molecular docking of derivative 5i, within the Aβ1-42 dimer model 

shows that it was also interacting with N-terminal amino acids Val18 and Ala21, via hydrophobic	

π-alkyl interactions (distance < 5.0 Å) as shown in Figure 4.13A which was similar to the 

interactions observed for 9g in the Aβ1-42 dimer model. In contrast to the binding mode of 

derivative 9g, the 4-ethynyl substituent of 5i did not participate in any interactions. Instead, the 

pyridine nitrogen atom underwent H-bonding interactions with the side chain of Lys16 (distance 

= 2.0 Å). This H-bonding interaction between nitrogen atom and amino acid Lys16, located within 

the KLVFFA region, as well as the various hydrophobic interactions, suggest that derivative 5i 

effectively stabilizes the Aβ1-42 dimer model, thus contributing to its anti-Aβ1-42 fibrillogenesis 

activity.  

Figure 4.13. The binding mode of derivative 5i (stick cartoon, Panel A and C) in the dimer and 

oligomer models of Aβ1-42 (PDB id: 5KK3). Hydrogen atoms in the Aβ1-42 model are removed for 
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clarity. Panel B and D show the 2D interaction map of derivative 5i, with key amino acids in the 

Aβ1-42 dimer and oligomer models. 

In contrast, the molecular docking of 5i in the Aβ1-42 tetramer assembly shows that it 

undergoes hydrophobic interactions within the N-terminal region of the assembly (Figure 4.13C). 

Similar to the binding interactions observed in the Aβ1-42 dimer assembly, derivative 5i interacts 

with the side chains of Val18 and Ala21 via various hydrophobic π-alkyl and alkyl interactions 

(distance < 5.0 Å). These studies suggest the ability of 5i to interact with N-terminal region and 

prevent Aβ1-42 fibrillogenesis. 

4.2.4. Comparison of molecular docking studies of ethynylbiphenyls with corresponding 

halogen and cyano bioisosteres in Aβ1-42 models 

The binding modes of the 4-ethynylbiphenyl compound 5a was compared with 

corresponding 4-bromobiphenyl and 4-cyanobiphenyls that carry either bromo or cyano 

bioiososteres in the Aβ1-42 dimer model (Figure 4.9). ThT-based aggregation kinetic assays 

conducted with Aβ1-42 and these compounds exhibited anti-Aβ1-42 aggregation activity; wherein 

compound 5a, 4-ethynyl-1,1’-biphenyl, was observed to have a maximum inhibition of 83% 

inhibition at 25 μM; and 4-bromobiphenyl was observed to be more potent toward Aβ1-42 with a 

maximum inhibition of 88% inhibition at 25 μM whereas the 4-cyanobiphenyl compound was 

observed to be have comparable potency towards Aβ1-42 fibrillogenesis, with a maximum 

inhibition of 85% at 25 μM.  

The molecular docking of derivative 5a within the Aβ1-42 dimer model shows that it was 

undergoing a number of interactions within with the N-terminal region of the Aβ1-42 dimer 

assembly with both H-bonding and hydrophobic interactions occurring within the N-terminus 

(Figure 4.14A). Similar to the binding mode observed in Aβ1-40 dimer model, the aromatic ring of 
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5a undergoes a cation-π interaction with the Lys16 side chain (distance = 2.87 Å), while also 

undergoing hydrophobic interactions with the alkyl side chains of Val18 and Ala21 (distance = 

4.66 – 5.13 Å). 

Figure 4.14. The binding mode of derivative 5a (stick cartoon, Panel A) in the dimer model of 

Aβ1-42 (PDB id: 5KK3). Hydrogen atoms in the Aβ1-42 model are removed for clarity. Panel B 

shows the 2D interaction map of derivative 5a, with key amino acids in the Aβ1-42 dimer model. 

In comparison, the molecular docking of derivative 4-cyanobiphenyl within the Aβ1-42 

dimer model shows that it was positioned similarly, within the N-terminus (Figure 4.14A). 

However, in contrast to the observed binding mode of derivative 5a, 4-cyanobiphenyl exhibited 

H-bonding, as well as electrostatic interactions within the KLVFFA region of the Aβ1-42 dimer. 

Similar to the binding mode of 5a observed in Aβ1-42 dimer model, the unsubstituted aromatic ring 

of 4-cyanobiphenyl undergoes a cation-π interaction with the Lys16 side chain (distance = 2.23 

Å) and interestingly even the 4-cyano-substituted aromatic ring underwent similar cation-π 

interactions with another Lys16 side chain (distance = 4.39 Å). In addition, the aromatic ring of 4-

cyanobiphenyl was observed to interact with the alkyl side chain of Val18, via hydrophobic 
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interactions (distance = 4.93 Å). This suggests that the increased inhibition of Aβ1-42 aggregation 

demonstrated by the 4-cyanobiphenyl compound could be due to the presence of an additional 

cation-π interaction compared to 5a which can provide additional stabilization of the dimer 

assembly. 

Comparably, 4-bromobiphenyl was also positioned near the KLVFFA region of the Aβ1-42 

dimer model (Figure 4.14C). Analogous to the binding mode of 4-cyanobiphenyl, both the 

aromatic rings of 4-bromobiphenyl compound were also observed to undergo couple of cation-π- 

interactions with Lys16 side chains (distance = 2.19 – 4.30 Å, Figure 4.14C), In contrast to 4-

cyanobiphenyl, 4-bromobiphenyl was observed to undergo additional hydrophobic interactions 

with the side chains of Val12, Lys 16 and Val18 (distance = 5.03 - 5.49 Å), and the 4-bromo-

substituent was exhibited hydrophobic alkyl interactions with the side chains of Ala21(distance = 

4.06 Å). These additional interactions help to further stabilize the Aβ1-42 dimer model, thus 

reflecting the increased anti-Aβ1-42 aggregation activity observed for 4-bromobiphenyl.  
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Figure 4.15. The binding mode of 4-cyanobiphenyl (stick cartoon, Panel A) and 4-bromobiphenyl 

(stick cartoon, Panel C) in the dimer model of Aβ1-42 (PDB id: 5KK3). Hydrogen atoms in the Aβ1-

42 model are removed for clarity. Panel B and D show the 2D interaction map of 4-cyanobiphenyl 

and 4-bromobiphenyl compounds with key amino acids in the Aβ1-42 dimer model. 
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Similar to the Aβ1-40 docking studies, the CDOCKER algorithm produced the top binding 

modes of these compounds and ranked them based on the CDOCKER energies in kcal/mol, 

indicating the relative stability of these binding modes.181,183 Here, the CDOCKER energies for the 

ethynylbiphenyls with corresponding halogen and cyano bioisosteres in Aβ1-42 models are given 

below: 

 CDOCKER Energy (kcal/mol) 

4-Ethynyl-1,1’-biphenyl (5a) –8.26 

4-Cyanobiphenyl –3.92 

4-Bromobiphenyl –6.44 

In contrast to what was observed when comparing negative CDOCKER energies for Aβ1-40 binding 

modes, the values observed with Aβ1-42 docking were much larger, further reflecting the increased 

anti-Aβ1-42 aggregation activity of these derivatives. In this case, however, derivative 5a (–8.26 

kcal/mol) was observed to have the highest negative CDOCKER energy, in comparison to the 

cyano and bromo substituted derivatives, indicating a more stable complex. This is followed by 4-

bromobiphenyl (–6.44 kcal/mol) and 4-cyanobiphenyl (–3.92 kcal/mol), which was observed to 

form the least stable binding mode. However, because all these compounds display a relatively 

high negative CDOCKER energy value, the result is the formation of a very stable binding mode, 

which validates the observed potent anti-Aβ1-42 aggregation activity of these derivatives.  

These molecular docking studies provide insight on the binding interactions of 

ethynylbiphenyl derivatives in the Aβ1-40 and  Aβ1-42  dimer and oligomer models. Furthermore, 

these studies also suggest that ethynyl-substituent can be considered as a bioisotere of either 

halogens or the cyano group in developing novel biphenyl derivatives that possess anti-Aβ 

aggregation properties.  
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Chapter 5: Conclusion and Future Outlook 

The goal of this research project was to design and evaluate a novel biphenyl ring template 

with an ethynyl-substituent capable of targeting the self-assembly of Aβ1-40/42 peptides. Through a 

combination of computational chemistry, compound library synthesis and biochemical studies, 

SAR data was acquired for a novel class of 17 ethynyl-1,1’-biphenyl derivatives 5a-j, 9a-g and 

14.  

The ethynylbiphenyl derivatives were designed and synthesized via palladium catalyzed 

C-C bond formation using Suzuki cross-coupling to obtain the biphenyl template and the 

incorporation of the ethynyl substituent via geminal dibromoalkene synthesis by bromination and 

their conversion to terminal acetylenes to afford ethynyl-1,1’-biphenyl derivatives.  The synthetic 

routes implemented were successful and provided final yields ranging from 28–95%. The chemical 

library of ethynyl-1,1’-biphenyl derivatives were screened biologically to determine their potential 

Aβ anti-aggregation activity and to obtain SAR data for this library. In order to determine the 

biological profile for these derivatives, ThT-based fluorescence aggregation kinetics assay was 

utilized to test derivatives with Aβ1-40 and Aβ1-42 peptides and the SAR data was obtained. TEM 

studies were carried out to determine the changes in Aβ  aggregation morphology in the presence 

of ethynylbiphenyl derivatives. Molecular docking studies were performed to investigate the 

interactions of  lead ethynylbiphenyl derivatives in the dimer and oligomer models of Aβ1-40 and 

Aβ1-42, in order to enhance our understanding on  binding mechanisms and to further validate the 

SAR data. 
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A collective summary of the various parameters for the ethynyl-1,1’-biphenyl library 5a-j, 9a-g 

and 14 is displayed below:  

Molecular Weights (MW): 178.23 – 256.32 g/mol 

Partition Coefficients (cLogP): 2.53 – 4.31 

Molecular Volume: 143.03 – 200.65 Å3 

Aβ1-40 Aggregation Inhibition: 26 – 79% 

Aβ1-42 Aggregation Inhibition: 56 – 86% 

Our results indicate that the  ethynyl-1,1’-biphenyl derivatives 5a-j, 9a-g and 14 exhibit 

anti-Aβ aggregation properties. Known Aβ inhibitors, honokiol and magnolol, as well as 

halogenated biphenyl compounds, 4-bromobiphenyl, 4-bromo-4’-methoxybiphenyl, 4-

chlorobiphenyl, 4-iodobiphenyl, and 4-fluorobiphenyl, were also evaluated to assess and compare 

their anti- Aβ activity with the synthesized ethynylbiphenyl derivatives. It was observed that the 

synthesized ethynyl-1,1’-biphenyl derivatives 5a-j, 9a-g and 14, as well as the various halogenated 

and cyano biphenyl compounds exhibit superior inhibition of  Aβ1-42 aggregation over Aβ1-40 

inhibition. These investigations clearly demonstrate the ability of the ethynyl-1,1’-biphenyl 

derivatives to prevent Aβ-fibrillogenesis by direct interactions (~26–86% inhibition).  

Among the derivatives tested, derivatives 5e (4'-ethynyl-4-biphenylol) and 5i (4-(4-

ethynylphenyl)pyridine), were identified as excellent inhibitors of Aβ1-40 aggregation (66 and 79% 

inhibition at 25 µM, respectively) whereas compound 9g (3'-ethynylbiphenyl-4-

yl)(methyl)sulfane) and 5i (4-(4-ethynylphenyl)pyridine) were identified as lead derivatives of 

Aβ1-42 aggregation, with  exhibited excellent inhibition  (~86% inhibition at 25 µM).  

Furthermore, in comparison to the unsubstituted 4-ethynyl-1,1’-biphenyl derivative (5a, 

62% inhibition of Aβ1-40, 83% inhibition of Aβ1-42) and the unsubstituted 3-ethynyl-1,1’-biphenyl 
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derivative (9a, 55% inhibition of Aβ1-40, 86% inhibition of Aβ1-42), the naturally occurring 

biphenyls; honokiol and magnolol were observed to be better inhibitors of Aβ1-40 and Aβ1-42 

fibrillogenesis at 25 µM (61 – 89% inhibition range).  

The halogenated biphenyl compounds exhibited inhibition comparable to derivatives 5a 

and 9a toward both Aβ1-40 and Aβ1-42 fibrillogenesis (52–64% inhibition of Aβ1-40, 55–89% 

inhibition of Aβ1-42). The addition of the ethynyl moiety either at 4- or 3-position, appears to 

increase the anti-Aβ fibrillogenesis activity when compared to inhibition rates observed by the 

unsubstituted biphenyl compound (53% inhibition of Aβ1-40, 61% inhibition of Aβ1-42). Similarly, 

the 4-cyanobiphenyl activity toward Aβ1-40  fibrillogenesis (51% inhibition of Aβ1-40) was observed 

to be less effective than derivatives 5a and 9a. However, the inhibition profile of 4-cyanobiphenyl 

toward Aβ1-42  fibrillogenesis was observed to be similar to derivatives 5a and 9a (85% inhibition 

of Aβ1-40).  

TEM studies were used to validate and confirm the results observed in the ThT-based 

fluorescence assay, as well as assess the morphology of Aβ1-40 and Aβ1-42 aggregates after 

incubating the target ethynyl-1,1’-biphenyl derivatives. There was significant reduction in the 

formation of Aβ aggregates and Aβ load observed upon co-incubation with the derivatives, 

providing further evidence on the anti-aggregation properties of these compounds.  

Molecular docking studies of lead derivatives 5e (4'-ethynyl-4-biphenyl-4-ol) and 5i (4-(4-

ethynylphenyl)pyridine), which exhibited excellent inhibition of Aβ1-40 aggregation was 

investigated in the dimer and oligomer models of Aβ1-40. This analysis suggests that both 5e and 

5i were able to interact with both the N- and C-terminal amino acids by orienting in a perpendicular 

fashion along the dimer axis and underwent H-bonding and hydrophobic interactions to stabilize 

the dimer structure which contributed to anti-aggregation activity. In contrast, the  binding modes 
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of 5a and bioisosteric compounds  4-bromobiphenyl and 4-cyanobiphenyl in the Aβ1-40 dimer 

model shows that they were oriented closer to the N-terminal in parallel to the dimer axis with 

compound 5a undergoing better interactions compared to 4-cyanobiphenyl compound whereas the  

4-bromobiphenyl, was observed to undergo greater interactions in the KLVFFA region, reflecting 

its  increased anti-Aβ1-40 aggregation activity.  

The molecular docking studies of lead derivatives 9g (3'-ethynylbiphenyl-4-

yl)(methyl)sulfane) and 5i (4-(4-ethynylphenyl)pyridine) in the Aβ1-42 dimer and oligomer models 

show their ability to stabilize Aβ1-42 dimer and oligomer models by interacting in the KLVFFA 

region of the S-shaped conformation resulting in excellent Aβ1-42 inhibitory activity. The binding 

mode of Aβ1-42 aggregation inhibitors 5a and the corresponding compounds with bioisosteric 

replacement, namely compounds 4-bromobiphenyl and 4-cyanobiphenyl was also investigated in 

the Aβ1-42 dimer model. These compounds showed the importance of cation-π interactions in 

stabilizing the conformations and their ability to prevent Aβ1-42 aggregation. These studies also 

show the suitability of ethynyl-substituent as a bioisostere for either halogen or cyano-substituted 

biphenyls.  

Interestingly, when comparing the molecular volume occupied by each of these bioisosteric 

replacements, both the ethynyl and cyano substituents are observed to have similar values, whereas 

the bromo substituent has a much larger molecular volume value, as displayed below: 

 Biphenyl Ethynyl Substituent  Cyano Substituent Bromo Substituent 

Molecular 

Volume (Å3) 

129.65 14.75 14.06 37.39 
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The larger molecular volume observed for the bromo substituent may account for the potent Aβ1-

40 inhibitory activity, wherein a stabilization of the complex is likely due to this larger molecular 

volume. In contrast, the smaller molecular volumes observed for the ethynyl and cyano 

substituents might result in less effective Aβ1-40 inhibitory activity. Similarly, an opposite trend 

was observed for the ethynyl and cyano substituents, with respect to Aβ1-42 inhibitory activity, 

where their smaller molecular volumes seems to enhance their binding in the KLVFFA groove 

and the larger bromo substituted biphenyl derivative was less effective in preventing Aβ1-42  

aggregation, suggesting the difference in the binding regions of Aβ1-40 and Aβ1-42 dimer models.  

The acquired SAR data supports the hypothesis that the ethynyl-1,1’-biphenyl ring 

template can be used as a suitable template to develop novel agents that can prevent Aβ aggregation 

and to design novel anti-AD agents. Moreover, these results confirm the use of an ethynyl moiety 

as a viable halogen bioisostere and a better alternative to the design of novel molecules since there 

are reports of toxicity associated with halogenated biphenyls which is a drawback in using halogen 

containing biphenyl rings in drug design.182  

Future studies based on the findings of this work involves expanding the ethynyl-1,1’-

biphenyl library through structure modifications of lead derivatives in order to improve their 

biological profile as Aβ inhibitors, as well as examining their toxicity profile and ability to reduce 

Aβ-mediated cell death in hippocampal HT22 cells. It is anticipated that the results obtained from 

these experiments will be able to identify lead compounds for evaluation in animal models of AD 

as well as further SAR optimization. 

In summary, this investigation provides valuable first evidence on the development of 

ethynyl-1,1’-biphenyl derivatives as novel chemical tools to study Ab aggregation and design 

agents to treat AD. 
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Chapter 6: Experimental 

6.1. Chemistry  

All reagents and chemicals used in the synthesis were purchased from either Sigma-Aldrich 

(St. Louis, MO, USA), TCI Chemicals (Portland, OR, USA), or Matrix Scientific (Columbia, SC, 

USA) and was used without further purification. Melting points were determined on a Fisher-Johns 

apparatus and are uncorrected. 1H NMR spectra were recorded on a Bruker ® Avance 300 MHz 

series spectrometer using CDCl3 as the solvent. Coupling constants (J values) were recorded in 

hertz (Hz) and the following abbreviations were used for multiplicity of NMR signals: s = singlet, 

d = doublet, t = triplet, m = multiplet, br = broad. Compound purification was accomplished using 

Merck 230-400 mesh silica gel 60. All derivatives showed single spot on thin-layer 

chromatography (TLC) performed on Merck 60 F254 silica gel plates (0.2 mm) using three different 

solvent systems (n-hexane/EtOAc, 1:1, n-hexane/EtOAc, 7:1, n-hexane/EtOAc, 5:1, n-

hexane/EtOAc, 5:2, n-hexane/EtOAc, 6:1, n-hexane/EtOAc, 20:1) and spots were visualized with 

UV 254 nm. Compound purity (> 95%) was measured using an Agilent 6100 series single quad 

LCMS equipped with an Agilent 1.8 μm Zorbax Eclipse Plus C18 (2.1 x 50 mm) running 90:10 

MeOH/IPA at a flow rate of 0.4 mL/min with detection at 254 nm by UV. The biphenyl, 4-chloro, 

bromo, fluoro, iodo and cyanobipheyl compounds were obtained from Sigma-Aldrich and TCI 

America and were > 95% pure. High resolution mass spectra (HRMS) were recorded on a Thermo 

Scientific Q ExactiveTM mass spectrometer with an ESI source, Department of Chemistry, 

University of Waterloo. 

6.1.1. General method to prepare intermediates 3a-h, 7a-g168 

Under argon atmosphere, Pd(OAc)2 (0.023 g, 0.10 mmol) was combined with Xantphos 

(0.069 g, 0.10 mmol) in degassed THF (7.5 mL). After stirring for 5 min, this resulting solution 
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was added into a separate round-bottom-flask (RBF) containing bromobenzene (2a-h, Scheme 3.1) 

(1.0 g, 4.12 mmol), phenylboronic acid (1 or 6, Scheme 3.1 or 3.2) (0.54 g, 4.41 mmol), and K3PO4 

(2.62 g, 12.35 mmol). The reaction was then stirred with  heating at 60 °C for 18 h. The reaction 

mixture was extracted two times with DCM (100 mL), and distilled water (100 mL). The combined 

organic extracts were dried over MgSO4 and filtered. The solvent was evaporated under reduced 

pressure to afford the crude product, which was then purified by column chromatography (silica 

gel, n-hexane/EtOAc (5:1 or 7:1)) to give the desired product, 3a-h or 7a-h as white solids Yield: 

26 – 91 %.  

Physical and spectroscopy data for the synthesized compounds are provided below. 

(1,1'-Biphenyl)-4-carbaldehyde (3a): The product was obtained as a beige solid after coupling 

with 4-formylphenylboronic acid with bromobenzene (1.33 mL, 12.47 mmol). Yield: 55%; Mp: 

55 – 58 °C. 1H NMR (300 MHz, CDCl3): δ: 10.05 (1H, s, CHO), 7.24-8.02 (m, 9H) ppm. C13H10O.  

4'-Methoxy-(1,1'-biphenyl)-4-carbaldehyde (3b): The product was obtained as a white solid 

after coupling 4-formylphenylboronic acid with 4-bromoanisole (1.56 mL, 12.47 mmol) and was 

purified using n-hexane/EtOAc (7:1). Yield: 27 %; Mp: 86 – 98 °C. 1H NMR (300 MHz, CDCl3): 

δ 10.02 (s,1H), 7.85 – 7.52 (m, 6H), 7.24 – 6.92(m, 2H), 3.84 (s, 3H). C14H12O2.  

2'-Methoxy-(1,1'-biphenyl)-4-carbaldehyde (3c): The product was obtained as a yellow solid 

after coupling 4-formylphenylboronic acid with 2-bromoanisole (1.79 mL, 12.47 mmol). Yield: 

23 %; Mp: 48 – 51 °C. 1H NMR (300 MHz, CDCl3): δ 10.04 (s,1H), 7.99 – 7.74 (m, 4H), 7.27 – 

6.94 (m, 4H), 3.82 (s, 3H). C14H12O2.  

3',4'-Dimethoxy-(1,1'-biphenyl)-4-carbaldehyde (3d): The product was obtained as a white 

solid after coupling 4-formylphenylboronic acid with 4-bromoveratrole (1.56 mL, 12.47 mmol), 
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n-hexane/EtOAc (5:1). Yield: 38 %; Mp: 103.0 – 106.0 °C. 1H NMR (300 MHz, CDCl3): δ 10.02 

(s,1H), 7.99 – 7.61 (m, 4H), 7.26 – 6.88 (m, 3H), 3.82 (s, 3H), 3.81 (s, 3H). C15H14O3.  

4'-Hydroxy-(1,1'-biphenyl)-4-carbaldehyde (3e): The product was obtained as a white solid 

after coupling 4-formylphenylboronic acid with 4-bromophenol (2.16 g, 12.47 mmol) and was 

purified using n-hexane/EtOAc (7:1). Yield: 37 %; Mp: 171 – 177 °C. 1H NMR (300 MHz, 

CDCl3): δ 10.51 (s, 1H), δ 8.19 – 8.12 (m, 4H), 7.80 – 7.78 (m, 2H), 7.72 – 7.66 (m, 2H). C13H10O.  

4'-Fluoro-(1,1'-biphenyl)-4-carbaldehyde (3f): The product was obtained as a yellow solid after 

coupling 4-formylphenylboronic acid with 1-bromo-4-fluorobenzene (1.37 mL, 12.47 mmol) and 

was purified using , n-hexane/EtOAc (7:1). Yield: 36 %; Mp: 75 – 78 °C. 1H NMR (300 MHz, 

CDCl3): δ 10.05 (s,1H), 8.02 – 7.49 (m, 6H), 7.29 – 7.01 (m, 2H). C13H9FO.  

4'-(Methylthio)-(1,1'-biphenyl)-4-carbaldehyde (3g): The product was obtained as a white solid 

after coupling 4-formylphenylboronic acid with 4-bromothioanisole (4.51 g, 22.19 mmol) and was 

purified using , n-hexane/EtOAc (7:1). Yield: 46 %; Mp: 85 – 89 °C. 1H NMR (300 MHz, CDCl3): 

δ 10.03 (s, 1H), 7.94 – 7.70 (m, 4H), 7.57 – 7.31 (m, 4H), 2.51 (s, 3H). C14H12OS.  

4'-(Methylsulfonyl)-(1,1'-biphenyl)-4-carbaldehyde (3h): The product was obtained as a white 

solid after coupling 4-formylphenylboronic acid with 4-bromophenyl methyl sulfone (2.82 g, 

12.01 mmol) and was purified using n-hexane/EtOAc (1:1). Yield: 42 %; Mp: 182 – 185 °C. 1H 

NMR (300 MHz, CDCl3): δ 10.08 (s, 1H), 8.02 (dd, J = 10, 8.0 Hz, 4H), 7.78 (dd, J = 9.3, 8.0 Hz, 

4H), 3.10 (s, 3H). C14H12O3S.  

4-(Pyridin-4-yl)benzaldehyde (3i): The product was obtained as a white solid after coupling 4-

formylphenylboronic acid with 4-bromopyridine hydrochloride (2.42 g, 6.23 mmol) and was 

purified using n-hexane/EtOAc (5:1). Yield: 51 %; Mp: 79 – 83 °C. 1H NMR (300 MHz, CDCl3): 

δ 10.08 (s, 1H), 8.76 – 8.66 (m, 2H), 8.08 – 7.48 (m, 6H). C12H9NO.  
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4-(Pyridin-3-yl)benzaldehyde (3j): The product was obtained as a white solid after coupling 4-

formylphenylboronic acid with 3-bromopyridine (3.24 mL, 12.47 mmol) and was purified using 

n-hexane/EtOAc (5:1). Yield: 8 %; Mp: 58 – 61 °C. 1H NMR (300 MHz, CDCl3): δ 10.09 (s, 1H), 

8.08 – 7.71 (m, 8H). C12H9NO.  

(1,1'-Biphenyl)-3-carbaldehyde (7a): The product was obtained as a white solid after coupling 

3-formylphenylboronic acid with bromobenzene (1.33 mL, 12.47 mmol) and was purified using 

n-hexane/EtOAc (5:1). Yield: 30 %; Mp: 59 – 60 °C. 1H NMR (300 MHz, CDCl3): δ: 10.07 (s, 

1H), 8.08 (s, 1H), 7.86 – 7.83 (d, J =7.15 ,1H), 7.65 – 7.57 (d, J =7.15 ,4H), 7.49 – 7.38 (m, 3H) 

ppm. C13H10O.  

4'-Methoxy-(1,1'-biphenyl)-3-carbaldehyde (7b): The product was obtained as a yellow oil after 

coupling 3-formylphenylboronic acid with 4-bromoanisole (1.56 mL, 12.47 mmol) and was 

purified using n-hexane/EtOAc (7:1). Yield: 61 %. 1H NMR (300 MHz, CDCl3): δ 10.05 (s, 1H), 

8.03 – 7.47 (m, 6H), 7.04 – 6.90 (m, 2H), 3.83 (s, 1H). C14H12O2.  

2'-Methoxy-(1,1'-biphenyl)-3-carbaldehyde (7c): The product was obtained as a yellow oil after 

coupling 3-formylphenylboronic acid with 2-bromoanisole (1.79 mL, 12.47 mmol) and was 

purified using n-hexane/EtOAc (7:1). Yield: 41 %. 1H NMR (300 MHz, CDCl3): δ 10.05 (s, 1H), 

8.02 – 7.64 (m, 4H), 7.37 – 6.93 (m, 4H), 3.81 (s, 1H). C14H12O2.  

3',4'-Dimethoxy-(1,1'-biphenyl)-3-carbaldehyde (7d): The product was obtained as a yellow oil 

after coupling 3-formylphenylboronic acid with 4-bromoveratrole (1.56 mL, 12.47 mmol), n-

hexane/EtOAc (5:1). Yield: 53 %. 1H NMR (300 MHz, CDCl3): δ 10.05 (s, 1H), 8.04 – 8.03 (m, 

1H), 7.81 – 7.77 (m, 2H), 7.56 (t, J = 7.6 Hz, 1H), 7.17 – 7.10 (m, 2H), 6.94 (d, J = 8.3 Hz, 1H), 

3.93 (s, 3H), 3.91 (s, 3H). C15H14O3.  
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4'-Fluoro-(1,1'-biphenyl)-3-carbaldehyde (7f): The product was obtained as a yellow oil after 

coupling 3-formylphenylboronic acid with 1-bromo-4-fluorobenzene (1.37 mL, 12.47 mmol) and 

was purified using , n-hexane/EtOAc (5:2). Yield: 69 %. 1H NMR (300 MHz, CDCl3): δ 10.10 (s, 

1H), 8.13 – 7.14 (m, 8H).C13H9FO.  

4'-(Methylthio)-(1,1'-biphenyl)-3-carbaldehyde (7g): The product was obtained as a yellow oil 

after coupling 3-formylphenylboronic acid with 4-bromothioanisole (4.51 g, 22.19 mmol) and was 

purified using , n-hexane/EtOAc (7:1). Yield: 54 %. 1H NMR (300 MHz, CDCl3): δ 10.06 (s, 1H), 

8.06 (t, J = 1.8 Hz, 1H), 7.82 (ddd, J = 6.7, 2.0, 1.3 Hz, 2H), 7.63 – 7.49 (m, 3H), 7.38 – 7.28 (m, 

2H), 2.51 (s,3H). C14H12OS.  

6.1.2. General method to prepare intermediates 4a-h, 8a-g169 

To a stirred solution of (1,1'-biphenyl)-4- or 3-carbaldehyde 3a-h or 7a-h (182 mg, 1.0 

mmol) and CBr4 (663 mg, 2.0 mmol) in anhydrous dichloromethane (10 mL) was added 

triphenylphosphine (1.05 g, 4.0 mmol) in portions over a period of 20 mins at 0 °C temperature 

under inert atmosphere. The reaction mixture turned brown and that was allowed to stir at 0 °C 

temperature for 2 h. After completion of reaction (monitored by TLC), reaction mixture was 

quenched with water (15 mL). The reaction mixture was extracted with dichloromethane (2 x 20 

mL); organic layers were washed with brine (10 mL). The organic layers were dried over 

anhydrous MgSO4; solvent was evaporated under reduced pressure to afford a crude residue, and 

crude residue was purified by column chromatography (silica gel, n-hexane/EtOAc, 5:1 or 7:1) to 

give the desired product, 4a-h, 8a-g as a white solid. Yield: 20 – 92 %.  

Physical and spectroscopy data for the synthesized compounds are provided below. 
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4-(2,2-Dibromovinyl)-1,1'-biphenyl (4a): The product was obtained as a white solid. Yield: 92 

%; Mp: 106 – 108 °C. 1H NMR (300 MHz, CDCl3): δ: 7.60 – 7.32 (m, 9H), 7.24 (s, 1H) ppm. 

C14H10Br2.  

4-(2,2-Dibromovinyl)-4'-methoxy-1,1'-biphenyl (4b): The product was obtained as a white 

solid.  Yield: 100 %; Mp: 98 – 102 °C. 1H NMR (300 MHz, CDCl3): δ 7.66 – 7.45 (m, 7H), 6.97 

(d, J = 6.8 Hz, 2H), 3.84 (s, 3H). C15H12Br2O. 

4'-(2,2-Dibromovinyl)-2-methoxy-1,1'-biphenyl (4c): The product was obtained as a beige solid. 

Yield: 36 %; Mp: 68 – 71 °C. 1H NMR (300 MHz, CDCl3): δ 7.60 – 7.49 (m, 4H), 7.39 – 7.28 (m, 

2H), 7.08 – 6.93 (m, 2H), 6.69 (s, 1H), 3.81 (s, 3H). C15H12Br2O.  

4'-(2,2-Dibromovinyl)-3,4-dimethoxy-1,1'-biphenyl (4d): The product was obtained as a white 

solid. Yield: 70 %; Mp: 91 – 95 °C. 1H NMR (300 MHz, CDCl3): δ 7.61 – 7.50 (m, 5H), 7.13 – 

7.09 (m, 2H), 6.93 (s, 1H), 3.93 (s, 3H), 3.91 (s, 3H). C16H14Br2O2. 

4'-(2,2-Dibromovinyl)-(1,1'-biphenyl)-4-ol (4e): The product was obtained as a white solid. 

Yield: 52 %; Mp: 180 – 184 °C. 1H NMR (300 MHz, CDCl3): δ 7.68 – 7.61 (m, 4H), 7.51 – 7.49 

(m, 2H), 7.46 – 7.42 (m, 4H). C14H10Br2O.  

4-(2,2-Dibromovinyl)-4'-fluoro-1,1'-biphenyl (4f): The product was obtained as a white solid. 

Yield: 89 %; Mp: 58 – 61 °C. 1H NMR (300 MHz, CDCl3): δ 7.64 – 7.49 (m, 7H), 7.15 – 7.09 (m, 

2H). C14H9Br2F.  

(4'-(2,2-Dibromovinyl)-(1,1'-biphenyl)-4-yl)(methyl)sulfane (4g): The product was obtained as 

a white solid. Yield: 82 %; Mp: 141 – 147 °C. 1H NMR (300 MHz, CDCl3): δ 7.66 – 7.45 (m, 8H), 

7.31 (s, 1H), 2.51 (s, 3H). C15H12Br2S.  
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4-(2,2-Dibromovinyl)-4'-(methylsulfonyl)-1,1'-biphenyl (4h): The product was obtained as a 

white solid. Yield: 72 %; Mp: 179 – 182 °C. 1H NMR (300 MHz, CDCl3): δ 8.04 – 7.95 (m, 2H), 

7.77 (d, J = 8.5 Hz, 2H), 7.61 – 7.64 (m, 4H), 7.52 (s, 1H), 3.08 (s, 3H). C15H12Br2O2S.  

4-(4-(2,2-Dibromovinyl)phenyl)pyridine (4i): The product was obtained as a white solid. Yield: 

58 %; Mp: 112 – 115 °C. 1H NMR (300 MHz, CDCl3): δ 8.67 (br s, 1H), 7.74 – 7.59 (m, 4H), 7.59 

– 7.38 (m, 4H). C13H9Br2N.   

3-(4-(2,2-Dibromovinyl)phenyl)pyridine (4j): The product was obtained as a white solid. Yield: 

23 %; Mp: 96.1 – 101.0 °C. 1H NMR (60 MHz, CDCl3): 7.60 – 7.50 (m, 9H). C13H9Br2N.  

3-(2,2-Dibromovinyl)-1,1'-biphenyl (8a): The product was obtained as a yellow oil. Yield: 20 %. 

1H NMR (300 MHz, CDCl3): δ: 7.74 (s, 1H), 7.57 – 7.53 (m, 4H), 7.49 – 7.40 (m, 5H) ppm. 

C14H10Br2.  

3-(2,2-Dibromovinyl)-4'-methoxy-1,1'-biphenyl (8b): The product was obtained as a pale 

yellow oil. Yield: 31 %. 1H NMR (300 MHz, CDCl3): δ 7.74 (s, 1H), 7.70 (s, 1H), 7.53 – 7.51 (m, 

4H), 7.34 (t, J = 7.6 Hz, 1H), 6.95 (dd, J = 8.7, 6.4 Hz, 2H), 3.83 (s, 3H). C15H12Br2O.  

3'-(2,2-Dibromovinyl)-2-methoxy-1,1'-biphenyl (8c): The product was obtained as an orange 

oil. Yield: 82 %. 1H NMR (300 MHz, CDCl3): δ 7.70 (t, J = 1.7 Hz, 1H), 7.55 – 7.44 (m, 3H), 7.39 

(t, J = 7.6 Hz, 1H), 7.36 – 7.26 (m, 2H), 7.08 – 6.94 (m, 2H), 3.81 (s, 3H). C15H12Br2O.  

3'-(2,2-Dibromovinyl)-3,4-dimethoxy-1,1'-biphenyl (8d): The product was obtained as a yellow 

oil. Yield: 61 %. 1H NMR (300 MHz, CDCl3): δ 7.69 (t, J = 1.8 Hz, 1H), 7.56 – 7.40 (m, 4H), 

7.15 – 7.06 (m, 2H), 6.93 (d, J = 8.3 Hz, 1H), 3.93 (s, 3H), 3.91 (s, 3H). C16H14Br2O2.  

3-(2,2-Dibromovinyl)-4'-fluoro-1,1'-biphenyl (8f): The product was obtained as a yellow oil. 

Yield: 62 %. 1H NMR (300 MHz, CDCl3): δ 7.69 (t, J = 1.8 Hz, 1H), 7.55 – 7.48 (m, 4H), 7.47 – 

7.34 (m, 2H), 7.16 – 7.07 (m, 2H). C14H9Br2F.  
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(3'-(2,2-Dibromovinyl)-(1,1'-biphenyl)-4-yl)(methyl)sulfane (8g): The product was obtained as 

a pale yellow oil. Yield: 33 %. 1H NMR (300 MHz, CDCl3): δ 7.71 (d, J = 1.8 Hz, 1H), 7.54 – 

7.47 (m, 4H), 7.47 – 7.38 (m, 2H), 7.38 – 7.26 (m, 2H), 2.51 (s, 3H). C15H12Br2S.  

6.1.3. General method to prepare final ethynylbiphenyl derivatives 5a-h, 9a-g170 

To a stirred solution of dibromoalkene 4a-h, 8a-g (200 mg, 0.59 mmol) in DMSO (4 mL), 

Cs2CO3 was added (483 mg, 1.48 mmol). The reaction was then stirred and heated at 60 °C for 18 

h. The reaction mixture was extracted two times with EtOAc (100 mL), and distilled water (100 

mL). The combined organic extracts were dried over MgSO4 and filtered. The solvent was 

evaporated under reduced pressure to afford the crude product, which was then purified by column 

chromatography (silica gel, n-hexane/EtOAc (5:1 or 7:1)) to give the desired product, 5a-h or 9a-

h as a white solid or yellow oil. Yield: 28 – 98 %. 

Physical and spectroscopy data for the synthesized compounds are provided below.  

4-Ethynyl-1,1'-biphenyl (5a): The product was obtained as a pale yellow solid. Yield: 53%; Mp: 

78 – 80 °C. 1H NMR (300 MHz, CDCl3): δ 7.58 (t, J = 1.7 Hz, 2H), 7.55 – 7.54 (m, 4H), 7.46 – 

7.41 (m, 2H), 7.38 – 7.31 (m, 1H), 3.11 (s, 1H). C14H10. Purity: 95% 

4-Ethynyl-4'-methoxy-1,1'-biphenyl (5b): The product was obtained as a white solid. Yield: 28 

%; Mp: 159 – 161 °C. 1H NMR (300 MHz, CDCl3): δ 7.60 – 7.41 (m, 6H), 7.02 – 6.89 (m, 2H), 

3.84 (s, 3H), 3.09 (s, 1H). HRMS (ESI) m/z calcd for C15H12O [M+H]+ 209.09609, found: 

209.0958. Purity: 99% 

4'-Ethynyl-2-methoxy-1,1'-biphenyl (5c): The product was obtained as a yellow oil. Yield: 67 

%. 1HNMR (300 MHz, CDCl3): δ 7.49 (d, J = 3.3 Hz, 4H), 7.30 (dd, J = 13.1, 8.5 Hz, 2H), 7.05 – 

6.94 (m, 2H), 3.81 (s, 3H), 3.10 (s, 1H). C15H12O. Purity: 99% 
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4'-Ethynyl-3,4-dimethoxy-1,1'-biphenyl (5d): The product was obtained as a beige solid. Yield: 

96 %; Mp: 139 – 145 °C. 1H NMR (300 MHz, CDCl3): δ 7.54 – 7.48 (m, 4H), 7.13 – 7.07 (m, 2H), 

6.93 (d, J = 8.3 Hz, 2H), 3.93 (s, 3H), 3.91 (s, 3H), 3.10 (s, 1H). C16H14O2. Purity: 100% 

4'-Ethynyl-(1,1'-biphenyl)-4-ol (5e): The product was obtained as a beige solid. Yield: 43 %; 

Mp: 143 – 146.0 °C. 1H NMR (300 MHz, CDCl3): δ 7.48 – 7.40 (m, 6H), 6.91 – 6.88 (m, 2H), 

3.09 (s, 1H). C14H10O. Purity: 99% 

4-Ethynyl-4'-fluoro-1,1'-biphenyl (5f): The product was obtained as a yellow solid and was 

purified using n-hexane/EtOAc (5:1). Yield: 92 %; Mp: 85 – 89 °C. 1H NMR (300 MHz, CDCl3): 

δ 7.55 – 7.46 (m, 6H), 7.14 – 7.08 (m, 2H), 3.11 (s, 1H). C14H9F. Purity: 99% 

(4'-Ethynyl-(1,1'-biphenyl)-4-yl)(methyl)sulfane (5g): The product was obtained as a pale 

yellow solid. Yield: 50 %; Mp: 206 – 209 °C. 1H NMR (300 MHz, CDCl3): δ 7.54 – 7.47 (m, 6H), 

7.34 – 7.28 (m, 2H), 3.11 (s, 1H), 2.51 (s, 3H). C15H12S. Purity: 96% 

4-Ethynyl-4'-(methylsulfonyl)-1,1'-biphenyl (5h): The product was obtained as a white solid. 

Yield: 30 %; Mp: 204 – 207 °C. 1H NMR (300 MHz, CDCl3): δ 8.01 – 7.99 (m, 2H), 7.76 – 7.73 

(m, 2H), 7.58 – 7.56 (d, J = 4.2 Hz, 4H), 3.16 (s, 1H), 3.08 (s, 3H). HRMS (ESI) m/z calcd for 

C15H12O2S [M+H]+ 257.0631, found: 257.0623. Purity: 100% 

4-(4-Ethynylphenyl)pyridine (5i): The product was obtained as a white solid. Yield: 33 %; Mp: 

182 – 185 °C. 1H NMR (300 MHz, CDCl3): δ 7.54 – 7.47 (m, 6H), 7.34 – 7.28 (m, 2H), 3.11 (s, 

1H), 2.51 (s, 3H). C13H9N. Purity: 97% 

3-(4-Ethynylphenyl)pyridine (5j): The product was obtained as a yellow solid. Yield: 46 %; Mp: 

153 – 156 °C. 1H NMR (300 MHz, CDCl3): δ 7.58 (t, J = 1.8 Hz, 1H), 7.56 – 7.54 (m, 4H), 7.53 

(dd, J = 8.8, 6.4 Hz, 1H), 7.51 – 7.50 (m, 2H), 3.12 (s, 1H). C13H9N. Purity: 100% 
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3-Ethynyl-1,1'-biphenyl (9a): The product was obtained as a pale yellow oil. Yield: 69. %. 1H 

NMR (300 MHz, CDCl3): δ 7.72 (s, 1H), 7.58 – 7.55 (d, J = 4.2 Hz, 3H), 7.47 – 7.35 (m, 5H), 3.09 

(s, 1H). C14H10. Purity: 99% 

3-Ethynyl-4'-methoxy-1,1'-biphenyl (9b): The product was obtained as an orange oil. Yield: 41 

%. 1H NMR (300 MHz, CDCl3): δ 7.72 – 7.63 (m, 1H), 7.60 – 7.39 (m, 4H), 7.34 (t, J = 7.6 Hz, 

1H), 6.95 (dd, J = 8.7, 6.4 Hz, 2H), 3.83 (s, 3H), 3.07 (s, 1H). C15H12O. Purity: 96% 

3'-Ethynyl-2-methoxy-1,1'-biphenyl (9c): The product was obtained as a yellow oil. Yield: 70 

%. 1H NMR (300 MHz, CDCl3): δ 7.66 (d, J = 1.8 Hz, 1H), 7.52 (dt, J = 7.7, 1.6 Hz, 1H), 7.45 

(dt, J = 7.7, 1.5 Hz, 1H), 7.42 – 7.25 (m, 3H), 7.08 – 6.94 (m, 2H), 3.81 (s, 3H), 3.07 (s, 1H). 

C15H12O. Purity: 100% 

3'-Ethynyl-3,4-dimethoxy-1,1'-biphenyl (9d): The product was obtained as a white solid. Yield: 

51 %; Mp: 118 – 122 °C. 1H NMR (300 MHz, CDCl3): δ 7.67 (d, J = 1.8 Hz, 1H), 7.52 (dt, J = 

7.7, 1.9 Hz, 1H), 7.47 – 7.38 (m, 1H), 7.34 (d, J = 7.7 Hz, 1H), 7.16 – 7.03 (m, 2H), 6.93 (d, J = 

8.3 Hz, 1H), 3.93 (s, 3H), 3.91 (s, 3H), 3.09 (s, 1H). C16H14O2. Purity: 100% 

3-Ethynyl-4'-fluoro-1,1'-biphenyl (9f): The product was obtained as a yellow oil. Yield: 57 %. 

1H NMR (300 MHz, CDCl3): δ 7.69 (t, J = 1.8 Hz, 1H), 7.55 – 7.48 (m, 3H), 7.47 – 7.34 (m, 2H), 

7.16 – 7.07 (m, 2H), 3.12 (s, 1H). C14H9F. Purity: 99% 

(4'-Ethynyl-(1,1'-biphenyl)-4-yl)(methyl)sulfane (9g): The product was obtained as a pale 

yellow solid. Yield: 68 %; Mp: 47 – 51 °C. 1H NMR (300 MHz, CDCl3): δ 7.68 (d, J = 1.8 Hz, 

1H), 7.55 – 7.49 (m, 2H), 7.48 – 7.42 (m, 2H), 7.37 (dd, J = 7.7, 0.7 Hz, 1H), 7.33 – 7.28 (m, 2H), 

3.08 (s, 1H), 2.51 (s, 3H). C15H12S.  
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6.1.4. General method to prepare intermediate 11171 

Under argon atmosphere, Pd(PPh3)2 (0.594 g, 0.85 mmol) was combined with CuI (0.081 

g, 0.42 mmol), 5-bromo-2-iodopyridine (10, Scheme 3.4), and Et3N (1.00 ml, 7.14 mmol) in THF 

solution (10 mL) in 100 mL RB flask. The reaction was then stirred and heated at 80°C for 9 h. 

The reaction mixture was extracted two times with EtOAc (100 mL), and distilled water (100 mL). 

The combined organic extracts were dried over MgSO4 and filtered. The solvent was evaporated 

under reduced pressure to afford the crude product, which was then purified by column 

chromatography (silica gel, n-hexane/EtOAc (7:1)) to give the desired product, 11, as an orange 

solid. Yield: 91 %.  

Physical and spectroscopy data for 11 is given below.  

5-Bromo-2-((trimethylsilyl)ethynyl)pyridine (11): The product was obtained as an orange solid 

after coupling with 5-bromo-2-iodopyridine (2.00 g, 7.05 mmol) and was purified using n-

hexane/EtOAc (7:1). Yield: 91 %; Mp: 45 – 48 °C. 1H NMR (300 MHz, CDCl3): δ 8.61 (s, 1H), 

7.77 (dd, J = 8.3 Hz, 1H), 7.30 (d, J = 7.7 Hz, 1H), 0.24 (s, 9H). C10H12BrNSi.  

6.1.5. General method to prepare intermediate 12172 

 To a stirred solution of 5-bromo-2-((trimethylsilyl)ethynyl)pyridine (11) (1.50 g, 5.90 

mmol) in MeOH (20 mL), aq. NaOH (6N, 7.40 mL, 5.90 mmol) solution was added. The reaction 

mixture was allowed to stir at room temperature for 2 h. After completion of the reaction 

(monitored by TLC), acetic acid was added (0.340 mL) to the reaction mixture and was quenched 

with water (15 mL). The reaction mixture was extracted with dichloromethane (2 x 20 mL); 

organic layers were washed with brine (10 mL). The organic layers were dried over anhydrous 

MgSO4; solvent was evaporated under reduced pressure to afford a crude residue, and crude 
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residue was purified by column chromatography (silica gel, n-hexane/EtOAc, 7:1) to give the 

desired product, 12 as a beige solid. Yield: 69 %.  

5-Bromo-2-ethynylpyridine (12): The product was obtained as a beige solid and was purified 

using n-hexane/EtOAc (7:1). Yield: 69 %; Mp: 86 – 87 °C. 1H NMR (300 MHz, CDCl3): δ 8.61 

(s, 1H), 7.79 (dd, J = 8.3 Hz, 1H), 7.32 (d, J = 8.3 Hz, 1H), 3.18 (s, 1H). C7H4BrN.  

6.1.6. General method to prepare ethynylpyridyl derivative 14168 

Under argon atmosphere, Pd(OAc)2 (0.008 g, 0.03 mmol) was combined with Xantphos 

(0.020 g, 0.03 mmol) in degassed THF (7.5 mL). After stirring for 5 min, this resulting solution 

was added into a separate round-bottom-flask (RBF) containing 5-bromo-2-ethynylpyridine (12) 

(250 mg, 1.37 mmol), phenylboronic acid (13, Scheme 3.4) (179 mg, 1.47 mmol), and K3PO4 (875 

mg, 4.12 mmol). The reaction was then stirred and heated at 60°C for 18 h. The reaction mixture 

was extracted two times with DCM (100 mL), and distilled water (100 mL). The combined organic 

extracts were dried over MgSO4 and filtered. The solvent was evaporated under reduced pressure 

to afford the crude product, which was then purified by column chromatography (silica gel, n-

hexane/EtOAc (1:1)) to give the desired product, 14 as a brown solid. Yield: 52 %.  

2-Ethynyl-5-phenylpyridine (14): The product was obtained as a brown solid and was purified 

using , n-hexane/EtOAc (1:1). Yield: 52 %; Mp: 86 – 90 °C. 1H NMR (300 MHz, CDCl3): δ 8.82 

(dd, J = 2.4, 0.9 Hz, 1H), 7.83 (dd, J = 8.1, 2.4 Hz, 1H), 7.59 – 7.40 (m, 6H), 3.18 (s, 1H). HRMS 

(ESI) m/z calcd for C13H9N [M+H]+ 180.0808, found: 180.0811. Purity: 100%. 
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6.2. Biological Assay Methodology 

6.2.1. Aβ Aggregation Assay 

The anti-Aβ aggregation activity of the ethynyl-1,1’-biphenyl derivatives and other 

compounds was evaluated using the ThT-based fluorescence assay.173,174 The assay was carried 

out using Costar 384-well flat, clear bottom black plates. The Aβ1-40 and Aβ1-42 hexafluoro-2-

propanol (HFIP) (obtained from rPeptide, USA) stock solutions were prepared to obtain a final 

concentration of 1 mg/mL; via dissolving 0.5 mg of Ab1-40 in 1% NH4OH solution and 10% 

NH4OH solution for Aβ1-42. This was followed by dilution in 215 mM phosphate buffer (pH 7.4) 

to obtain a final concentration of 500 μM. Stock solutions of compounds and derivatives was 

prepared in DMSO and diluted in 215 mM phosphate buffer (pH 7.4) to prepare various 

concentrations (1, 5, 10 and 25 μM). In 50 mM glycine buffer (pH 7.4), 15 μM ThT fluorescent 

dye stock solution was prepared. To each test compound containing well, 44 μL of ThT, 20 μl of 

215 mM phosphate buffer (pH 7.4), and 8 μl of ethynylbiphenyl compound in different 

concentrations and 8 μl of 50 μM Aβ1-40/1-42 was added. To each ThT background well, 44 μL of 

ThT, 35 μl of 215 mM phosphate buffer (pH 7.4), and 1 μl of DMSO was added. To the control 

wells containing only Ab, 44 μL ThT, 28 μL of 215 mM phosphate buffer, and eight μL Ab1-40/1-

42 (final concentration 5 µM) was added. To the control wells containing ethynylbiphenyl 

compound, 44 μL ThT, 28 μL of 215 mM phosphate buffer, and eight μL ethynylbiphenyl 

compound (25 µM) was added. In order to determine ThT-interference, the relative fluorescence 

units (RFU) from these compounds only wells were subtracted from Ab + compound treated wells. 

The plate was read every 5 minutes using a BioTek Synergy H1 microplate reader, at 37 °C for 24 

h, with ThT excitation measured at 440 nm, excitation and emission at 490 nm. The known Aβ 

aggregation inhibitor methylene blue was used as reference compounds. Data for each compound 
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was presented based on an average of triplicate reading based on two to three independent 

experiments. 

6.2.2. Transmission electron microscopy (TEM) 

The Ab aggregate morphology was evaluated by carrying out transmission electron 

microscopy (TEM) in the presence and absence of test compounds. TEM samples were prepared 

via Ab1-40/42 incubation with compound (25 µM) or control in Costar 384-well flat, clear bottom 

black plates.173 To each compound containing well, 44 μL of ThT, 20 μl of 215 mM phosphate 

buffer (pH 7.4), and 8 μl of biphenyl compound in different concentrations and 8 μl of 50 μM Aβ1-

40/42. At a concentration of 25 μM for compound, the final Aβ1-40/42 to compound ratio was be 1:1. 

To the control wells containing only Ab, 44 μL ThT, 28 μL of 215 mM phosphate buffer, and eight 

μL Ab1-40/42 (final concentration 5 µM) was added. To the control wells containing only compound, 

44 μL ThT, 28 μL of 215 mM phosphate buffer, and 8 μL compound (25 uM) was added. The 

plate was be incubated at 37 °C for 24 h, using a BioTek Synergy H1 microplate reader. To prepare 

the TEM grids, 20 μL of incubated solution was added over the formvar-coated copper grids (400 

mesh) and allowed to air dry overnight. The grids were washed to remove any precipitated buffer 

salts through two additions of approximately 20 μL Ultrapure Water (UPW), followed by blotting 

via filter paper and air drying for 30 min. After grids were fully dried, staining of the grids was 

achieved through the addition of 20 μL of 2% phosphotungstic acid (PTA), causing aggregates to 

be stained. This PTA was removed through blotting with filer paper and the grids were air-dried 

overnight. Scanning of these grids was done using a Philips CM 10 transmission electron 

microscope at 60 kV (Department of Biology, University of Waterloo) and micrographs were 

obtained using a 14-megapixel AMT camera.173 
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6.3 Computational Chemistry 

Molecular docking studies were carried out using the computational chemistry software 

Discovery Studio (DS) – Structure-Based-Design (SBD), version 4.0 from BIOVIA Inc. (San 

Diego, USA). The coordinates of solid-state NMR structure of Aβ1-40 fibril (pdb id: 2LMN) and 

magic angle spinning NMR structure of Aβ1-42  fibril (pdb id: 5KK3) were obtained from RCSB 

protein data bank.181,183 These structures were used to construct either dimer or tetramer β-sheet 

assemblies as representative Aβ1-40 and Aβ1-42 dimer or oligomer models. The dimer or oligomer 

assembly was prepared using the macromolecules module in DS by assigning force fields 

(CHARMm force field). Ethynyl-1,1’-biphenyl compounds were built in 3D using Build Fragment 

tool, and energy minimization was performed for 1000 iterations using steepest descent and 

conjugate gradient minimizations respectively. The ligands were energy minimized using the 

smart minimizer protocol (200 steps, RMS gradient 0.1 kcal/mol), CHARMm force field and a 

distance depended dielectric constant. For the docking of ethynyl-biphenyl derivatives in Aβ-

dimer models,  the binding site was defined by considering the KLVFF segment to create a 25 Å 

sphere whereas, for the oligomer docking the binding site for Aβ1-40 tetramer assembly was defined 

by creating a 20 Å radius sphere after selecting amino acids Phe19, Phe20, Ala21 and Ile31, Ile32 

and Gly33 from the central two strands (strands 2 and 3). For the Aβ1-42 tetramer assembly, the 

binding site was defined by creating a 20 Å radius sphere after selecting amino acids Leu17 and 

Leu34 from the central two strands (strands 2 and 3). Then the test compounds were docked using 

the CDOCKER algorithm in DS Studio by employing 100 hotspots and a docking tolerance of 

0.25 Å. Docked poses were subjected to smart minimizer algorithm (0.001 kcal/mol, 1000 steps) 

using CHARMM force field and a distance depended dielectric constant. The binding poses 

obtained were ranked by assessing the complex energies in kcal/mol (CDOCKER energy and 
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CDOCKER interaction energy).181,183 In addition, polar and nonpolar contact of the ethynyl-

biphenyl derivatives with either Aβ1-40 or Aβ1-42 dimer and oligomer assemblies were  analyzed, 

and distance parameters were noted. 
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Appendix – Analytical spectra for some compounds (5h and 14)   

Representative 1H NMR, MS and LCMS data for compound 5h and 14. 
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