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ABSTRACT 

Our brain is remarkably special and unique. It has billions of neurons that govern 

actions and reactions, and enables us to have thoughts, memories, and personality traits – 

outmost precious assets – that define who we are as individuals. What if we lose a certain 

part of the brain function?  This is the case for the very first Alzheimer’s patient – August 

Deter, who suffered from memory loss and psychological changes, and eventually 

succumbed to the devastating disease, known as Alzheimer’s disease (AD). Indeed, it 

steals more than memory – it steals independence and breaks hearts. The two main 

culprits behind AD are the sticky amyloid beta (Aβ) plaques and neurofibrillary tangles 

(NFTs) nestled in the brain, which have been the main target for many researchers to 

chase them with hope to remove them directly so that they could conquer this disease. 

And finally, the first-of-its-kind therapy aducanumab directed at the underlying disease 

process of Alzheimer’s just received its FDA approval, first new drug for AD in 17 years 

via the accelerated approval pathway, emphasizing the complexities in AD therapeutic 

design and concurrently suggesting that it requires more research and innovation. 

As such, this thesis research presented here is to design and develop novel small 

molecules that can reduce and prevent the formation of two known Aβ peptides - Aβ40 

and Aβ42 aggregation. A chemical library of ~47 derivatives, based on 

diphenylthiazolamine ring systems possessing a central thiazole-4-amine or thiazole-2-

amines was designed, synthesized, and evaluated as inhibitors of both Aβ40 and Aβ42 

aggregation. Specifically: 
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Chapter 1 guides the readers to the understanding of Alzheimer’s background 

information and literature with an overview of key hypotheses such as cholinergic 

dysfunction, amyloid-β cascade and tauopathy and their disease pathology and therapies. 

Chapter 2 provides a summary on the utility of the thiazole based derivatives in 

pharmaceutical industry and links them to the rationale, design, and development of the 

thiazole library that is capable of preventing Aβ40 and Aβ42 aggregation and their SAR 

studies based on in vitro fluorescence spectroscopy experiments, computational modeling 

studies, transmission electron microscopy (TEM) studies and cell viability assay. 

Chapter 3 describes the design, development and evaluation of N,4-

diphenylthiazol-4-amines. This section reports a series with 12 derivatives (1a-j, 2a, 2b) 

incorporating various EDG and EWG substituents demonstrating their significant 

inhibition toward Aβ40 and Aβ42 aggregation in vitro and their activity was translated 

from the solution based in vitro experiments to cell culture studies in HT22 hippocampal 

neuronal cells, where they were able to reduce the Aβ40 or Aβ42 induced cytotoxicity.  

Chapter 4 describes the design, development and evaluation of N-methyl-N,4-

dimethylthiazol-4-amines. This section reports a series with 11 derivatives (3a-i, 4a, 4b) 

incorporating similar substituents as those in Chapter 3. The outcomes show that some 

compounds in the series were able to show their inhibition activity profile toward both 

Aβ40 and Aβ42 in vitro although N-methylation reduced their activity profile compared 

to the corresponding N,4-diphenylthiazol-4-amine. However, compounds in this series 

were able to translate their anti-Aβ aggregation properties from the solution based in 
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vitro experiments to cell culture studies in HT22 cells to reduce both Aβ40 and Aβ42 

cytotoxicity. 

Chapter 5 describes the design, development and evaluation of alkylsulfonamide 

and sulfamide substituted N,4-diphenylthiazol-2-amines. This section reports a series of 

ten alkysulfonamide or sulfamide containing derivatives (5a-j), which was developed to 

assess their anti-Aβ40 and Aβ42 aggregation potential. The results demonstrated that 

they exhibited superior inhibition of Aβ40 aggregation compared to the N,4-

diphenylthiazol-2-amine and N-methyl derivatives in Chapter 3 and 4. Several 

compounds in this series demonstrated neuroprotective effects against both Aβ40 and 

Aβ42-induced cytotoxicity in HT22 hippocampal cells. 

Chapter 6 describes the design, development and evaluation of alkylsulfonamide 

and sulfamide substituted N-methyl-N-4,diphenylthiazol-2-amine derivatives. This was a 

series of ten derivatives (6a-j). The N-methylation was not a major factor in modulating 

their Aβ aggregation inhibition properties. Compounds in this series were able to exhibit 

excellent inhibition of Aβ40 and Aβ42-induced cytotoxicity in HT22 hippocampal 

neuronal cells. 

Chapter 7 describes the design, development and evaluation of a mini library of 

four from N,2-diphenylthiazol-4-amine derivatives (7a-d), which are the regioisomers of 

N,4-diphenylthiazol-2-amine derivatives described in Chapter 3. The biochemical assay 

outcomes demonstrated their anti-aggregation properties toward Aβ40 and Aβ42, in 

addition to their ability to rescue HT22 cells from Aβ40 and Aβ42-induced cytotoxicity, 
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which further supports their development as novel class of agents to target the amyloid 

cascade in AD therapy. 

Chapter 8 provides closing conclusions on the research findings related to the 

development of diphenylthiazolamines as a novel class of small molecules, which have 

the potential to reduce and or prevent the amyloid cascade of AD by, direct binding and 

outlines the next research directions. 
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CHAPTER 1 Background on Alzheimer’s Disease 
 

1.1 Introduction 
 

We are living in this new world, which is filled up with mind-boggling creations 

and inventions beyond people’s imaginations. These advancements conceivably promise 

to give us powers just like our superheroes that we adore as their lifelong fans. An old-

age question, of course, popped up into our head: which superpower of all time would we 

wish for if we had the opportunity. The ultimate superpower that we are more likely to 

own is mind control. It might be really cool to wield mind control powers like Professor 

X in Marvel comics to manipulate opponents’ abilities. So, you might be thinking, “How 

do I possess these powers?” Thanks to the advances in science and technology, our world 

is brought one step closer to that direction – being able to read out the brain activity from 

one person and transferring to another person telepathically. But what, exactly, makes our 

brains so special that many researchers have spent years and years diving into learning 

more about it? Our brain is remarkably unique. It has billions of neurons that govern 

actions and reactions, and enable us to have the thoughts, memories, and personality traits 

– our most precious assets – that define who we are as individuals; every one of us is 

unique and different. What if people have lost a certain part of their brain function – as in 

the case of Auguste Deter – the very first Alzheimer’s patient, who suffered from 

memory loss, paranoia, and psychological changes. Eventually she became bedridden and 

succumbed to the devastating disease, known as Alzheimer’s disease (AD).1–3 

AD is a progressive neurodegenerative disorder that affects wide areas of the 

cerebral cortex and hippocampus causing the brain cells to degenerate and die, leading to 
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the depletion of brain mass, deficit in memory, loss of cognitive abilities, and interference 

with the patients’ independence on a day-to-day basis, which substantially contribute to 

the morbidity and mortality that are associated with significant social and economic 

burden.4,5 AD accounts for up to 70% of all dementia cases, with nearly 50 million 

people afflicted with AD or other related dementias worldwide. The Alzheimer’s Society 

Canada (https://alzheimer.ca/en) estimates the number of Canadians age 65, and older 

living with Alzheimer’s dementia may reach approximately one million by 2031. This 

represents a rapid escalation from 564,000 Canadians who are living with AD today. The 

annual direct and indirect costs of care for those having dementia were about $10.4 

billion in 2008, which may rise to $153 billion by 2038. According to the Alzheimer’s 

Association (www.alz.org), AD is the 6th leading cause of death in the United States and 

every 66 seconds, there is a new patient being diagnosed with AD. In coming years, when 

the first wave of baby boom generation will reach to the age of 85, it is anticipated that 

this illness will have a profound impact on the lives of many people – not only 

individuals but also society. It is paradoxical that prolonging life has traditionally been an 

explicit goal for science,6 but until now advances in science have not resulted in finding a 

cure to slow the erosion of memory that mainly targets people in their old age. 

Stunningly, and only very recently, a new drug aducanumab, which targets the amyloid 

cascade of AD received accelerated FDA approval in June 2021 (www.fda.gov). This is 

the first new drug to come out nearly in the last two decades for treating AD. Only time 

will tell if this heralds a new beginning for AD treatment. 

Putting aside the development of Alzheimer’s drugs for now, let’s briefly discuss 

how AD is diagnosed. Even though the word “Alzheimer’s disease” has existed for 
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centuries, it has still been adopted interchangeably with dementia. As mentioned earlier, 

Alzheimer’s is a particular disease that damages the brain and robs the patients’ memory 

and cognitive abilities. Dementia, on the other hand, is a constellation of symptoms of 

cognitive impairment – thinking, remembering, reasoning – and interfering with a 

person’s daily living activities regardless of cause.7 Currently, there hasn’t been a specific 

test that can be used to diagnose dementia, except for a combination of physical (i.e., 

medical history, lab tests, and imaging techniques) and cognitive tests (i.e., Montreal 

Cognitive Assessment (MoCA)). To rule out AD, one must meet all the criteria for 

dementia and have a history of worsening of cognition with no evidence of another 

concurrent neurological disease, such as dementia with Lewy bodies (DLB), vascular 

dementia (Va-D), and fronto-temporal dementia (FTD). Until now, the use of clinical 

cognitive assessments has become standard practice for “early” detection of Alzheimer’s. 

Alzheimer’s disease (AD) is a multifactorial disorder apparently caused by a 

variety of risk factors such as genetic and environmental factors. AD can be classified in 

two distinct forms of AD: familial AD (FAD) and sporadic AD (SAD). The etiology of 

FAD develops as a result of autosomal dominant mutations in amyloid precursor protein 

(APP) and presenilin (PS1 on chromosome 14, or PS2 on chromosome 1)8 genes in 

human that lead to early-onset AD (EOAD) at the age under 60 years old, which is said to 

account for up to 1% of AD cases. In contrast, the vast majority of AD patients at the age 

of 60 and older are attributed to SAD or late-onset AD (LOAD).  

Individuals who carry the apolipoprotein E4 (APOE4) allele are commonly 

exposed to higher risk of developing AD.9–12 Depending on the number of APOE4 they 

carry can determine how early the disease progresses although the mechanism of this 
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correlation still remains unclear.10,13 In humans, there are three major subtypes of APOE 

(a cholesterol transport gene)13 namely APOE2, APOE3, and APOE4, which differ from 

one another by the substitutions at residues 112 and 158. APOE2 has two cysteines at 

both positions, APOE3 has cysteine at 112 and arginine at 158 while APOE4 has two 

arginines at both positions.11 Not only they are different structurally, but they also differ 

in their effects on brain function. For instance, the first two APOE proteins have 

protective effects while the latter has neurotoxic effects against AD.11,12 Furthermore, 

epidemiological studies exploring the risk factors for SAD have shown that there is a 

disproportionate incidence of AD in women compared to men, with about two-thirds of 

female patients developing AD.14 Explanations for the different incidence rates between 

sexes are unclear and current studies suggest the discrepancy may depend on several 

factors.15–19 One reason for a higher prevalence of AD among women is greater life 

expectancy compared to men. Another reason for this is because when women reach the 

menopause phase, their estrogen declines. In fact, estrogen plays an important role as 

mitochondrial protectors against the Aβ toxicity by decreasing the production of reactive 

oxygen species (ROS) which reduces oxidative stress, a well-known factor in AD 

pathology.14  

In a general sense, the journey of more than two decades for studying and 

developing the pharmacotherapies for AD was quite challenging and narrow due to the 

maddening complexity of this neurodegenerative disease. In 1906, after Auguste Deter 

passed away due to the advanced stage of AD at age 55, Dr. Alois Alzheimer performed 

an autopsy of her brain under a microscope and conclusively confirmed the presence of 

the extensive accumulation and deposition of an abnormal form of the amyloid β (Aβ) 
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proteins located outside of neurons (a.k.a. amyloid plaques) and tau (τ) proteins inside of 

neurons (a.k.a. intracellular neurofibrillary tangles NFT).1–3 These clumps of sticky 

plaques and tangles, which became the major hallmarks of the disease named after him.1–

3  

Let’s skip decades of discovery to fast-forward to the 1990s, when billions of 

dollars have gone into the mind-blowing idea of chasing these sticky proteins nestled in 

the brain with the hope that they could remove them directly. However, it did not turn out 

to be that easy due to the complexity of human brain. As a result, a number of other 

hypotheses have been proposed for explaining the pathogenesis of AD (Figure	 1), 

including misfolding of proteins (amyloid β and tau hypotheses); synaptic failure and 

reduction of neurotransmitters (cholinergic dysfunction); and mitochondrial dysfunction 

(oxidative stress, impaired insulin signaling in the brain, inflammation, and depletion of 

calcium regulation).13 That said, numerous studies have been published on the 

development of anti-AD therapies based on these hypotheses. 
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Figure 1. Schematic outline of the pathology depicting the complexity of AD disease.  

1.2 The Cholinergic Dysfunction Hypothesis 
 

In AD progression, neuronal damage and death are usually perceived as 

concomitants of the existence of amyloid plaques. One of the proteins interconnected 

with amyloid plaques is acetylcholinesterase (AChE), which is a pivotal enzyme in the 

cholinergic nervous system comprised of peripheral and central nervous systems 

(CNS).20–23 In a normal cholinergic transmission, it acts as a catalyst in the hydrolysis of 

acetylcholine (ACh, a cholinergic neurotransmitter in the CNS) to afford acetate ions and 

choline, which can be recycled and reused for the synthesis of ACh in the presynaptic 

neuron via choline acetyltransferase (ChAT) by coupling recycled choline and acetyl 

coenzyme A.20,21,23 After ACh is synthesized; it is transported to synaptic vesicles in the 

presynaptic neuron with the help of a vesicular ACh transporter (vAChT) and then 

released into the synaptic cleft. Upon its release, it briefly binds to post-synaptic 
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receptors: nicotinic (nAChR) and/or G-protein coupled muscarinic acetylcholine 

receptors (mAChR) to start off another neurotransmission cascade (Figure	 2).20,21,23 In 

the late stage of AD, in the basal forebrain of AD’s patients, a remarkable loss of 

cholinergic neurons has been observed, causing havoc in the neurotransmission as well as 

significant reduction in ACh, ChAT, and AChE in the hippocampus and neocortex, 

which became one of the major pathologies in AD, and established a foundation for the 

cholinergic hypothesis.22,24,25 

 

Figure 2. Schematic representation of cholinergic neurotransmission mediated by 
acetylcholine (ACh).  

AChE is a serine hydrolase located at neuromuscular junction (NMJ) as well as in 

the cholinergic brain synapses, and generally referred to as the predominant 
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performance, AChE possesses such a high catalytic rate that it is able to break down up to 

25,000 molecules of ACh within a second.23 As a consequence, governing the rapid 

breakdown of ACh and increasing the ACh concentrations at the synapse have captivated 

the focus of intense research. Regarding its special structure, AChE has an active site 

situated deep down at the bottom of the gorge that is about 20 Å long and narrow (Figure	

3).20–23 There are various sub-sites within the gorge, comprising of the anionic site, to 

which the positive quaternary amine of choline scaffold of ACh binds, the esteratic site, 

which contains the catalytic triad: Ser200, His440, and Gln327 operates in tandem with 

the hydrolysis of ACh to generate acetate ions and choline; and the acyl pocket, which 

contributes to the enzyme’s specificity and stability, particularly Phe295 and Phe297 

residues.20–23 About 15 Å above the active site close to the opening of the gorge 

containing Trp286, that is where a peripheral anionic site (PAS) positions. The PAS plays 

significant roles as a guide for the substrate entering the active site through stabilization 

of the cation from Trp82, as well as a neuropathological chaperone for Aβ proteins to 

develop into an extremely toxic complex of AChE-Aβ.20–23 
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Figure 3. Schematic representation of AChE binding sites.23 Reproduced with permission 
from Ref [23]. 

Another crucial ChE enzyme, butyrylcholinesterase (BuChE) is commonly found 

throughout the body – in plasma and in hippocampus and temporal neocortex, but not as 

abundant as AChE. Moreover, BuChE plays an essential supporting role for the AChE 

enzyme in hydrolyzing the metabolism of ACh similar to AChE, except for many 

differences in the structural arrangement of BuChE.26,27 Both AChE and BuChE have 

similar 20 Å active site gorge embedded deep in the enzymes, as well as have the 

catalytic triad with three residues (Ser, His, and Gln). The differences between the two 

enzymes are the aromatic residues at the opening of the active site and at the acyl pocket, 

which are being arranged with smaller residues, giving rise to the better flexibility at the 

entrance and larger volume size of the active site for BuChE which is ~ 200 Å larger than 
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to decline while that of BuChE rises, contributing to the variation in the ChE ratio that 

results in the deficiency of ACh, the loss of neurotransmission and ultimately the 

deterioration of cholinergic neurons.26,29 Further studies revealed that BuChE is found to 

be masking the plaque areas, especially in the cerebral cortex, where a high level of 

BuChE in the cerebrospinal fluid (CSF) can be detected. This evidence suggests the 

BuChE may be associated with the progression of AD.26,27  

All factors considered, these findings led to the development of AD 

pharmacotherapies with AChE inhibitors (AChEIs) or ChE inhibitors (ChEIs) by means 

of inhibiting the ChE from hydrolyzing ACh to increase the ACh concentrations, and thus 

recover the cholinergic neurotransmission.22 To date, a few current marketed drugs, 

including ChEIs: donepezil, rivastigmine, galantamine and NMDA-receptor antagonist: 

memantine, only curtailed the symptoms – for a short term (Table	 1).23 These current 

approaches focus on managing patients (mild to moderate) to maintain their mental and 

behavioural functions, as well as slow down the disease progress.22,24,25 The first-of-its-

kind treatment aducanumab, which received the FDA’s approval in June 2021, targets the 

underlying mechanism of disease initiation; however, the approval was controversial due 

to the question mark on its clinical efficacy and reported side effects, such as brain 

swelling and bleeding. Having said that, this will stimulate the development of the next 

generation of innovative AD therapies and a better understanding of the mechanism of 

proteinaceous deposits with hope to discover effective therapies. 
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Table 1. Currently approved treatments of AD. 

Compound name 
Structure 

Mechanism 
of Action 

Indications Formulations 

Donepezil  
(Aricept, 1996) 

 

ChE inhibitor Mild to moderate 
(5 – 10 mg) 

Moderate to severe  
(10 – 23 mg) 

Tablet, 
disintegrating tablet 

Galantamine (Razadyne, 
Reminyl, 2001) 

 

ChE inhibitor Mild to moderate 
(8 – 24 mg) 

 

Tablet, oral solution, 
transdermal patch 

Rivastigmine  
(Exelon, 2000) 

 

ChE inhibitor Mild to moderate 
(1.5 – 6 mg) 

Intermediate-release 
tablet, oral solution, 

extended-release 
tablet, transdermal 

patch 
Memantine  

(Namenda, 2003) 

 

NMDA 
antagonist 

Moderate to severe 
(5 – 10 mg) 

Tablet, oral solution 

Memantine/donepezil 
(Namzaric, 2014) 

Combination Moderate to severe 
(7/10 – 28/10 mg) 

Extended-release 
capsule 

Aducanumab 
(Aduhelm, 2021) 

 

Anti-amyloid (170 mg/1.7 mL or 
300 mg/3 mL) – 

100 mg/mL 

Injection 

 

1.3 Amyloid-β  (Aβ) Hypothesis 
 

The links between this amyloid cascade and AD pathogenesis are still vague in 

terms of how Aβ aggregation originally takes place and eventually leads to 

neurodegeneration. Such knowledge is crucial for depicting a map out of chaos for the 

complication of AD, which is neurophathologically characterized by a proteinaceous 

cocktail of amyloid plaques and tangles. In the neuritic plaques, amyloid β peptides (39 – 
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42 amino acids), which have been recognized as a central component of the plaques that 

extensively build up outside the neurons, stem from a large β-amyloid precursor protein 

(APP) via sequential proteolytic cleavages of the secretase enzymes, such as β and γ-

secretases.30–34 Despite APP being in conjunction with multiple implications including 

neurite outgrowth, cell adhesion,35 and neuroprotection from injury, its normal 

physiological function of APP and its processing to convert APP into Aβ still remain 

unclear.30  

1.3.1 Amyloid Precursor Protein (APP) 

The human APP gene is located on the long arm of chromosome 21 with three 

main isoforms (APP695, APP751, and APP770) derived from several alternative slicing of 

exons 7, 8 and 15, respectively.30,31,36 The differences between these isoforms are that 

APP751 and APP770 isoforms are expressed by glial cells, platelets, and peripheral 

tissues,31,36 and possess a Kunitz protease inhibitor (KPI) domain, while APP695 isoform 

is abundantly expressed in neurons but lacks the KPI domain.33–36 KPI domain is an 

additional segment (57 amino acids) in the sequence of APP, which plays a significant 

role in communicating with other proteins.34 Although KPI domain’s function is not 

completely understood, numerous studies have shown that KPI-containing APP isoforms 

promote the deposits of Aβ aggregation, tightly linking to the pathogenesis of AD.33,36 

1.3.2 Amyloid Metabolism and Processing Pathways 
 

APP is comprised of two distinct domains: an extracellular glycosylated N-

terminal domain and an intracellular cytoplasmic C-terminal domain. According to the 

sequence and structural analyses, N-terminal domain is larger than the C-terminal 
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domain.35 Moreover, N-terminal domain shared two highly conserved domains: E1 and 

E2 (Figure	4).36 E1 domain divides into several subdomains, including a growth factor-

like domain (GFLD) known as heparin binding site (HBS), a metal binding domain, and 

acid domain.36 E2 domain known as central APP domain (CAPPD), which is made up of 

six α-helices coiled tightly with each other, generating a dimerization motif.36 Since the 

ends of N-terminal and C-terminal are located at the dimer’s surface, they tend to 

undergo the dimerization of APP through the E2 domain, which suggests that APP has 

potential for cell-cell adhesion.36 In fact, E2 can bind to itself in antiparallel dimers.33,36 

The E2 domain is followed by the Aβ region, wherein α and β-secretase cleavage sites 

are located. The γ-secretase cleavage site is found to situate within the transmembrane 

domain, which is followed by the APP intracellular cytoplasmic domain (AICD).26 The 

AICD, which is generated from the sequential proteolytic processing of APP, is 

subsequently transported to cytoplasm.26 Note that the AICD is generated at the same 

time as Aβ.37 

 

Figure 4. Schematic domain structure of APP.37 Reproduced with permission from Ref 
[37]. 
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As mentioned earlier, the mechanism of APP processing to Aβ in humans has not 

been fully understood yet due to the complex proteolytic process of pro- and anti-APP 

involving three types of secretase enzymes (α, β, γ) (Figure	5).36,38 There are two major 

metabolic routes: the non-amyloidogenic and amyloidogenic pathways (Figure	6). 

 

Figure 5. The Aβ sequence within APP and the main secretase cleavage positions.39 
Reproduced with permission from Ref [39]. 

 

Figure 6. Schematic diagram showing the two proteolytic pathways of APP: non-
amyloidogenic pathway (left) and amyloidogenic pathway (right).  
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In the non-amyloidogenic (benign) pathway, α-secretase – a disintegrin and 

metalloprotease (ADAM) family of zinc-metalloproteinase with ADAM9, ADAM10, and 

ADAM17 is involved in the cleavage of the APP molecule between amino acids 687 and 

688 (APP751 numbering). 33,34,40 This cleavage of APP within the Aβ domain (at the 

Lys16 – Leu17 bond)33 results in the release of the secreted form of a soluble ectodomain 

of N-terminal APP fragment (sAPPα) that has an essential role in neuronal survival and 

neurite growth,33,40 and a membrane-bound-C-terminal fragment CT83. This fragment 

holds the carboxyl half of Aβ peptide, which subsequently becomes a substrate for γ-

secretase to form AICD fragment and liberate an extracellular truncated Aβ fragment, 

termed p3 (3 kDa, also referred to as Aβ17-40/42).40 Although Aβ17-40/42 has been 

recently reported to be directly involved in the pathogenesis of both AD and Down 

syndrome, their biological impact on neuronal function is yet to be fully elucidated.33,41 

In the series of cleavages of membrane proteins, γ-secretase is known to be an 

intramembrane aspartyl protease that is composed of four subunits: anterior pharynx-

defective 1 (APH1), presenilin enhancer 2 (PEN2), nicastrin (NCT), and presenilin (PS1 

or PS2), all of these give rise to the function of the entire γ-secretase complex in the 

endoplasmic reticulum (Figure	 7).8,42,43 Even though the specific roles of each subunit 

are not yet fully defined, it has been suggested that PS is the active site of γ-secretase 

located at the interface between N-terminal and C-terminal fragments.43 In fact, one of 

the catalytic aspartates of the active site is made up by each of PS components, and NCT 

plays a role of a substrate since it binds to the aminoterminal fragment of previously 

cleaved transmembrane proteins.8,42–44 It is interesting that the cleavage by γ-secretase to 

release a large ectodomain region can only take place when the substrates are first 
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cleaved by another protease, such as α-secretase or β-secretase within the transmembrane 

domain of APP in the production of Aβ.42,43 

 

Figure 7. The human γ-secretase structure.8 Reproduced with permission from Ref [8].  

In the amyloidogenic (harmful) pathway, β-secretase is a 501 amino acid 

membrane-bound aspartyl protease β-site APP-cleaving enzyme 1 (BACE1, also known 

as Asp2 or memapsin 2)33,45 that is overexpressed in cells and cleaves the APP molecule 

at the β-site (Asp1) between amino acids 671 and 672 (APP770 numbering),33 generating 

a soluble ectodomain of N-terminal APP fragment (sAPPβ), which is 16 residues shorter 
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CTF99 becomes a substrate for γ-secretase to cleave between amino acids 713/714 or 
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NCT	

APH-1	 PS1	 PEN2	

Extracellular	

Intracellular	



 17 

Besides BACE1, which is involved in the rate-determining step in the APP 

cleavage process, BACE2 homologue has up to 64% similarity compared with BACE1, 

suggesting that it may have a β-secretase function. However, this function does not easily 

happen because BACE2 is only expressed and active in peripheral tissues, such as 

pancreas, stomach and placenta.40,46,47  

Although Aβ40 and Aβ42 are the dominant species, Aβ40 is the most abundant 

isoform (~80-90%) compared to Aβ42 (~5-10%).42 The Aβ42 has been reported to be 

more pathogenic due to its C-terminal residues being much more hydrophobic and more 

prone to aggregate into toxic species at a faster rate than Aβ40.42,48 Within the Aβ40/42 

peptide, a sequence of six amino acids (residues 16 to 21), denoted as KLVFFA gives 

rise to a steric zipper formation and the hydrophobic core that plays a key role in gluing 

the monomers together through intermolecular interactions and thus, promoting the Aβ 

aggregation.41,49-50 On that account, this central hydrophobic KLVFFA segment has 

become a main therapeutic target for the development of AD treatment via the inhibition 

of Aβ hypothesis, which has been traditionally considered as the basis of amyloid 

cascade mechanism, causing the onset and progression of AD.41,49 Noteworthy, the 

hexapeptide KLVFFA have many properties in common with the full-length Aβ peptides, 

and therefore they are often used as models of Aβ aggregation.40 

1.3.3 The Aβ-Peptide: Structure, Aggregation and Clearance 
 

In order to design therapeutics that can target the amyloidogenic core at an early 

stage of the disease, it is essential to understand how the formation and transition of Aβ 

to fibrils actually takes place. The structures of Aβ peptides can be evaluated using 
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nuclear magnetic resonance (NMR) spectroscopy, molecular dynamic (MD) techniques, 

and X-ray crystallography.35   

In aqueous solution, Aβ primarily exists as β-sheet structure on aggregation and 

forms of fibrils.51 In the self-aggregating pathway of Aβ peptides, the soluble monomers 

spontaneously polymerize into various types of low molecular weight (LMW) oligomers, 

ranging from dimers to heptamers (< 8 Aβ subunits).51,52 These LMW oligomers are 

soluble and may spread through the brain; consequently, they tend to bind to the 

receptors on the nearby cells and synapses that interrupt their normal functionality and 

cause neurotoxicity. 35,53 The heptamers then convert from these aggregates to higher 

molecular weight (HMW) oligomers with various size (up to 24 Aβ-aggregate subunits 

~42 kDa – 1 mDa)52 and morphology. Depending on their morphology, some oligomers 

are defined as follows: Aβ-derived diffusible ligands (ADDLs; spherical aggregates), 

Aβ-annular oligomers (doughnut-shaped structure), and protofibrils (curvilinear 

structure).51,52 The latter is a result of the next process of aggregation, and followed by 

the stabilization to form into the insoluble fibrils of different length,50 as anti-parallel and 

cross-β-sheet structures, composed of 2-6 protofibril subunits with dimension of more 

than 1 µm in length and 8-12 nm in thickness,51,52 which cannot be degraded and cleared 

up through the substantial catabolism within the brain.42 Regardless of their various 

morphologies, these fibrils have similar cross-sectional areas.50 In order to examine 

structural details (e.g. dihedral torsional angles, distances between specific atoms) of 

these reconstructed fibrils, there are several biophysical and biochemical techniques that 

can be used to analyze the fibrils, including solid-state nuclear magnetic resonance 

(NMR) spectroscopy, solution-state NMR spectroscopy coupled with deuterium 
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exchange, circular dichroism (CD) spectroscopy, and transmission electron microscopy 

(TEM).50 These fibrils combine with other forms of aggregates to form into highly 

insoluble senile plaques that are the major hallmarks of AD (Figure	8). 

 

Figure 8. An illustration of self-induced Aβ aggregation pathway. 

As discussed previously, Aβ is the primary component of amyloid plaque, which 

is commonly believed to be a prime suspect of AD pathogenesis. However, it has been 

reported that Aβ is not toxic when it is still in a non-aggregate form such as monomer.48 
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the impairments in the efflux mechanism, high affinity of Aβ oligomers to RAGE 

receptor entails Aβ oligomers to enter into the extracellular space of the brain from the 

blood stream.56 In general, impairments in these influx/efflux mechanisms of Aβ results 

in a significant amount of Aβ deposition within the brain, leading to the development of 

amyloid pathology. 27,33,54–56 

 

Figure 9. Mechanism of Aβ clearance.55 Reproduced with permission from Ref [55]. 
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In this regard, NEP is a 93kDa type-II transmembrane zinc metallo-

endopeptidase, whose active site situated in both intraluminal and extracellular space, 

into where it has been shown to degrade Aβ peptides.35,42,54 This glycoprotein has a 

strong connection with many brain functions, one of which is memory.35,42,54 NEP is 

capable of cleaving variety of peptides. Indeed, a number of studies have demonstrated 

that inhibition of NEP activity/expression results in the overload of Aβ that is linked to 

the accumulation of plaques and cognitive impairment.35,42,54 In fact, it has been shown 

that NEP expression reduces in the cortex and hippocampus with age and in the early 

stages of AD, especially even more pronounced in AD patients with APOE4.35,42,54,55 

1.3.4 Aβ  Pathology and Physiology 
 

As mentioned previously, the only cholinergic dysfunction theory alone cannot 

explain the complexity of AD pathophysiology,57 which results in many functional 

consequences through multiple mechanisms, consisting of oxidative stress,58–65 synaptic 

dysfunction,51,52,66–69 excitotoxicity via interacting with neurotransmitters receptors, 

mitochondrial diffusion, inflammation, ect.70 In fact, for many years, the aggregation of 

the mature amyloid fibrils was originally thought to account for pathogenesis of AD. As a 

matter of fact, some evidences based on recent studies on the toxicity levels of different 

Aβ oligomers revealed that the soluble oligomers ADDLs and protofibrils are the most 

neurotoxic species.39,70–76 Moreover, an imbalance between Aβ production and Aβ 

clearance is one of the main culprits of early onset of AD.57,60 This Aβ imbalance does 

not just limit to the disease process, but it has also been observed that oxidative stress is 

induced by the imbalance in the oxygen production and consumption of reactive oxygen 
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species (ROS) – a group of free radicals that are formed as a result of dysfunctional 

aerobic mitochondrial respiration.58,64 Mitochondria is responsible for producing the 

necessary energy for metabolic cell processes via adenosine triphosphate (ATP) 

generation during oxidative phosphorylation, as well as generating ROS during 

respiration.65 For instance, superoxide radicals (O2•
-) that are produced as by-product of 

reducing oxygen molecules and then reduced to hydrogen peroxide (H2O2) can react with 

the reduced metals (Cu1+, Zn2+, Fe2+) to form the hydroxyl radicals (•OH) through Fenton 

reaction77,78 in the presence of sulfur atom of amino acid methionine (M35) in the Aβ 

sequence, that acts as a electron donor (Figure	 10) and via Haber-Weiss 

chemistry.58,60,79,80 In fact, the excessive concentrations of these metal ions (e.g. copper 

and zinc) have been reported to deposit extensively in the brains of patients with AD.60,59 

Once ROS are produced in excess, these free radicals trigger severe cell damage in AD 

brain, by damaging proteins, DNA, and cell membranes through oxidation, as well as by 

facilitate Aβ aggregation in the CNS.58–65 Oxidative stress is found to be elevated during 

normal aging and thus contributes to the primary cause of neurotoxicity owing to an 

overproduction of ROS or a reduction in antioxidant defenses, or both; however, it is 

exacerbated in neurodegenerative diseases, including AD, Parkinson’s disease (PD), 

amyotrophic lateral sclerosis (ALS), and Huntington’s disease (HD).58,59,61,62,65 
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Figure 10. ROS production by Aβ-Cu2+. Catalytic hydrogen peroxide (H2O2) cycle with 
superoxide (O2•

-) dissociation pathway (right) and Fenton cycle (left). 

Mitochondrial dysfunction has been observed as a feature of normal aging and 

many neurodegenerative diseases, even in early stages.60 Studies have shown that ROS 

has a connection with the amyloid hypothesis through mitochondrial dysfunction, in 

which mitochondrial complexes I (NADH dehydrogenase) and IV (cytochrome c 

oxidase) of mitochondria becomes deficient in transferring the electrons during oxidative 

phosphorylation, as Aβ overproduction reduces the expression of the electron transport 

chain enzymes, which results in the overproduction of ROS and the depletion of ATP 

(Figure	11).59,61,70 
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Figure 11. Mitochondria damage in AD.81 Reproduced with permission from Ref [81]. 

The depletion of ATP and increased oxidative damage to synaptic proteins may 
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increased. In fact, this disturbance of Ca2+ homeostasis is further exacerbated by Aβ, 

which results in abnormally high levels of Ca2+ inside mitochondria and thus increases 

the generation of ROS, attributing to cell death (or apoptosis), synaptotoxicity, and 

associated with excitotoxicity.82–87 Excitotoxicity is the overstimulation of N-methyl-D-
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(AMPA) receptors, (NMDARs and AMPARs, respectively) expressed in the cerebral 

cortex and hippocampus by excessive neurotransmitter glutamate (predominantly) or 

aspartate and prolonged Ca2+ influx into the postsynaptic neuron through NMDARs, 

implicating in several neurological disorders, including AD, PD, HD, and ALS.82–84,86–88 

In particular, glutamatergic synaptic transmission is primarily affected. Glutamate is the 

excitatory neurotransmitter in CNS that takes a major part in synaptic plasticity, memory, 

and learning.82–84,86–88 There are two groups of glutamate receptors: the ionotropic and the 

metabotropic receptors. The ionotropic receptor (iGluR) located in the postsynaptic sites 

is a group of transmembrane ion channels that respond to the binding of a chemical 

further divided into three subclasses: NMDA (NR1, NR2A-D, and NR3A-B), AMPA 

(Glu1-4), and kainate (GluR5-7) receptors. In this regard, NMDARs are much more 

permeable to Ca2+ compared to other iGluRs; in addition, the modulation of AMPARs 

and NMDARs induced by Aβ deposits overexpressed APP can result in cognitive 

deficits.82–84,86–88 The metabotropic receptors (mGluRs) located in the presynaptic 

membrane which can be found in both neurons and glial cells in the brain that governs 

the release of glutamate and synaptic transmission.83,86 mGluRs are also known as G-

protein-coupled-glutamate receptors that are categorized into three subgroups according 

to their function and structure: GluN, GluA and GluK subunits.83,86 The first group is 

capable of coupling to phosphatidylinositol (PI) hydrolysis and intracellular Ca2+ 

mobilization while the last two groups are able to negatively couple to adenylyl cyclase 

and play a key role as presynaptic autoreceptors.83 A number of reports have suggested 

that the phospholipase C signaling of group I mGluR in the frontal cortex is down 
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regulated. Such dysfunction of mGluR aggravates the impairment of cognition in the 

pathogenesis of AD.83  

With respect to AD pathology, it is also characterized by an inflammatory 

response, which is driven by the microglia (or myeloid cells) that maintains the healthy 

and normal conditions of homeostasis of the CNS and synaptic plasticity by securing and 

remodelling synapses.89–93 For example, when there is a presence of Aβ oligomers and 

fibrils in the CNS, microglia automatically recognize the vicious signal triggered by Aβ, 

as Aβ aggregates are able to bind to microglia via several receptors such as CD14, CD36, 

CD47, α6β1 integrin, and RAGE; they respond to such changes by changing their 

function and morphological appearance or promoting the microglial activation (Figure	

12).92 These activated microglial cells are termed “reactive or primed” microglia, which 

can adopt a variety of functional microglia phenotypes.92 In AD, during the 

transformation, microglia are observed to secrete pro-inflammatory cytokines91 (i.e., 

interleukin (IL-1β), IL-6, and tumour necrosis factor (TNFα)) and chemokines91 (i.e., 

chemokine (C-C motif) ligand (CCL)2/4/11), which actually prolong activation of the 

primed microglial cells.92 Although this immune response is activated to protect the 

health of the CNS, this process ends up with a deterioration of microglia, which not only 

have an effect on their neighbour cells in the CNS including astrocytes,91 

oligodendrocytes and neurons, but also, exacerbate tau pathology,92 as well as oxidative 

stress.76 Ultimately, it leads to neurotoxicity, neurodegeneration, and neuronal death, 

which trigger neuroinflammation in AD.89–93 In fact, there is evidence that microglia can 

phagocytize and degrade Aβ aggregates. However, such degradation or clearance of Aβ 

is clearly seen to be ineffective in AD.89 Moreover, it has been shown that various states 
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of Aβ aggregates (monomers, oligomers, protofibrils, fibrils, and plaques) can dictate the 

pathogenic impact levels that may occur. For this reason, this knowledge has been used 

as a diagnostic measures to determine the neuropathological evaluation of AD brains.92 

 

Figure 12. Pathological events in AD and microglia priming.92 Reproduced with 
permission from Ref [92]. 

Besides the neuropsychological screenings to identify the mild cognitive 

impairment (MCI) patients via standard assessments such as the Mini-Mental State 

Examination (MMSE),94 and Montreal Cognitive Assessment (MoCA),94,95,96 in addition 

to the medical history regarding a dominant mutation within immediate family,97 

diagnosis of AD is commonly based on examining various AD biomarkers and 

neuroimaging techniques. Specifically, cerebrospinal fluid (CSF) markers98 of Aβ and tau 

are reliable diagnostic tools to detect low Aβ42 levels in MCI patients as CSF Aβ42 is 

decreased in patients with AD due to the plaque deposits,99 and for high tau levels, total 

tau, elevated phosphorylated tau – the prime component of NFTs that is more detailed 

than total tau.99 It has been shown that a combination of these CSF markers have been 

used to provide more effective diagnosis in early stages of AD.99 Moreover, Aβ 

aggregation processes can be examined by using amyloid positron emission tomography 
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(PET) to evaluate the surface area of amyloid plaques. In order to improve diagnostic 

accuracy, a non-invasive functional neuroimaging technique such as 18F-

fluorodeoxyglucose PET (FDG-PET) imaging100,101 can be used to determine the loss of 

neuronal function in asymptomatic patients in early AD. This method measures the 

reduced cerebral metabolic rates of glucose metabolism (CMRglc) observed in temporo-

parietal, frontal and posterior cingulate cortices of AD patients – a substitute marker for 

neuronal activities,99 since the brain uses glucose as a primary source for energy 

generation. Therefore, brain has a complex regulatory system to preserve its glucose 

supply. In addition to maintaining normal brain glucose levels and normal cellular 

function, gluco-sensing neurons have been developed across the brain regions.102 Another 

diagnostic technique – magnetic resonance imaging (MRI) is also widely used for the 

disproportionate atrophy in medial, basal, lateral, temporal lobe and medial parietal 

cortex.97,103,104 In fact, recent advances in amyloid imaging have brought the potential for 

the Aβ amyloid deposits in the brain to be observed, even in normal patients. 

1.3.5 Aβ  Therapies 
 

Taking these facts into account, it appears that amyloid cascade hypothesis has 

dominated the directions of basic science and research with hope to nail this long and 

unsolved mystery of Alzheimer’s disease. However, recent research findings have also 

casted doubt on the amyloid cascade as the major culprit in AD, as hundreds of drugs 

developed based on this foundation have failed during the advanced stages of clinical 

trials. At this junction, it is clear that each of the pathologies discussed in the previous 

sections play crucial roles and thus, foster a possible therapeutic target for AD treatment. 

Nonetheless, a single approach based on a single therapeutic target, such as the amyloid 
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hypothesis alone is insufficient to explain the complexity that plays a key role in 

pathophysiology of AD. As a result, a multi-targeting approach towards AD therapies has 

been the focus of much attention. It is noteworthy that the amyloid cascade still remains 

the most studied and validated hypothesis when compared with other pathways involved 

in AD pathology.105  

As of February 12, 2019, a review of AD drug development from Cummings and 

coworkers highlighted that AD therapies represented 28 candidates in 42 trials in phase 

III, 74 candidates in 83 trials in phase II, and 30 candidates in 31 trials in phase I.106 The 

mechanisms of actions (MOA) of these agents includes 96 agents (73%) that act as 

disease-modifying therapies (DMTs), including tau-related mechanisms, or other 

mechanisms of action involving stem cell therapies, anti-inflammation, growth factors, or 

neuroprotective factors; 14% are enhancers for symptomatic cognition; 11% are 

symptomatic agents improving neuropsychiatric and behavioural symptoms; and 2% 

have undisclosed MOA.106 Of these clinical trials, AD drug development is mainly driven 

by the amyloid cascade aiming to reduce Aβ aggregation in the brain, which might be 

attained by several strategies: (1) prevention or inhibition of Aβ production; (2) inhibition 

of the Aβ aggregation; (3) restriction of Aβ neurotoxicity; (4) promotion of Aβ clearance 

(immunotherapy).105,107 These four strategies are divided into upstream and downstream 

approaches, which are designed to target Aβ. The upstream approach directly blocks 

either β- or γ-secretase enzymes involved in APP processing via the amyloidogenic 

pathways (see section 1.1.2); while the downstream approach targets the modulation of 

Aβ aggregation. 
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1.3.5.1 Upstream of Aβ  Production 
 

Looking back on the APP processing by both β- or γ-secretases laying 

groundwork for the production of neurotoxic Aβ, inhibiting or modulating BACE-1 

and/or γ-secretase is one of the attractive upstream approaches for controlling the speed 

of Aβ production and thus slowing the AD progression (Figure	13).105,108,109  

 

Figure 13. Schematic overview of upstream interventions.110 Reproduced with 
permission from Ref [110]. 

In fact, over the years, these targets have taken a central stage in the AD drug 

development with selective, potent and bioavailable BACE1 inhibitors that have passed 

all stages of clinical trials, except for the late stages in clinical trials. Nonetheless, many 

of drug candidates targeting BACE1 ended up failing due to a variety of reasons besides 

safety issues, which could possibly stem from the understanding of BACE1 inhibition 

itself and the role of BACE1 in a healthy brain.46,105 Among drugs in the 2019 AD drug 

development review article,106 there were five BACE1 inhibitors (MK-8931, JNJ-

54861911, AZD3293, E2609, and CNP520) to progress to clinical phase III (Table	2), in 

which MK-8931 was the first lead drug candidate that was terminated.101,106 
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Table 2. BACE1 inhibitors in phase III clinical trials. 

Compound name 
Structure 

Code Mechanism of 
Action 

Sponsor 

Verubecestat 

 

MK-8931 Anti-amyloid, 
BACE1 inhibitor 

Merck 

Atabecestat 

 

JNJ-54861911 Anti-amyloid 
BACE1 inhibitor 

Janssen 

Lanabecestat 

 

AZD3293 Anti-amyloid 
BACE1 inhibitor 

Astra Zeneca, 
 Eli Lilly 

Elenbecestat 

 

E2609 Anti-amyloid 
BACE1 inhibitor 

Eisai,  
Biogen 

 

CNP520 BACE1 inhibitor Novartis,  
Amgen 

 

Overall, the road for these lead drug candidates to receive Food and Drug 

Administration (FDA, USA) approval and reach the market is challenging, as the 

structure of BACE1 protein is not simple. In fact, its structure is similar to many other 

aspartyl proteases (Memapsin 2), which are found to be available in different parts of the 

human body, such as BACE2, pepsin, renin, cathepsin D, and cathepsin E, which are 

involved in many physiological functions.105 Hence, selectivity in BACE1 inhibition has 

posed a challenge in a battle of developing potent BACE1 inhibitors with minimal side 

effects, since it is unlikely to avoid the significant impact on other proteases.105 

Moreover, BACE1 active site (Figure	14), which is made up of catalytic aspartic acid 
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residues, flap, and 10 seconds loop, is considered being fairly large for the small 

molecule to bind to the active site. If it does, it may not be able to cross the BBB.105,112 

The last drawback from developing BACE1 inhibitors is P-glycoprotein (P-gp)113 efflux 

may obstruct the entry of drug to the brain, as BACE1 inhibitors are incline to undergo 

efflux by P-gp – a member of ATP binding cassette superfamily of transmembrane 

transport proteins and also an important drug efflux transporter.105 

 

Figure 14. BACE1 active site.105 Reproduced with permission from Ref [105]. 

Another rationale strategy for the treatment of AD has also been made efforts by 

targeting the γ-secretase that is involved in the last metabolic step of generating the 

neurotoxic Aβ peptides when interacting with CT99 (Figure	 6). A small molecule γ-

secretase inhibitor semagacestat (LY-450139, Eli Lilly, Figure	 15) demonstrated the 

potential to reduce Aβ in blood and CSF in AD patients in phase III clinical trials. 

However, this drug was discontinued as a therapeutic option against AD owing to its 

severe adverse effects including alterations of immune cells, gastrointestinal symptoms, 

non-melanoma skin cancers, and skin reactions.2,91,106,107,102–105 In addition, it did not 
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improve cognition and even showed significant worsening of functional ability in 

prodromal AD patients at higher doses compared to the placebo groups.2,101–104  

 

Figure 15. Structure of semagacestat (LY-450139) – a γ-secretase inhibitors. 

Negative result of this γ-secretase inhibitor and its associated toxicity was 

primarily attributed to the inhibition of Notch signal processing.106,107,115 Notch – a 

single-pass type I transmembrane receptor related to nuclear signaling and other 

functions is involved in cell-cell interactions and cell-surface receptors, which is 

processed similarly to CT99.115 Recent study suggested that Notch and other proteins are 

all substrates for γ-secretase, leading to the limiting factor in selectivity in γ-secretase 

inhibitor, as it is prone to inhibit Notch processing more than APP processing itself. 

Hence, the generation of neurotoxic Aβ deposits originating in the suppression of the γ-

secretase cleavage activity on APP persists to promote the neurotoxicity.8,115,117 Building 

upon the lessons learned from these failures, the development of novel agents regarding 

Notch-sparing properties is currently underway.106,107,117  

With a better understanding of the pathogenesis of AD, an alternate therapeutic 

approach based on as γ-secretase modulators arose regardless of the above potential 

hurdle in finding safer and more efficacious treatments for AD. Tarenflurbil (R-

flurbiprofen or FlurizanTM, licensed by Myriad Genetics, Figure	 16),8,99,117 the 

enantiomer of the NSAID flurbiprofen progressed to phase III clinical trials. This drug 

candidate was reported to be able to decrease Aβ42 peptides by modulating the γ-
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secretase activity in a way that it shifts the production of Aβ42 to Aβ38 by binding to 

APP, instead of directly inhibiting γ-secretase.8,117 In this regard, selectivity in γ-secretase 

inhibitors is not of importance, as it does not interfere the Notch cleavage or other APP 

processing pathways.8,117 However, a vital 18-month phase III clinical trial was 

discontinued due to poor CNS penetration and no improvement in cognition and 

function.8,99,107 

 

Figure 16. Structure of tarenflurbil (R-flurbiprofen) – a γ-secretase inhibitor.  

While development of AD therapeutics targeting the amyloidogenic metabolism 

of APP and α-secretase enzyme on the non-amyloidogenic pathway has also attracted 

considerable interest as α-secretase activators, which may also inhibit the production of 

Aβ in the brain with the same efficiency.118–122 Interestingly, such activation would 

confer neuroprotective levels of sAPPα, as well as suppress Aβ accumulation.121 In fact, 

an indirect approach to activate α-secretase activity on APP cleavage by modulating 

hormones, statins, other neurotransmitters, and the signaling transduction pathways.123 

Such pathways are activated via several G protein-coupled receptors (GPCR) and 

receptor tyrosine kinases, consisting of of mitogen-activated protein kinases, 

phosphatidylinositol 3-kinases (PI3K), cAMP, tyrosin kinases, protein kinase C (PKC), 

and calcium.118,120,123 A number of studies applying an indirect approach have 

demonstrated that the current drugs used to treat AD can induce the α-secretase 

activation.121 For example, a repurposed drug – atorvastatin (cholesterol agent)124 was 
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shown to induce activation of α-secretase. It has now progressed to phase III clinical trial 

(Figure	 17).121 Moreover, phase II clinical trials of bryostatin 1 (a PKC modulator) 

showed an increase in the production of sAPPα, improve cognition and reduce Aβ40/42 

in transgenic mouse models.111,107,120,121 In addition, etazolate (EHT-0202) – a selective 

GABAA receptor modulator was revealed to be capable of activating α-secretase activity 

and promoting sAPPα secretion.107,125,121 

 

Figure 17. Structure of atorvastatin – an α-secretase activator. 

At this point, the inhibition of BACE1 holds the greatest potential as a promising 

strategy in lowering the production of neurotoxic Aβ within the brain regardless the Aβ 

clearance production, as it can prevent of the formation of Aβ at an early stage of APP 

processing, leading to a significant downstream outcome on AD progression.105  

Understanding the complexity of AD and previous failures of many experimental 

and clinical trials owing to lack of efficacy has been adapted greatly. Further analysis has 

also been called for regarding the possible inadequacies in our understanding of the AD 

pathogenesis and diagnosis, the selection of therapeutic targets as well as the design of 

drug development and clinical trials.105,125  
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1.3.5.2 Downstream of Aβ  Production 
 

One of the key solutions to AD is likely to develop the effective early diagnostic 

tools before neurodegeneration even occurs, since the process for the accumulation of Aβ 

aggregates and their conversion into plaques begins many years before the first symptom 

is perceived. Let’s recall the primary cause of synaptic dysfunction and subsequent 

neurodegeneration characterized by the Aβ accumulation, in which soluble and highly 

toxic Aβ aggregates, known as oligomers and protofibrils and insoluble fibrils/plaques 

may be associated with AD pathogenesis.126–132 In this regard, a large number of 

downstream interventions of anti-Aβ immunotherapy (active/passive) has currently been 

developed to directly address the clearance of Aβ formation with hope to prevent or 

reverse it, leading to an optimistic approach against AD (Figure	 18).126–132 Three 

different immune-mediated mechanisms that can elevate the Aβ aggregates have been 

postulated: (1) solubilisation by antibody binding to Aβ; (2) phagocytosis of opsonized 

Aβ by microglia; and (3) extraction of Aβ from the brain by plasma antibodies.125 

 

Figure 18. Schematic overview of downstream interventions.110 Reproduced with 
permission from Ref [110].  
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The anti-Aβ immunotherapy has two different strategies to target Aβ aggregation 

intermediates: active or passive immunotherapy. Active immunotherapy employs the 

potential of the patient’s immune system to produce polyclonal antibodies which target 

an Aβ-derived antigen or other stimuli designed to induce an immune response.126,131 

Whereas, passive immunotherapy strategy treats an AD patient with monoclonal 

antibodies, which come from a source, such as humanized-murine monoclonal 

antibodies, or donor-derived human polyclonal antibodies.126,131,133 According to AD 

pipeline in 2019, there are six immunotherapies (monoclonal antibodies: aducanumab,126 

crenezumab,133–135 gantenerumab,136 solanezumab;107 plasma exchange with albumin + 

immunoglobulin;137,138 amyloid vaccine:125 CAD106) currently ongoing in the phase III 

clinical trials that can remove Aβ ranging from monomers to oligomers and plaques.106 

Before these clinical trials, there were many candidates striving to prove their efficacy 

and treatment effect. AN-1792 was the initial agent undergoing the human clinical trials 

of active immunotherapy to remove Aβ, yet it was halted due to developed serious 

inflammatory reactions such as meningoencephalitis in patients in phase IIa AD 

trials.99,107,139 A phase III clinical studies of passive immunotherapy with intravenous 

immunoglobulin (IVIG) plasma product (Gammagard) containing Aβ antibodies derived 

from prepared human plasma that was abandoned as a potential agent for prevention for 

AD because there was no progress in slowing the disease.99,107,140 

In summary, both strategies offer advantages and disadvantages; however, the 

disadvantages of active immunotherapy are more of a problem than an improvement 

since elderly people may not be responsive to vaccines used in active immunization and 

long-term adverse effects may occur after vaccination. Because of this reason, the passive 
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immunotherapy became a more preferable and attractive treatment approach for 

AD.106,125,128 The immunotherapy (or anti-aggregation) approach deems to prevent the 

process of oligomer formation by stabilizing the low-order of Aβ aggregates or 

elongating the lag phase, to reduce the neuronal exposure to the crucially toxic oligomer 

species which allows the non-toxic forms of Aβ to form, and to eliminate the end-stage 

amyloid fibrils built up in the brain.141–143 The only pitfall in this strategy is that its 

therapeutic window of treatment, half-life, and long-term viability still pose a challenge. 

It should be noted that the current COVID-19 crisis led to rapid discovery and launch of 

mRNA-based vaccines at an astonishing pace. Lessons learned from these newer 

technologies could pave the way for novel anti-AD vaccines. 

In addition to this strategy, instead of directing at fibrils or plaques, another 

potential method targeting Aβ – the pro-aggregation pathway utilizes small molecules 

that are capable of promoting the Aβ polymerization beyond the oligomer phase or 

accelerating the Aβ fribrillogenesis by enabling the small molecules to bind to the β-

sheet structure characteristic of fibrils.142,143 By doing so, the high-order of Aβ aggregates 

will form and eventually be removed by plaque-derived antibodies, leading to lower the 

concentration of oligomers present in the brain.142,143 Even though this methodology 

seems to be useful for AD therapy development, it is still premature in the field, and has 

some challenges in terms of poor penetration of antibody to the brain, the increased 

plaque load at advanced stages could be too late to be treated, overloading the Aβ-

clearance process.  

Taken these together, owing to the myriad of AD’s complexity, therapeutics 

targeting only one of these AD-related pathologies are less likely to succeed in the search 



 39 

for a DMT. This approach may have to be combined with other strategies to 

simultaneously tackle several pathologies in order for the clinical effects to translate to an 

ideal treatment. These findings have paved the way for the rational design, synthesis, and 

development using the small molecules as Aβ aggregation modulators for AD. In this 

regard, methylene blue (MB) and orange G (OG) are well-established ligands that can 

inhibit Aβ aggregation (Figure	19).  

 

Figure 19. Compounds with anti-aggregation properties that are commonly used as gold 
standards in Aβ assays. 

Particularly, MB – a cationic dye named tetramethylthionine chloride of 

phenothiazine class of compounds was investigated as a therapeutic agent for treating 

various brain disorders including AD.144 MB demonstrated its potential in inhibiting 

Aβ42 oligomers with IC50 value of 12.4 µM in vitro by promoting fibril formation. 

Furthermore, another report shows that MB can also inhibit the Aβ40 fibril formation 

with IC50 value of 2.3 µM.144 OG – a synthetic azo dye used in staining that can inhibit 

the Aβ aggregation by specifically binding and stabilizing the KLVFFA steric zipper 

(Aβ16-21), by binding between the pairs of anti-parallel β-sheets of amyloid fibers. 

While, the negatively charged sulfonic acid group of OG interacts with charged lysine 

side chain in the adjacent zipper forming salt links to further stabilize the amyloid/small 
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molecule complex.49 Owing to their strong binding interactions to Aβ peptides, these 

small molecules are commonly used as “gold standards” for many in vitro Aβ assays, 

such as thioflavin-T-based assay. One of the most common methodologies to identify 

molecules capable of prevent Aβ aggregation is to utilize the dye thioflavin T (ThT) – a 

benzothiazole salt as an indicator to detect the presence of amyloid fibrils formation 

(Figure	 20) in vitro by measuring the change in fluorescence intensity of ThT upon 

binding to amyloid fibrils.145,146 Indeed, due to highly specific binding interactions of 

ThT with β-sheets of amyloid fibrils, it represents a versatile methodology for rapid 

screening of compound libraries to determine their anti-aggregation properties.147 

 

Figure 20. Scheme of nucleated growth kinetics mechanism of Aβ aggregation process 
represented as a sigmoidal curve to depict three phase kinetics.  

Indeed, ThT is a well-established ligand that can bind to Aβ fibrils with modest 

affinity, which can serve as a medical probe in medical imaging of amyloid.145,146 The 

mechanism of this methodology is that when ThT is unbound, the C-C bond of the 
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phenylamine and benzathiazole rings of ThT tends to freely rotate in solution.145,146 The 

excited states generated by photon excitation are rapidly quenched by this steric rotation, 

resulting in low fluorescence emission for unbound ThT (excitation at 350 nm, emission 

at 450 nm).145,146 Whereas, when ThT binds to the β-sheets of amyloid fibrils, it locks the 

rotation of ThT, causing the preservation of the excited state, which in turn causes the 

increase of fluorescence (excitation at 450 nm and emission at 482 nm) (Figure	21).145,146 

The change in fluorescence intensity can be measured by fluorescence spectroscopy 

(excitation at 440 nm and emission at 490 nm).145,146 With this approach, the Aβ 

aggregation inhibitors can be detected.145,146 

 

Figure 21. Mechanism of thioflavin-T (ThT) binding to Aβ  aggregates. Blue arrows 
represent the cross-β structure of amyloid fibrils. Reproduced with permission from Ref 
[110].  

1.4 Tauopathy 

For many years, the aggregation of the mature amyloid fibrils was originally 

thought to account for the pathogenesis of AD. As a matter of fact, some evidence 

revealed that the toxicity levels of various forms of Aβ oligomers, which are responsible 

for synaptic dysfunction may be associated with the formation of neurofibrillary tangles 

(NFTs) due to the decreased phosphatase level observed in the AD patients.148–152 

In parallel with senile plaques, the formation of NFTs displays another 

pathological hallmark of AD (Figure	22).44,75,149,153,154 In fact, the tauopathy has been the 
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main competitor of the amyloid cascade hypothesis. Tau is a microtubule-associated 

protein (MAP) located in the axons of neurons and are generated by alternative mRNA 

splicing of a single gene,148,155,156 from which six tau isoforms are expressed in an adult 

human brain, ranging between 352 and 441 amino acid residues.149,155,157 Tau has various 

functions, one of which is to bind to tubulin (monomers of peptide) to form into 

microtubules (MTs) and stabilize MTs during its polymerization.75,149,153,154 These are 

critical to the axonal growth and effective axonal transport.149,158 Yet, the assembly and 

stabilization of MTs depends on tau isoforms and phosphorylation.159,160 As one of the 

important components of the eukaryotic cellular cytoskeletal system, MTs take part as an 

internal transport system, which can assist with delivering nutrients and other cellular 

components, such as neurotransmitters containing vesicles.53,161 When tau has a certain 

number of phosphate residues attached to it, this helps stabilize the MTs. However, in 

AD, when a large number of phosphate molecules adhere to tau, it gives rise to 

hyperphosphorylation (mutation).44 When tau is hyperphosphorylated, the tubulin 

monomers of the MTs begin to lose their binding affinity; in addition, tau detaches from 

the MTs, causing them to unravel.44,155 As a result, this process disturbs axonal transport 

and destructs the entire biochemical communication between the neurons, leading to 

neuronal death and synaptic impairment.44,155 On the other hand, the hyperphosphorylated 

tau strands have a tendency to self-assemble and polymerize into paired helical filaments 

(PHFs), which then aggregate to form neurofibrillary tangles (NFTs) that are toxic to 

neurons.44,155 During the process of aggregation, the normal tau and MAP are more likely 

to be sequestered by the hyperphosphorylated tau into the aggregation, which can damage 

the normal function of the MTs.44,155 
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Figure 22. Schematic representation of tau hypothesis and the aggregation process of tau 
protein. 

Tau has a large number of serine (S), threonine (T), and tyrosine (Y) sites, which 

can be phosphorylated easily. Tau activity is governed by various protein kinases and 

phosphatases.161,162 Increased activity of the tau kinases (which are protein kinases) and 

phosphatases triggers hyperphosphorylation of tau.147 The hyperphosphorylation of tau 

occurs on account of most of the protein kinases (known as tau kinases).146 Normal tau 

phosphorylation takes place on both serine and threonine amino acids. These amino 

acids, which are directed by proline (P), are phosphorylated by cyclin-dependent kinase 

(CDK5 or tau protein kinase-II) and its activator subunit p25, glycogen synthase kinase 3 

(GSK3), or mitogen activated protein kinase (MAPK, also known as ERK2 – 

extracellular signal-regulated kinase).151,156 Nevertheless, the non-proline directed kinases 

include cyclic-AMP-dependent kinase (PKA) and microtubule-affinity regulating kinase 

(MARK).151,156,146 Likewise, there are several phosphatases involved in reversing and 

dephosphorylating tau.151,156,146 The protein phosphatase PP2A is the most active enzyme 

that is responsible for the tau dephosphorylation.151,156,146 Some studies have reported that 
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the decreased expression and activities of the phosphatases were often observed in AD 

brain.137 Similar to Aβ oligomers, the intermediate deposits of hyperphosphorylated tau 

such as soluble oligomeric tau are considered more cytotoxic than NFTs.137 Experimental 

data in AD brain revealed that the Aβ deposits, indeed, pave the way for tau aggregation, 

which was found to be a mediator of Aβ toxicity as it gives rise to Aβ peptides binding to 

tau and forming a stable complex, promoting the phosphorylation of tau via tau protein 

kinase-I (GSK-3β).137   

With this information in mind, numerous potential therapeutics have been 

developed focusing on tau kinase inhibitors using small molecules, as potential anti-AD 

therapies.141,146,147 There are two main therapeutic approaches to target the tau protein: (1) 

tau kinase inhibitors help inhibit tau aggregation, preventing PHFs from forming into 

NFTs. An example of TRx0237, an anti-tau agent was observed to reduce tau-mediated 

neuronal damage in phase III clinical trials;106 (2) tau kinase inhibitors promote the 

disassembly of tau aggregates, diminishing the NFTs formation.125 Despite these 

advances, many challenges remain in the development of tau kinase inhibitors comprising 

of GSK-3β, CDK5, and MARK.148 Interestingly, clinical studies showed significant 

improvement in cognition after GSK3 inhibitor administration in double blind, placebo-

controlled, and randomized conditions.148 Having said that, to a certain extent, many 

other inhibitors of GSK3 have evolved over the years.148 For instance, ANAVEX2-73 has 

shown to enhance cognition, reduce tau phosphorylation and amyloid deposition in phase 

III clinical trials (Figure	23).106,163  
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Figure 23. Structure of ANAVEX2-73 – an anti-amyloid and anti-tau agent. 

Another study demonstrated that the tau hyperphosphorylation leading to the 

formation of NFTs could be inhibited by the use of phosphatase PP2A activator – sodium 

selenite in transgenic mouse models of AD.148 These results have indicated that there are 

some symptomatic improvement in AD treatment, which may have wide-ranging benefits 

for the related phathological conditions. Using the same approach, a first generation tau 

aggregation inhibitor – methylene blue MB (RemberTM) progressed to phase III clinical 

trials which enhanced cognition and inhibit tau aggregation, but then was abandoned due 

to the lack of efficacy.164,165 

Recently, studies on immunization against tau have been reported. AADvac1 of 

active immunotherapy and ABBV-8E12 of passive immunotherapy have made to the 

furthest of the clinical trials since they both could remove tau and prevent tau 

aggregation.166  

 
 
 
 
 
 
 
 

O

N
CH3

CH3

HCl



 46 

CHAPTER 2 Hypothesis and Rationale in Using Thiazole 
Ring Scaffolds as Amyloid Aggregation Inhibitors 

 

2.1 Thiazole Derivatives 

Small molecules containing heterocyclic rings are known to have a wide range of 

application in several fields including agriculture, pharmaceutical industry, polymer 

industry, and other areas.167,168 Among the many possible heterocycles, thiazole (Figure	

24) is an important class of heterocyclic compounds that have a five-membered ring 

structure, with a sulfur and nitrogen atom.169 Furthermore, thiazole is aromatic on the 

basis of delocalization of a lone pair of electrons from the sulfur atom completing the 6π 

electrons to meet the criteria of Huckel’s rule.169 

 

Figure 24. Structure of novel thiazole derivatives. 

Thiazole was first described by Hantzsch and Weber in 1887 as the products 

obtained from reactions between thiourea and α-halo carbonyl compound.170,171 The 

thiazole ring appears naturally in microbial and marine sources and thus, has been 

established in a number of natural products, including peptides, vitamins B1 (thiamine), 

alkaloids, epothilone, and chlorophyll (Figure	25).170–172 

Novel Thiazole Derivatives

S

NR2

R3
R1

1

2

3
4

5



 47 

 

Figure 25. Biologically important thiazole.170  

Moreover, thiazole is an effective and valuable scaffold in the field of medicinal 

chemistry due to its biological properties,169 and has been incorporated into various 

chemical entities with a broad spectrum of pharmacological activities such as anti-

allergic, anti-bacterial, anti-cancer, anti-convulsant, anti-fungal, anti-hypertension, anti-

inflammatory, anti-malarial, anti-microbial, anti-psychotic, and anti-viral (Figure	26).169–

171,173–176  

 

Figure 26. Thiazole skeleton containing FDA-approved drugs.171,172 
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By incorporating different substituents on different positions at the thiazole ring, 

the diversity and therapeutic potential of these thiazole derivatives have been reported in 

various diseases. In particular, those thiazoles containing an amine group have become 

exceptionally important. Recently, several thiazole analogs have been developed as anti-

cholinesterase inhibitors.168,175 For instance, acotiamide hydrochloride (Z-338) - a 

thiazole-based selective AChEI for the treatment in patients with functional dyspepsia 

has been reported, and evaluated in advance stages of clinical trials.175,177 Pramipexole 

(Mirapex®, Pharmacia and Upjohn) incorporating with 2-aminothiazole fused with 

cyclohexane ring, in which aminothiazole moiety was used as a bisostere to the 

dopamine’s catechol ring, demonstrating a potent dopamine D2 agonist activity. This 

thiazole derivative is used in the treatment of both the motor and psychiatric symptoms of 

Parkinson’s disease.178 Another thiazole derivative – riluzole (2-amino-6-

trifluoromethoxybenzothiazole) has been approved to treat patients by slowing down the 

progression of amyotrophic lateral sclerosis (ALS).169,179,180 Moreover, benzothiazoles 

containing thiazole scaffolds have been demonstrated as promising neuroprotective 

agents, such as tetrahydrobenzothiazoles,181 and benzothiazoles.182 Several potent and 

selective glutamate receptor antagonists, such as ethynyl thiazole183 and pyrimidyl 

thiazole184 have been reported for the treatment of anxiety disorders. A group of thiazole 

derivatives including riluzole analogues,180 thiazole-semicarbazides,185 

thiazolepyridons,186 and thiazole-carboxamides187 have been reported to have 

anticonvulsant properties in vitro. Butyl thiazoles as RAGE antagonists,188 imidazolo 

thiazoles as AChE and BuChE inhibitors,189 2-aminothiazoles as inhibitors of tau-induced 
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neuronal toxicity,190 and triazolyl thiazoles as cdk5/p25 inhibitors191 have also been 

studied as potential treatments for AD. 

2.2 Template Design 
 

The last decade has been seen with an incremental increase in the design and 

development of novel small molecules as multi-target-directed ligands (MTDLs) to treat 

AD.192 In this regard, Nekkar Rao’s research group has focused on developing novel ring 

templates as MTDLs and their application in treating AD. Our group has worked on a 

number of heterocyclic ring templates as novel anti-AD agents (Figure	27). 

 

Figure 27. Chemical structures of heterocyclic ring systems as potential anti-AD agents. 
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present in CNS agents, which are used in therapy to treat psychotic disorders.193 As such, 

phenothiazines are known to exhibit ChE inhibition and antioxidant activity.194,195 
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Nekkar group has investigated 2,4-disubstituted pyrimidine derivatives as ChE and Aβ 

aggregation inhibitors.198,199 In contribution of this line of research, in the current work, 

we have undertaken the design, synthesis, and evaluation of novel thiazole derivatives as 

inhibitors of neurotoxic Aβ aggregates. This study was inspired by a thiazole based small 

molecule, known as Neuropathiazol® (ethyl 4-(methyl(2-phenylthiazol-4-

yl)amino)benzoate), which is an N,2-diphenylthiazole-4-amine.  

Neuropathiazol® is a thiazole-4-amine, which was previously reported to 

selectively induce neuronal differentiation of multipotent adult hippocampal neural 

progenitor cells towards a neuronal phenotype.200–202 For example, a series of 5-arylated 

N-arylthiazole-2-amines neurodzine and neurodazole (Figure	 28) were studied for 

promoting the cell differentiation in skeletal muscle cells to enhance the healing process 

of muscles damaged by injury or disease,202–205 which have the ability to induce 

neurogenesis in human neuroblastoma cells, such as SH-SY5Y cells. Furthermore, in 

another study, Shidore and coworkers reported the synthesis of 4,5-diphenylthiazole-4-

amines as MTDLs in treating AD (Figure	 29).206 Their study demonstrated that these 

novel thiazole derivatives were able to inhibit cholinesterase enzymes and were able to 

reduce Aβ42-mediated toxicity. 

 

Figure 28. Structures of small molecules with neurogenesis-inducing activities.202–205 
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Figure 29. Chemical structure of 4,5-diphenylthiazol-4-amine. 

These studies prompted us to investigate the potential of neuropathiazol® based 

N,2-diphenylthiazol-4-amines and the corresponding N,4-diphenylthiazol-2-amines in 

binding to Aβ and in preventing their toxicity forms. We conducted computational 

modeling studies using neuropathizol® and N,4-diphenylthiazol-2-amine (Figure	 30). 

Molecular docking studies indicated that neuropathiazol® and N,4-diphenylthiazol-2-

amines were able to interact at the KLVFFA region at the N- and C-terminals, 

respectively. The central thiazole ring was in contact with amino acids in the Aβ-turn 

region along with the amine substituent (N-Me), whereas the phenyl rings were in contact 

with amino acids in the C- and N-terminals. These studies suggest that either N,2-

diphenylthiazol-4-amines or N,4-diphenylthiazol-2-amines possess the right structure and 

conformation required to bind and stabilize Aβ-aggregates and prevent their assembly 

into toxic forms. Past research has shown that KLVFFA segment is the key region 

involved in the nucleation dependent aggregation process and small molecules that bind 

to this particular regions can prevent Aβ aggregation and associated neurotoxicity.207 

While designing these N,2-diphenylthiazol-4-amines or N,4-diphenylthiazol-2-amines 

thiazole derivatives, it is extremely important to consider their physicochemical 
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account to ensure the ClogP values of thiazole derivatives were in the range of 3-5, 

molecular weight under 500 Da, hydrogen-bonding acceptors under or equal to 10, and 

donors under or equal 5.208 Individual thesis chapters will provide further rationale on the 

application of N-diphenylthiazoleamine derivatives as Aβ40 and Aβ42 aggregation 

inhibitors. 

 

 

Figure 30. Chemical structure and molecular modeling of Neuropathiazol®. Molecular 
modeling of thiazole docked with the Aβ40-dimer model (pdb id: 2LMN) using the 
Discovery Studio Structure-based design software. Neuropathizol®  undergoes a number 
of interactions in the hydrophobic region (orange) of Aβ40-dimer, such as hydrogen 
bonding with Val18 and Phe19, and π-π interactions with Phe20. 
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2.3 Synthesis of Thiazole Core Template 

The retrosynthetic strategy used to synthesize N-diphenylthiazol-amine 

regioisomers is shown in Figure	 31. The N,4-diphenylthiazol-amine was obtained by 

cyclization reaction209 of commercially available and inexpensive N-phenylthiourea and 

2-bromo-acetophenone (Hantzsch thiazole synthesis) while thiobenzamide was cyclized 

with 2-chloro-N-phenylacetamide to obtain N,2-diphenylthiazole-4-amine. 

 
Figure 31. Retrosynthetic pathway to the synthesis of N-diphenylthiazoleamine 
derivatives. 
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The following is the complete list of novel thiazole-based compound libraries 

synthesized and categorized into four chapters.  

1. N,4-Diphenylthiazol-2-amines (Chapter 3 – 12 derivatives) 

2. N-Methyl-N,4-diphenylthiazol-2-amines (Chapter 4 – 11 derivatives) 

3. N,4-Diphenylthiazol-2-amines (Chapter 5 – 10 derivatives) 

4. N-Methyl-N,4-diphenylthiazol-2-amines (Chapter 6 – 10 derivatives) 

5. N,2-Diphenylthiazol-4-amines (Chapter 7 – 4 derivatives) 
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CHAPTER 3 Development of N,4-Diphenylthiazol-2-amines 
 
 

 

Figure 32. Banner for Chapter 3  

3.1 Introduction 
 

In this Chapter, we designed a library of novel class of diphenylthiazole-amine 

derivatives by focusing on the N,4-diphenylthiazol-2-amine derivatives possessing 

various electron-donating and electron-withdrawing groups (R = H, Me, OMe, NH2, 

NO2, Cl, Br, and F) at either the para (C4)- or meta (C3)- position of the 4-substituted 

phenyl ring (Figure	 32) as inhibitors of Aβ40 and Aβ42 aggregation. The Chapter 

describes the synthetic methodology and analytical data for this series of compounds, 

their biological assay results based on ThT-based fluorescence aggregation kinetic studies 

and transmission electron microscopy (TEM) experiments, and their neuroprotective 

activity against Aβ40- or Aβ42-induced cytotoxicity in mouse hippocampal neuronal 

cells (HT22). In addition, results from computational modeling studies are included to 

understand the binding interactions of N,4-diphenylthiazol-2-amine derivatives in Aβ40 

or Aβ42 aggregates.  
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3.2 Hypothesis 
 

For this series of N,4-diphenylthiazol-2-amine derivatives, we hypothesize that (i) 

the diphenyl rings undergo nonpolar interactions with both the N- and C-terminal 

residues (Phe20 and Val36) in the Aβ40 dimer model, which can stabilize the dimer 

assembly and can reduce its aggregation propensity; (ii) interact in the KLVFFA and 

polar region of Aβ42 to prevent growth kinetics; and that (iii) incorporating substituted 

phenyl rings at the thiazole C4-position can enhance their binding toward Aβ40 and 

Aβ42, and their anti-aggregation properties. These hypotheses were addressed by 

synthesizing N,4-diphenylthiazole-2-amine derivatives with EDGs and EWGs (R = H, 

Me, OMe, NH2, NO2, Cl, Br, and F). All the derivatives designed exhibited ClogP values 

in the range of 3.8-4.7, which is suitable for transport into the CNS.208 

3.3 Results and Discussion 

3.3.1 Synthesis 

The synthetic route for the target compound (1-2) is outlined in Scheme 1. As 

discussed earlier in Chapter 2, the synthesis of N,4-diphenylthiazol-2-amine derivatives 

(1a-j and 2a-b, Scheme 1) was carried out by coupling N-phenylthiourea with 2-bromo-

3’ or 4’-substituted-acetophenone (R = H, p-Me, p-OMe, 3,4-diOMe, p-Cl, p-Br, p-F, 

3,4-diF, m-NO2, and p-NO2) in ethanol via cyclization reaction (Figure 33).209 The 

substituted bromoacetophenone precursors were synthesized from the respective para or 

meta-substituted acetophenone via copper bromide catalyzed bromination reaction as 

shown in Scheme 1. The purified N,4-diphenylthiazol-2-amine derivatives were 

characterized by 1H and 13C NMR, LCMS and HRMS analysis. The yields of the desired 
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target compounds (1a-j) ranged from 69-99%. The reaction mechanism pertaining to 

cyclization reaction is briefly outlined in Figure 33. 

 

Figure 33. Proposed mechanism of cyclization reaction to synthesize N-4-
diphenylthiazol-2-amine derivatives (1-2). 

The corresponding amine derivatives (2a or 2b) were obtained by hydrazine 

hydrate/palladium-carbon mediated catalytic hydrogen-transfer reduction of nitro-

substituted N,4-diphenylthiazol-2-amines 1e and 1f (Figure 34), where hydrazine is the 

source of the hydrogen.210 Their yields ranged from 78-83%. The reaction mechanism 

pertaining to the hydrazine hydrate:Pd/C catalyzed reduction is shown in Figure 34.211 In 

total, a library of 12 N,4-diphenylthiazol-2-amine derivatives were synthesized using 

Scheme 1, which were evaluated as Aβ aggregation inhibitors. 
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Figure 34. Mechanism of the catalytic reduction reaction to synthesize nitro-substituted 
4-diphenylthiazol-2-amine derivatives. SET – Single electron transfer. 

 

*Reagents and conditions: (a) CuBr2, EtOAc, 70 °C, 15 h; (b) EtOH, 80 °C, 5 h; (c) Pd/C, 
hydrazine hydrate, EtOH, 85 °C, 3-5 h 

Scheme 1. Synthetic route towards the N,4-diphenylthiazol-2-amine derivatives 1-2. 
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3.3.2 Amyloid-β  Aggregation Inhibition Studies 
 

The anti-aggregation activity of the N,4-diphenylthiazol-2-amine derivatives 1a-j 

and 2a-b toward either Aβ40 or Aβ42 were evaluated at four different concentrations (1, 

5, 10, and 25 µM). The results obtained were compared with known inhibitors methylene 

blue (MB) and resveratrol (Figure	35) using the ThT-based fluorescence assay (Table	3, 

Aβ40 assay results and Table	 4, Aβ42 assay results) at pH 7.4,145 37 °C for 24 h. In 

Table	 3 and Table	 4, the results are presented as average % inhibition ± standard 

deviation (SD) in triplicates for three independent experiments. Structure-activity 

relationship (SAR) studies show that the unsubstituted N,4-diphenylthiazol-2-amine (1a, 

R = H) exhibited anti-aggregation properties against Aβ40 aggregation with inhibition 

ranging from 28-62% at various concentrations (Table	3). Adding an EDG (R = Me) at 

the para-position in compound 1b did not enhance the anti-aggregation property with 

maximum inhibition of 56% seen at 25 µM. The anti-Aβ40 activity was reduced when p-

Me was replaced with p-OMe group (34% inhibition at 25 µM, Table	3). Replacing the 

p-OMe with a 3,4-diOMe substituent (compound 1d) restored the activity with the anti-

aggregation properties ranging from 45-68% inhibition). Remarkably, addition of NH2 

substituent either at the para- or meta-position provided N,4-diphenylthiazole-2-amines 

(2a and 2b) with superior anti-aggregation properties against Aβ40 aggregation (Table	

3), with activity reaching up to 75% inhibition (compound 2b). Both compounds 2a and 

2b were not as effective as reference agents, methylene blue (MB, 98% inhibition at 25 

µM) and resveratrol (RES, 92% inhibition at 25 µM) as inhibitors of Aβ40 aggregation. 

Replacing the NH2 substituent with an EWG such as a NO2 either at the para- or meta-
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position provided similar anti-aggregation properties (compound 1e and 1f, 70% and 74% 

inhibition, respectively, Table	3). This suggests that polar functional groups either at the 

para- or meta-position provide superior anti-Aβ40 activities. The addition of other 

EWGs, such as Cl, Br, or F at the para-position (compound 1g-i) provided anti-

aggregation properties although they were not as effective as either NH2 or NO2 

substituted compounds. Similarly, addition of 3,4-diF substituent (compound 1j) 

provided good inhibition of Aβ40 aggregation (inhibition range 32-63%). However, it 

was not as effective as NH2 or NO2 substituted compounds 1e-f. These studies 

demonstrate that N,4-diphenylthiazol-2-amines possess inherent anti-aggregation 

properties and the activity was sensitive to variations in substituents at the para- and 

meta-positions, and that the Aβ40 aggregation inhibition activity was of the order: NH2 ≈ 

NO2 > Me ≈ Cl > 3,4-diF ≈ 3,4-diOMe > OMe ≈ H (at 25 µM). 

The 24 h Aβ40 aggregation kinetic plot for p-NH2 substituted N,4-diphenylthiazol-2-amines 2a is shown in 
diphenylthiazol-2-amines 2a is shown in 
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Figure	 36. In the absence of test compound, Aβ40 (5 µM) shows a sigmoidal 

curve with a short lag phase, followed by quick and rapid growth phase which starts to 

plateau after ~15 h time point and a saturation phase which indicates the formation of 

Aβ40 fibrils. In the presence of 2a at various concentrations (1-25 µM), the ThT 

fluorescence intensity declined gradually which indicates a reduction in the formation of 

Aβ40 aggregates. Compound 2a was able to reduce the growth phase significantly and 

demonstrated maximum inhibition of Aβ40 aggregation at 25 µM (74% decline in ThT 

fluorescence intensity). This Aβ40 aggregation kinetic plot demonstrates the ability of 

N,4-diphenylthiazol-2-amine to perturb various phases of the nucleation dependent 

fibrillogenesis of Aβ40. 

 

Figure 35. Chemical structures of reference compounds used in the ThT-based kinetic 
assay. 

Table 3. Inhibition data for N,4-diphenylthiazol-2-amine derivatives 1a-j, 2a-b and 
reference compounds toward Aβ40 aggregation, and their ClogP values. 
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1 µM 5 µM 10 µM 25 µM 
1a H 50 62 28 37 3.87 
1b p-Me 53 53 46 56 4.36 
1c p-OMe 15 20 24 34 3.78 
1d 3,4-diOMe 68 53 56 45 3.35 
1e p-NO2 45 52 34 70 3.61 
1f m-NO2 55 63 72 74 3.61 
1g p-Cl NA NA 28 55 4.58 
1h p-Br NA NA NA 30 4.73 
1i p-F 48 56 22 25 4.01 
1j 3,4-diF 63 32 53 47 4.08 
2a p-NH2 45 53 53 74 2.64 
2b m-NH2 36 41 27 75 2.64 

MB - 90 95 97 98 3.62 
RES - 45 52 65 92 2.83 

aPercent aggregation inhibition values were average ± SD < 10% (n = 3) for three 
experiments. NA – Not Active. bClogP values were determined using ChemDraw 19.1. 

 

Figure 36. ThT-monitored 24 h aggregation kinetics of Aβ40 (5 µM) in the presence of 
1, 5, 10, and 25 µM of N,4-diphenylthiazol-2-amine (2a) at pH 7.4, 37 °C in phosphate 
buffer. Aggregation kinetics were monitored by ThT-fluorescence spectroscopy 
(excitation = 440 nm, emission = 490 nm). Results are average ± SD of three independent 
experiments (n = 3). 

The results of anti-aggregation properties of N,4-diphenylthiazol-2-amines 1a-j, 
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the unsubstituted compound 1a (R = H), exhibited excellent inhibition profile ranging 

from 75–90% inhibition (Table 4). Incorporating EDGs such as Me, or OMe at para- or 

meta-positions provided similar inhibition as the unsubstituted compound 1a when tested 

at a concentration of 25 µM (inhibition range = 90–96%). However, they exhibited 

weaker inhibition at lower concentrations (1-10 µM) compared to the unsubstituted 

compound 1a. Interestingly, presence of NH2 substituent either at para- or meta-position 

exhibited lower inhibition of Aβ42 (~58%), compared to the unsubstituted compound 1a 

(Table	 4). Investigating the effect of disubstitution on Aβ42 aggregation properties 

shows that compounds 1d (R = 3,4-diOMe) and 1j (R = 3,4-diF) exhibited consistent and 

excellent inhibition of Aβ42 aggregation at all the tested concentration (inhibition range 

of 70–97%, Table 4) and exhibited comparable activity as the reference agents MB (99% 

inhibition) and RES (98% inhibition) at 25 M (Table	4). The presence of EWGs (R = 

NO2, Cl, Br) was able to retain Aβ42 aggregation inhibition properties and demonstrated 

excellent inhibition at 25 µM (compounds 1e-h 83–96% inhibition, Table	4) whereas the 

presence of a p-F substituent diminished the anti-aggregation property (compound 1i, 83-

96% inhibition, Table	4). The Aβ42 aggregation inhibition activity was of the order: 3,4-

diF ≈ Me ≈ OMe ≈ Cl ≈ 3,4-diOMe > H > NO2 > NH2 > F (at 25 µM). These studies 

show that N,4-diphenylthiazol-2-amines derivatives exhibited superior inhibition of Aβ42 

aggregation as compared to Aβ40 inhibition. 

The 24 h aggregation kinetics data for Aβ42 (5 µM) in the presence of N,4-

diphenylthiazol-2-amines derivatives 1j is shown as representative example in Figure	37. 

In the absence of test compound, Aβ42 (5 µM) underwent rapid aggregation exhibiting 

characteristic features such as the lag phase, growth phase and saturation phase with 
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corresponding increase in ThT fluorescence intensity (Figure	 37). In the presence of 

varying concentrations of 1j, the ThT fluorescence declined rapidly with maximum 

reduction seen at 25 µM. These results show that N,4-diphenylthiazol-2-amines 

derivatives exhibit excellent inhibition of Aβ42 aggregation at all the tested concentration 

and can reduce Aβ42 fibrillogenesis. 

 

 

 

Table 4. Inhibition data for N,4-diphenylthiazol-2-amine derivatives 1a-j, 2a-b, and 
reference compounds toward Aβ42 aggregation, and their ClogP values. 

 
 

Compound R-group % Inhibition for Aβ42 a ClogP b 
1 µM 5 µM 10 µM 25 µM 

1a H 75 90 83 90 3.87 
1b p-Me NA 34 52 96 4.36 
1c p-OMe 40 36 37 95 3.78 
1d 3,4-diOMe 87 88 89 93 3.35 
1e p-NO2 70 49 62 83 3.61 
1f m-NO2 25 39 43 83 3.61 
1g p-Cl 11 NA 83 95 4.58 
1h p-Br NA 55 68 92 4.73 
1i p-F NA 41 40 51 4.01 
1j 3,4-diF 80 95 78 97 4.08 
2a p-NH2 40 36 60 57 2.64 
2b m-NH2 25 30 52 58 2.64 
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MB - 87 97 97 99 3.62 
RES - 81 94 95 98 2.83 

aPercent aggregation inhibition values were average ± SD < 10% (n = 3) for three 
independent experiments. NA – Not Active. bClogP values were determined using 
ChemDraw 19.1. 

 
Figure 37. ThT-monitored 24 h aggregation kinetics of Aβ42 (5 µM) in the presence of 
1, 5, 10, and 25 µM of N,4-diphenylthiazol-2-amine (1j) at pH 7.4, 37 °C in phosphate 
buffer. Aggregation kinetics were monitored by ThT-fluorescence spectroscopy 
(excitation = 440 nm, emission = 490 nm). Results are average ± SD of three independent 
experiments (n = 3). 

3.3.2.1 Correlating the ClogP Values, HBDs, and HBAs with Anti-Aβ  Aggregation 
Properties 

 

Figure 38. Chemical structure of N,4-diphenylthiazol-2-amines described in Chapter 3 
highlighting the C4-position of the thiazol-2-amine that was modified by SAR. HBD – 
Hydrogen Bond Donors, HBA – Hydrogen Bond Acceptors. 
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The anti-aggregation activity data of N,4-diphenylthiazol-2-amines 1a–j, 2a and 

2b (at 25 µM each), toward Aβ40 obtained after conducting the in vitro ThT based 

fluorescence assay, was correlated with the ClogP values, number of hydrogen bond 

donors (HBD), and hydrogen bond acceptors (HBA) present in the phenyl ring at the C4-

position of the thiazol-2-amine (Figure	38). 

 

Figure 39. Correlation of Aβ40 aggregation inhibition properties of 1a–j, 2a and 2b at 25 
µM, with ClogP values. Blue line represents ClogP values. 

This plot shows that the most potent inhibitors of Aβ40 aggregation (compounds 

1e, 1f, 2a and 2b, 70–75% inhibition at 25 µM), had ClogP values of 3.61 and 2.64 

respectively, Figure	39). Interestingly, all these compounds possess HBDs at the phenyl 

ring (C4-position of the thiazol-2-amine ring), with compounds 1e and 1f containing p- or 

m-NO2-phenyl substituents and compounds 2a and 2b possessing a p- or m-NH2-phenyl 

substituents. In contrast, N,4-diphenylthiazol-2-amine derivatives that possess HBAs 

such as compounds 1c (p-OMe-phenyl), 1d (3,4-diOMe-phenyl), 1i (p-F-phenyl) and 1j 

(3,4-diF-phenyl), were not as potent as compounds that possessed HBDs at the phenyl 
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ring and their anti-Aβ activity was in the range of 34–47% inhibition (Figure	39). This 

suggests that the presence of C4 phenyl ring possessing HBDs was enhancing the Aβ40 

aggregation inhibition properties. 

 

Figure 40. Correlation of Aβ42 aggregation inhibition properties of 1a–j, 2a and 2b at 10 
µM, with ClogP values. Blue line represents ClogP values. 

A similar plot was obtained using the anti-aggregation data for the N,4-

diphenylthiazol-2-amines 1a–j, 2a and 2b toward Aβ42, and was correlated with the 

ClogP values, number of hydrogen bond donors (HBD) and hydrogen bond acceptors 

(HBA) present in the phenyl ring at the C4-position of the thiazole-2-amine (Figure	40). 

The anti-aggregation activity data at 10 µM was considered to assess the trend between 

activity, ClogP values, HBAs and HBDs, as there was no significance difference in the 

data obtained at 25 µM test compound concentration (Table	 4). The correlation plot 

shown Figure	 40 at 10 µM shows that N,4-diphenylthiazol-2-amines exhibiting 

maximum anti-aggregation properties (78–89% range, compounds 1a, 1d, 1g and 1j), had 

ClogP values ranging from 3.35–4.58. Compounds possessing two HBAs including 1d 
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(3,4-diOMe-phenyl) and 1j (3,4-diF-phenyl) exhibited superior inhibition of Aβ42 

aggregation (89 and 78% inhibition respectively), whereas compounds containing HBDs 

such as 1c (p-OMe-phenyl), 1e, 1f (either p- or m-NO2), and 2a, 2b (either p- or m-NH2) 

were not as potent (37–60% inhibition, Figure	 40). One of the lipophilic compounds 

from this series, containing a p-chlorophenyl substituent (1g, ClogP = 4.58), was also a 

potent inhibitor of Aβ42 aggregation which suggests that both ClogP values and the 

presence of HBAs play an important role in enhancing the anti-aggregation properties. 

3.3.3 Computational Modeling Studies 

The binding interactions of most potent N,4-diphenylthiazol-2-amine derivatives 

was investigated by conducting molecular docking studies using the solved structures of 

Aβ40 and Aβ42 peptides.212,213 Docking studies were carried out using the dimer 

assemblies of both Aβ40 and Aβ42 peptides as they represent the early forms of Aβ in 

solution. In the N,4-diphenylthiazol-2-amine series, compound 2a (4-(4-aminophenyl)-N-

phenylthiazol-2-amine) was identified as one of the most potent inhibitors of Aβ40 

aggregation in the ThT-based fluorescence assay (74% inhibition at 25 µM). Figure	41 

Panel A shows the predicted binding mode of 2a in the Aβ40-dimer model. These studies 

show that the N-phenylthiazol-2-amine was oriented in the KLVFFA region closer to the 

N-terminal into where the 4-aminophenyl ring was situated. The central thiazole ring 

underwent couple of π-π T-shaped interactions with aromatic rings of Phe19 and Phe20 

(distance ~ 5 Å). The secondary amine NH was in contact with backbone C=O of Lys16 

via hydrogen bonding interaction (distance = 2.6 Å). 
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Panel B (Figure	41) shows interactions of 1j in the Aβ42 dimer model. The diF 

substituent underwent hydrogen bonding interactions with backbone of Lys16 (distance = 

2.2-2.6 Å). The 4-aminophenyl ring was in contact with Val18 and Ala21 via π-alkyl 

interaction with distance < 5 Å. The central thiazole ring underwent several π-alkyl 

interactions with side chain of Ala21 (distance < 5 Å). The N-phenyl ring underwent π-

alkyl interaction with side chain of Ala21 (distance < 5 Å). These studies show that 

compound 1j was in contact with amino acids present in the N-terminal, which can 

stabilize the dimer assembly and can reduce or prevent further aggregation into higher 

order structures. 
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Figure 41. Panel A: Predicted binding mode of 2a (ball and stick cartoon) in the Aβ40-
dimer model (ribbon diagram, pdb id: 2LMN, CDOCKER energy = -9.47 kcal/mol; 
CDOCKER interaction energy = -19.65 kcal/mol). Panel B: Predicted binding mode of 1j 
(ball and stick cartoon) in the Aβ42-dimer model (ribbon diagram, pdb id: 5KK3, 
CDOCKER energy = –7.97 kcal/mol; CDOCKER interaction energy = –21.09 kcal/mol). 
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3.3.4 Transmission Electron Microscopy (TEM) Studies 

In order to validate and confirm the anti-aggregation properties of the N,4-

diphenylthiazol-2-amine derivatives toward Aβ40 and Aβ42 aggregation observed in 

ThT-based fluorescence assay, transmission electron microscopy (TEM) experiments 

were carried out using representative N,4-diphenylthiazol-2-amine derivatives. The Aβ40 

and Aβ42 aggregation morphologies were assessed in the presence and absence of the 

test compounds. Figure 42 shows the TEM morphologies of Aβ40 in the presence or 

absence of test compounds 2a (25 µM) and 2b (25 µM). Panel A shows the presence of 

dense and distinct fibrillar Aβ40 aggregates after 24 h incubation at 37 °C with phosphate 

buffer at pH 7.4. Co-incubation of Aβ40 with either 2a or 2b (25 µM) led to a significant 

reduction in Aβ40 aggregates, which further confirms the anti-aggregation properties of 

N,4-diphenylthiazol-2-amine derivatives (Figure 42). 

 

Figure 42. TEM images of Aβ40  aggregation morphology. Panel A: Aβ40 control (5 
µM). Panel B: Aβ40 + 2a (25 µM). Panel C: Aβ40 + 2b (25 µM). Scale bars represent 
100 nm. 

Aβ40 (5 µM) alone Aβ40 + 2a (25 µM) Aβ40 + 2b (25 µM) 

A	 B	 C	
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Figure 43 shows TEM images of Aβ42 (5 µM) alone after 24 h incubation. This 

study shows the formation of densely formed Aβ42 fibrils. In the presence of 1j (25 µM), 

the Aβ42 fibril load was reduced significantly, as observed in the panel B (Figure	43). 

These results further demonstrates the ability of N,4-diphenylthiazol-2-amine derivatives 

in reducing both Aβ40 and Aβ42 aggregation. 

 

Figure 43. TEM images of Aβ42 aggregation. Panels A: Aβ42 control (5 µM). Panel B: 
Aβ42 + 1j (5 µM). Scale bars below the images represent 100 nm. 

3.3.5 Cell Viability Assay 

The cell viability in the presence of the N,4-diphenylthiazol-2-amine derivatives 

1a-j and 2a-b (10 µM), was evaluated in mouse hippocampal derived HT22 cells to 

investigate their ability to reduce cytotoxicity induced  by either Aβ40 (Figure	 44) or 

Aβ42 (Figure	 45). This assay was carried out UV spectroscopy using the dye 3-(4,5-

dimethylthiazol-2-yl)-2-5-diphenyltetrazolium bromide (MTT).214,215 

Aβ42	alone	(5	μM)	 Aβ42	+	1j	(1:1)	

(A)	 (B)	
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Incubating Aβ40 (5 µM) in the presence of mouse hippocampal derived-cells 

(HT22) led to cytotoxicity and led to ~20% decline in cell viability compared to the 

untreated group (Figure 44). In the presence of 10 µM of N,4-diphenylthiazol-2-amine 

derivatives (1a-j, 2a and 2b), N,4-diphenylthiazol-2-amine derivatives (1b, 1c, 1e, 1f, 1h, 

and 2b) exhibited maximum neuroprotection against Aβ40-induced cytotoxicity in HT22 

with cell viability ranging from 80–86% (Figure 44); whereas, N,4-diphenylthiazol-2-

amine derivatives (1a, 1f, 1g and 2a) exhibited excellent neuroprotection against Aβ42-

induced cytotoxicity in HT22 cells (Figure 45). For example, Aβ42 treated cells exhibited 

a drastic decline in cell viability (63%) which was restored in the presence N,4-

diphenylthiazol-2-amine derivatives 1g (Figure 45) which demonstrates their ability to 

provide neuroprotection against Aβ42-induced cytotoxicity. In this series, the 

unsubstituted compound 1a (N,4-diphenylthiazol-2-amine) exhibited maximum 

neuroprotection, demonstrating 95% cell viability and was superior to the reference agent 

RES (72% cell viability, Figure 45). Overall, compounds in this series exhibited varying 

range of cell viability ranging from 59–95% with couple of compounds (1a and 1g) 

exhibiting excellent neuroprotective activity against Aβ42-induced cytotoxicity (Figure 

45). 
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Figure 44. Percentage viability of the N,4-diphenylthiazol-2-amine derivatives 1a-j, 2a-
b, and RES (10 µM) in HT22 cells in the presence of Aβ40 was assessed by MTT assay 
after 24 h incubation at 37 °C. The results were given as average of two independent 
experiments (n = 3). UC = untreated cells, RES = resveratrol. 

 
Figure 45. Percentage viability of the N,4-diphenylthiazol-2-amine derivatives 1a-j, 2a-
b, and RES (10 µM) in HT22 cells was assessed by MTT assay toward Aβ42 after 24 h 
incubation at 37 °C. The results were given as average of two independent experiments (n 
= 3). UC = untreated cells, RES = resveratrol. 
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3.4 Summary  
 

 

Figure 46. Cummulative chapter summary of N,4-diphenylthiazol-2-amines (1-2). 

A library of twelve N,4-diphenylthiazol-2-amine derivatives (1a-j and 2a-b) with 

various EDGs and EWGs either at the para- or meta-positions were synthesized, and 

evaluated to investigate their anti-aggregation properties toward Aβ40 and Aβ42 

aggregation. The target compound libraries were obtained in good yields (range 64-99%) 

and were characterized by analytical methods such as NMR, LCMS, and HRMS. 

Biochemical experiments carried out included, ThT-based Aβ aggregation kinetics using 

fluorescence spectroscopy, TEM studies to assess aggregate morphology, cell culture 

experiments in mouse hippocampal derived HT22 cells to determine neuroprotection 

against Aβ40 and Aβ42 mediated cytotoxicity, and computational modeling studies to 

understand their binding interactions of N,4-diphenylthiazol-2-amine derivatives in Aβ40 

and Aβ42 dimer model. These studies identified compounds 1f (4-(3-nitrophenyl)-N-
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phenylthiazol-2-amine), 2a (4-(4-aminophenyl)-N-phenylthiazol-2-amine) and 2b (4-(3-

aminophenyl)-N-phenylthiazol-2-amine), as the best inhibitors of Aβ40 aggregation 

based on the ThT fluorescence assay (75% inhibition at 25 µM) and compounds 1b (4-(4-

methylphenyl)-N-phenylthiazol-2-amine), 1c (4-(4-methoxyphenyl)-N-phenylthiazol-2-

amine), 1d (4-(3,4-dimethoxyphenyl)-N-phenylthiazol-2-amine), 1g (4-(4-chlorophenyl)-

N-phenylthiazol-2-amine, and 1j (4-(3,4-difluorophenyl)-N-phenylthiazol-2-amine) with 

superior inhibition of Aβ42 aggregation (93-97% inhibition at 25 µM). In the HT22 

cytotoxicity assay, several N,4-diphenylthiazol-2-amine derivatives (1b, 1c, 1e, 1f, 1h, 

and 2b) exhibited excellent neuroprotection against Aβ40-induced cytotoxicity. 

Furthermore, several compounds (1a, 1d-f, and 2a-b) were able to reduce and/or prevent 

Aβ42 mediated cytotoxicity with compound 1a (N,4-diphenylthiazol-2-amine) and 1g (4-

(4-chlorophenyl)-N-phenylthiazol-2-amine) exhibiting excellent protection (>95% cell 

viability). These SAR studies demonstrate that N,4-diphenylthiazol-2-amine derivatives 

represent a novel class of compounds which are capable of modulating Aβ aggregation 

kinetics and have potential for further development.  

3.5 Experimental 
 

3.5.1 Chemistry 
 

3.5.1.1 Materials and Methods 

All the reagents and solvents were purchased from various vendors (Sigma-

Aldrich, Oakwood Chemical, Matrix Scientific, TCI Chemicals, AAblocks, and Ark 

Pharm Inc.) with a minimum purity of 95% and were used without further purification. 

Melting points (mp) were determined using a Fisher-Johns apparatus and are uncorrected. 
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Compound purification was carried out 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 variety of solvent systems and TLC spots were 

visualized with the handheld UV lamp 254/365 nm. 1H NMR and 13C NMR spectra were 

analyzed using a Bruker Avance 300 MHz series spectrometer in deuterated solvents. 

Data was analyzed using the Bruker TOPSPIN 3.6.1 software. Coupling constant (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 purity and low resolution mass (LRMS) were evaluated 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 30:70 Water:ACN with 0.1% FA at a flow rate of 0.5 

mL/min. All the final compounds were > 95% pure as determined by calculating the peak 

area by LCMS (UV detector, 254 nm). High-resolution mass spectrometry data were 

obtained by carrying out a positive ion electrospray (ESI) experiments on using a Thermo 

Scientific Q-Exactive hybrid mass spectrometer, Department of Chemistry, University of 

Waterloo. Accurate mass determinations were performed at a mass resolution of 70,000 

(@m/z200) with lock mass correction. All samples were injected at 10 mL/min in a 1:1 

MeOH/H2O + 0.1% formic acid. N,4-diphenylthiazol-2-amines 1a, 1b, 1e, 1g, 1h, 1i, and 

2b are known in the literature.176,216 

3.5.1.2 General procedure for the synthesis of 2-bromo-3’,4’-dimethoxyacetophenone 
or 2-bromo-3’,4’-difluoroacetophenone.217 

 

CuBr2 (10 g, 4.44 mmol) was added to the preheated EtOAc solution at 70 °C for 

15 min. To this reaction mixture, 3’,4’-dimethoxy- or 3’,4’-difluoro- acetophenone was 
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added and refluxed at 70 °C for 15 h with stirring. In the next step, the reaction mixture 

was cooled and passed through cotton plug and then celite by washing with EtOAc (3 x 

20 mL). The combined EtOAc fractions were extracted with saturated brine solution (2 x 

20 mL). The resulting solution was dried over MgSO4, filtered, evaporated in vacuo, and 

purified using silica gel column chromatography with EtOAc:MeOH (5:1) or EtOAc:Hex 

(1:1) as the eluent, respectively. Yield ranged from 64 – 92%. Analytical data for bromo-

acetophenone derivatives are given below. 

2-Bromo-3’,4’-dimethoxyacetophenone. Yield: 89%. m.p. 60-62°C. 1H NMR (300 MHz, 

DMSO-d6) δ (ppm): 7.84-7.46 (m, 2H), 7.12-6.98 (m, 1H), 4.81 (s, 2H), 3.82 (s, 3H), 

3.79 (s, 3H). Purity: 95%. 

 

2-Bromo-3’,4’-difluoroacetophenone. Yield: 64%. m.p. 30-31°C. 1H NMR (300 MHz, 

DMSO-d6) δ (ppm): 8.19-7.82 (m, 2H), 7.66-7.54 (m, 1H), 4.92 (s, 2H). Purity: 92%. 

3.5.1.3 General procedure for the synthesis of N,4-diphenylthiazol-2-amine 
derivatives (1a-j and 2a-b).209 

To a solution of N-phenylthiourea (0.62 g, 4.09-5.02 mmol) in ethanol in 50 mL 

RBF, α-haloacetophenone (1 g, 4.09-5.02 mmol) was added and refluxed at 80 °C for 5 h 

under a gentle flow of argon using a balloon. The resulting reaction mixture was poured 

into ice water (80 mL), with continuous stirring for further 30 min and at this point, the 

product started to precipitate. To this, aqueous 1N solution of Na2CO3 was added 

dropwise. The precipitate was filtered by vacuum filtration and washed with ice water (2 

x 20 mL). The desired products N,4-diphenylthiazol-2-amine derivatives were obtained in 
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good purity and did not require further purification. Yield ranged from 69 – 99 %. The 

analytical data is given below: 

N,4-Diphenylthiazol-2-amine (1a)176 Yield: 69%. m.p. 134-136°C. 1H NMR (300 MHz, 

DMSO-d6) δ (ppm): 10.26 (s, 1H), 7.93 (d, J = 7.7 Hz, 2H), 7.75 (d, J = 7.9 Hz, 1H), 

7.45-7.28 (m, 6H), 6.98 (t, J = 7.3 Hz, 1H). Purity: 95%. 

 

4-(4-Methylphenyl)-N-phenylthiazol-2-amine (1b).176,218 Yield: 89%. m.p. 95-97°C. 1H 

NMR (300 MHz, DMSO-d6) δ (ppm): 10.23 (s, 1H), 7.82 (d, J = 7.8 Hz, 2H), 7.73 (d, J = 

8.1 Hz, 2H), 7.34 (t, J = 7.7 Hz, 2H), 7.24 (d, , J = 7.1 Hz, 3H), 6.98 (t, J = 7.3 Hz, 1H), 

2.32 (s, 3H). Purity: 98%.  

 

4-(4-Methoxyphenyl)-N-phenylthiazol-2-amine (1c).176,218 Yield: 89%. m.p. 137-140°C. 

1H NMR (300 MHz, DMSO-d6) δ (ppm): 10.21 (s, 1H), 7.86 (d, J = 8.6 Hz, 2H), 7.72 (d, 

J = 8.3 Hz, 2H), 7.33 (t, J = 7.8 Hz, 2H), 7.15 (s, 1H), 6.97 (m, 3H), 3.79 (s, 3H). HRMS 

(ESI) m/z calcd for C16H14ON2S [M+H]+ 283.0905, found 283.0899. Purity: 97%.  

 

4-(3,4-Dimethoxyphenyl)-N-phenylthiazol-2-amine (1d). Yield: 69%. m.p. 139-140 °C. 

1H NMR (300 MHz, DMSO-d6) δ (ppm): 10.22 (s, 1H), 7.71 (d, J = 7.8 Hz, 2H), 7.50 (d, 

J = 1.6 Hz, 2H), 7.34 (t, J = 7.8 Hz, 2H), 7.21 (s, 1H), 7.02-6.93 (m, 2H), 3.83 (s, 3H), 

3.78 (s, 3H). HRMS (ESI) m/z calcd for C17H17O2N2S [M+H]+ 313.1005, found 

313.1013. Purity: 97%.  
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4-(4-Nitrophenyl)-N-phenylthiazol-2-amine (1e).176 Yield: 93%. m.p. 208-209 °C. 1H 

NMR (300 MHz, DMSO-d6) δ (ppm): 10.38 (s, 1H), 8.30 (d, J = 8.8 Hz, 2H), 8.18 (d, J = 

8.3 Hz, 2H), 7.72 (t, J = 3.7 Hz, 3H), 7.36 (t, J = 7.7 Hz, 2H), 6.99 (t, J = 7.3 Hz, 1H). 

Purity: 99%. 

 

4-(3-Nitrophenyl)-N-phenylthiazol-2-amine (1f). Yield: 72%. m.p. 136-138 °C. 1H NMR 

(300 MHz, DMSO-d6) δ (ppm): 10.37 (s, 1H), 8.69 (s, 1H), 8.37 (d, J = 7.7 Hz, 1H), 8.17 

(d, J = 8.4 Hz, 1H), 7.75-7.67 (m, 4H), 7.38 (t, J = 7.7 Hz, 2H), 6.99 (t, J = 7.4 Hz, 1H). 

HRMS (ESI) m/z calcd for C15H12O2N3S [M+H]+ 298.0644, found 298.0653. Purity: 

100%. 

 

4-(4-Chlorophenyl)-N-phenylthiazol-2-amine (1g).176 Yield: 86%. m.p. 143-145 °C. 1H 

NMR (300 MHz, DMSO-d6) δ (ppm): 10.28 (s, 1H), 7.94 (d, J = 8.2 Hz, 2H), 7.72 (d, J  

= 7.8 Hz, 2H), 7.49 (d, J = 8.2 Hz, 2H), 7.39 (s, 1H), 7.34 (t, J = 7.6 Hz, 2H), 6.96 (t, J = 

7.3, 1H). HRMS (ESI) m/z calcd for C16H15ON2S [M+H]+ 283.0899, found 283.0905. 

Purity: 98%. 

 

4-(4-Bromophenyl)-N-phenylthiazol-2-amine (1h).176,218 Yield: 93%. m.p. 147-149 °C. 

1H NMR (300 MHz, DMSO-d6) δ (ppm): 10.29 (s, 1H), 7.88 (d, J = 8.3 Hz, 2H), 7.72 (d, 

J = 8.3 Hz, 2H), 7.63 (t, J = 8.3 Hz, 2H), 7.40 (s, 1H), 7.34 (t, J = 7.5 Hz, 2H), 6.96 (t, J 

= 7.1 Hz, 1H). Purity: 98%. 
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4-(4-Fluorophenyl)-N-phenylthiazol-2-amine (1i).176,218 Yield: 97%. m.p. 128-130 °C. 1H 

NMR (300 MHz, DMSO-d6) δ (ppm): 10.27 (s, 1H), 7.97-7.93 (m, 2H), 7.73 (d, J = 7.8 

Hz, 2H), 7.36-7.22 (m, 5H), 6.96 (t, J = 7.3 Hz, 1H). Purity: 98%. 

 

4-(3,4-Difluorophenyl)-N-phenylthiazol-2-amine (1j). Yield: 96%. m.p. 125-128 °C. 1H 

NMR (300 MHz, DMSO-d6) δ (ppm): 10.29 (s, 1H), 7.95-7.87 (m, 1H), 7.78-7.75 (m, 

1H), 7.71 (d, J = 8.0 Hz, 2H), 7.53-7.43 (m, 2H), 7.34 (t, J = 7.4 Hz, 2H), 6.96 (t, J = 7.0 

Hz, 1H). HRMS (ESI) m/z calcd for C15H11N2F2S [M+H]+ 289.0605, found 289.0611. 

Purity: 99%. 

 

3.5.1.4 General Procedure for the synthesis of N,4-diphenylthiazol-2-amine 
derivatives (2a and 2b).210 

 

3- or 4- (Nitrophenyl)-N-phenylthiazol-2-amines (2 g, 6.73 mmol) and Pd/C (10% 

weight, 0.7 g, 6.73 mmol) were dissolved in ethanol solution (100 mL) at 0 °C under 

gentle flow of argon in a 250 mL RBF. To this reaction mixture, hydrazine hydrate (2 

mL, 67.3 mmol) was added dropwise. This resulting mixture was refluxed at 85 °C for 3 

h and the reaction mixture was cooled to RT. Pd/C was filtered off by passing through 

cotton plug and celite column with ethanol wash (2 x 50 mL). The combined ethanol 

fractions were collected and concentrated in vacuo to obtain the crude product, which 

was purified using the silica gel column chromatography with EtOAc:Hex (1:1) as the 

eluent. Yield ranged from 78 – 83%. 

4-(4-Aminophenyl)-N-phenylthiazol-2-amine (2a). Yield: 83%. m.p. 108-110 °C. 1H 

NMR (300 MHz, DMSO-d6) δ (ppm): 10.20 (s, 1H), 7.74 (d, J = 8.2 Hz, 2H), 7.33 (t, J = 
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7.8 Hz, 2H), 7.17 (s, 1H), 7.07 (t, J = 4.1 Hz, 3H), 6.95 (t, J = 7.2 Hz, 1H), 6.55-6.52 (m, 

1H), 5.15 (s, 2H). HRMS (ESI) m/z calcd for C15H14N3S [M+H]+ 268.0902, found 

283.0901. Purity: 97%. 

 

4-(3-Aminophenyl)-N-phenylthiazol-2-amine (2b).219 Yield: 84%. m.p. 123-125 °C. 1H 

NMR (300 MHz, DMSO-d6) δ (ppm): 10.12 (s, 1H), 7.71 (d, J = 7.8 Hz, 2H), 7.59 (d, J = 

7.3 Hz, 2H), 7.35 (t, J = 7.3 Hz, 2H), 6.93 (t, J = 8.6 Hz, 1H), 6.89 (s, 1H), 6.60 (d, J = 

8.6 Hz, 2H), 5.22 (s, 2H). Purity: 100%. 

3.5.2 Biological Screening 
 

3.5.2.1 Amyloid-β  (Aβ) Aggregation Assay 

Thioflavin T (ThT) is a benzothiazole dye that was used to detect the formation of 

amyloid aggregates in solution. The excitation and emission properties of ThT changes 

when it binds to the β-sheet structures of Aβ40/Aβ42 oligomers and fibrils.145 In this 

regard, the anti-Aβ aggregation activity of N,4-diphenylthiazol-2-amine based derivatives 

(1a-j and 2a,b) was evaluated using ThT-based fluorescence assays. These assays were 

conducted in Costar, black, clear-bottomed 384-well plates with frequent shaking at 730 

cpm under constant heating at 37 °C for 24 h. The excitation and emission of ThT were 

recorded at 440 and 490 nm, respectively. Readings were taken every 5 min using a 

BioTek Synergy H1 microplate reader. Test compounds were prepared in 215 mM 

phosphate buffer at pH 7.4. 0.5 mg of Aβ•HFIP samples (AnaSpec, CA, USA) was 

dissolved in 1% ammonium hydroxide solution for Aβ40 or 10% ammonium hydroxide 

for Aβ42, sonicated at RT for 5 min, and diluted to 50 µM in phosphate buffer. A 15 µM 
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ThT stock solution was prepared. To each ThT background well, 44 µL ThT, 35 µL 

phosphate buffer, and 1 µL DMSO were added. To the Aβ control wells, 44 µL ThT, 28 

µL phosphate buffer, and 8 µL Aβ40/42 (5 µM final concentration) were added. To each 

test compound containing wells, 44 µL ThT, 20 µL phosphate buffer, 1 µL DMSO, and 8 

µL test compound in various concentrations (1, 5, 10, and 25 µM), and 8 µL of Aβ were 

added. ThT interferences were taken before the addition of 8 µL of Aβ40 or Aβ42 stock 

solution (5 µM final concentration). Known Aβ40 and Aβ42 aggregation inhibitors MB 

and RES were also evaluated for comparison. Plates were sealed with a ThermoSeal film 

(Sigma Aldrich) before placing the plates in the reader. Data presented was an average of 

triplicate reading for two-three independent experiments. 

3.5.2.2 Transmission Electron Microscopy (TEM) 

The Aβ40 and Aβ42 aggregate morphology was examined by performing TEM 

experiment in the presence and absence of test compounds. TEM samples were prepared 

in Costar, round-bottomed 384-well plates with test compounds (25 µM). To the Aβ 

control wells, 44 µL ThT, 28 µL phosphate buffer, and 8 µL Aβ40/42 (5 µM final 

concentration) were added. To each test compound containing well, 44 µL ThT, 20 µL 

phosphate buffer, 1 µL DMSO, and 8 µL of test compound (25 µM), and 8 µL of 

Aβ40/42 were added. The plates were incubated on a BioTek Synergy H1 microplate 

reader at 37 °C and shaken at 730 cpm for 24 h.  

TEM grids were prepared by adding 20 µL test compound over the formvar-

coated copper grids (400 mesh) via the use of a Pasteur pipette, which were then air-dried 

for 3 h or longer before washing them with 20 µL of ultrapure water (UPW) to remove 
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any precipitated buffer salt. The sample grids were air-dried for 30 min. Once the grids 

were dry, they were stained with 20 µL of 2% phosphotungstic acid (PTA). The excess of 

PTA was removed by blotting with filter paper. The grids were allowed to dry overnight. 

Scanning of these grids was performed using a Philips CM10 TEM at 60 kV (Department 

of Biology, University of Waterloo), and micrographs were collected using a 14-

megapixel AMT camera. 

3.5.2.3 Computational Modeling Studies 

Molecular docking studies of N,4-diphenylthiazol-2-amines derivatives with Aβ 

peptides were conducted via the computational chemistry Discovery Studio (DS) 

software – Structure-Based-Design (SBD), version 4.0 from BIOVA Inc. (San Diego, 

USA).220 The Small Molecules module was used to build the N,4-diphenylthiazol-2-

amine derivatives, which were in turn docked with Aβ40 and Aβ42 dimer models 

obtained from protein data bank (pdb id: 2LMN and 5KK3) using the CDOCKER 

algorithm in the Receptor-Ligand Interactions module in DS using CHARMm force 

field.220,221 CDOCKER algorithm uses simulated annealing protocol to determine the best 

ligand binding modes. N,4-diphenylthiazol-2-amine derivatives were built in 3D using 

Build Fragment tool; energy minimization was applied for 1000 iterations using steepest 

descent and conjugate gradient minimizations, respectively. The ligands were minimized 

using the Smart Minimization protocol (200 steps, RMS gradient 0.1 kcal/mol), 

CHARMm force field and a distance depended dielectric constant. For the docking of N-

diphenylthiazol-amine derivatives in Aβ40 and Aβ42 dimer models, the binding site was 

defined by a 20 Å radius sphere. Molecular docking was carried out by the CDOCKER 

algorithm, which includes 2000 heating steps, 700 K target temperature, 300 K cooling 
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temperature target with 5000 cooling steps. The docked poses obtained were ranked 

using the CDOCKER energy and CDOCKER interaction energy parameters (kcal/mol). 

The protein-ligand complexes were evaluated by examining various polar and nonpolar 

interactions, such as hydrogen bonding, electrostatic, van der Waal’s, and hydrophobic 

interactions.  

3.5.2.4 Cell Viability Assay 

The HT22 hippocampal cells were plated at a density of 10,000 cells/100 µL in 

Nunclon Delta 96-well plates with complete growth media consisting of DMEM and 

Ham’s F12 in a 1:1 ratio, supplemented with 10% fetal bovine serum (FBS) and 1% 

penicillin-streptomycin (10,000 U/mL) at 37 °C in 5% CO2. The cells were incubated at 

37 °C for 24 h. To each untreated well, 100 µL DMEM/F-12 was added. To the Aβ 

control wells, 85 µL DMEM/F-12, 10 µL PBS, and 5 µL Aβ40/42 (5 µM final 

concentration) were added. To each test compound containing wells, 85 µL DMEM/F-12, 

10 µL filter-sterilized test compounds (1a-j, 2a-b, and RES) in concentration of 10 µM in 

triplicates (n = 3), and 5 µL of Aβ40/42 were added. These cells were then incubated at 

37 °C for 24 h. The MTT reagent solution222 made of thiazolyl blue tetrazolium bromide 

powder (Sigma Aldrich) in PBS to 5 mg/mL and filter-sterilized through a 0.22 µm filter 

was added in 10% of the culture medium volume (DMEM/F-12, HEPES, no phenol red) 

to each well and the cells were cultured for an additional 2-3 h. After incubation, the 

resulting formazan crystals were solubilized with the solubilisation solution prepared 

from a mixture of IPA, 10% Triton X-100 and 1% HCl (12M). The absorbance was taken 

at 570 and 690 nm. All results were presented as a relative percent of (4,5-

dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) to untreated controls. 
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Known Aβ aggregation inhibitor resveratrol (RES) was used as a reference agent for 

comparison. 
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CHAPTER 4 Development of N-Methyl-N,4-
Diphenylthiazol-2-amines 

 

 

Figure 47. Banner for Chapter 4 

4.1 Introduction 
 

The investigation and subsequent confirmation of the anti-Aβ activity of N,4-

diphenylthiazol-2-amine libraries in Chapter 3 encouraged us to conduct further SARs 

studies. This chapter describes our studies on the effect of N-alkylation of N,4-

diphenylthiazol-2-amines, on Aβ40 and Aβ42 aggregation inhibition properties (Figure 

47). A library of eleven N-methyl-N,4-diphenylthiazol-2-amines possessing EDG and 

EWGs at para- and or meta-position (R = H, Me, OMe, NH2, NO2, Cl, Br and F) were 

synthesized and evaluated  to understand their inhibition properties toward Aβ40 and 

Aβ42 aggregation by conducting fluorescence aggregation kinetic studies, TEM 

experiments, computational modeling and cell culture studies in HT22 mouse 

hippocampal neuronal cells. The synthetic methodology, in vitro Aβ40/Aβ42 inhibition 

properties, and the results from the Aβ-induced cytotoxicity assay in HT22 neuronal 

cells, in the presence of N-methyl-N,4-diphenylthiazol-2-amine derivatives are discussed. 
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4.2 Hypothesis 

For this series of N-methyl-N,4-diphenylthiazol-2-amine derivatives, we 

hypothesize that (i) the diphenyl rings undergo hydrophobic interactions with both the N- 

and C-terminal residues (Phe20 and Val36) in the Aβ40 dimer model, which can stabilize 

the dimer assembly and can reduce its aggregation propensity, and that loss of a hydrogen 

bond donor by N-methyl substitution, can reduce the anti-Aβ activity; (ii) in the Aβ42 

dimer model, the N-methyl-N,4-diphenylthiazol-2-amine template interacts with the 

KLVFFA region at the N-terminal and the N-methyl substituent undergoes nonpolar 

contacts with nonpolar amino acids at the N-terminal; (iii) changing the electronic 

parameters at the thiazole C4-position by incorporating substituted phenyl rings can 

enhance their binding toward Aβ40/Aβ42 and their anti-Aβ aggregation properties. 

4.3 Results and Discussion 
 

4.3.1 Synthesis 

The synthetic route for the N-methyl-N,4-diphenylthiazol-2-amine derivatives (3-

4) is outlined in Scheme 2.  Initially, the N,4-diphenylthiazol-2-amines were synthesized 

starting by coupling N-phenylthiourea with 2-bromo-3’ or 4’-substituted-acetophenone 

(R = H, p-Me, p-OMe, 3,4-diOMe, p-Cl, p-Br, p-F, 3,4-diF, m-NO2, and p-NO2) in 

ethanol (Figure 48), as reported in Chapter 3 and as shown in Scheme 2. Then N-

alkylation was carried out using MeI and NaH as base.  The final yields of these target 

compounds (3a-i) ranged from 46-100% (Scheme 2). The amino-substituted N-methyl-

N,4-diphenylthiazol-2-amines 4a and 4b (Scheme 2) were obtained via the Pd/C and 

hydrazine-driven reduction of the corresponding nitro derivatives as described in Chapter 
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3.211 Their yields ranged from 78-83%. The purified N-methyl-N,4-diphenylthiazol-2-

amine derivatives were characterized by 1H and 13C NMR, LCMS and HRMS analysis. 

 

*Reagents and conditions: (a) CuBr2, EtOAc, 70 °C, 15 h; (b) EtOH, 80 °C, 5 h; (c) MeI, 

NaH, THF, RT, 16 h; (d) Pd/C, hydrazine hydrate, EtOH, 85 °C, 3-5 h. 

Scheme 2. Synthetic route toward the N-methyl-N,4-diphenylthiazol-2-amines 3-4. 

 

 

Figure 48. Mechanism of the N-alkylation of N,4-diphenylthiazol-2-amine derivatives 
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4.3.2 Amyloid-β  Aggregation Inhibition Studies 

The inhibitory activity of N-methyl-N,4-diphenylthiazol-2-amine series toward 

Aβ40 aggregation was evaluated at different concentrations (1, 5, 10, and 25 µM). The 

results obtained show that their anti-aggregation properties against Aβ40 aggregation 

ranged from 11-46% inhibition at 25 µM (Table 5). Starting with the unsubstituted N-

methyl-N,4-diphenylthiazol-2-amine (3a, R = H), it was observed to show moderate 

inhibitory activity ranging from 16-44% toward Aβ40 aggregation at various 

concentrations. Changing the substituents to EDGs such as p-Me and p-OMe (compounds 

3b and 3c, Table 5) provided weak-to-moderate inhibition of Aβ40 aggregation (33% and 

15% inhibition at 1 µM). Interestingly, these two compounds did not exhibit inhibition at 

other tested concentrations. Clearly N-methyl substitution led to weaker inhibition of 

Aβ40 aggregation compared to the corresponding N,4-diphenylthiazol-2-amine 

derivatives discussed in Chapter 3. Incorporating a 3,4-diOMe substituent in compound 

3d (R = 3,4-diOMe) did restore the anti-aggregation property with maximum inhibition 

of 32% at 25 µM. The presence of either a para- or meta-NH2 substituent also provided 

weak-to-moderate inhibition (R = NH2, compounds 4a and 4b, 14–38% inhibition). An 

addition of EWG group (R = NO2) in compound 3e and 3f at the para- and ortho-

positions, respectively, provided anti-Aβ40 activity at all the tested concentrations (11–

46% inhibition, Table 5). Furthermore, addition halogens (R = Cl, Br, and F) at para-

position in 3g, 3h and 3i provided weak-to-moderate inhibition (11–41%, Table 5). 

Compared to the reference compounds MB and RES, none of the N-methyl derivatives 

were able to exhibit potent inhibition of Aβ40 aggregation. Nevertheless, all the tested 

compounds showed weak-to-moderate activity at 1 µM except for compound 3i. The 
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activity order was: 3,4-diOMe > H ≈ Me ≈ NO2 ≈ NH2 > Br > Cl (at 1 µM). These 

studies clearly show that the presence of N-methyl substitution was detrimental to Aβ40 

aggregation inhibition properties of N,4-diphenylthiazol-2-amines. 

Table 5. Inhibition data for N-methyl-N,4-diphenylthiazol-2-amine derivatives 3a-i, 4a-
b, and reference compounds toward Aβ40 aggregation, and their ClogP values. 

 
 

Compound R-group % Inhibition for Aβ40 a ClogP b 
1 µM 5 µM 10 µM 25 µM 

3a H 34 44 43 16 4.32 
3b p-Me 33 NA NA NA 4.82 
3c p-OMe 15 NA NA NA 4.24 
3d 3,4-diOMe 44 41 NA 32 3.81 
3e p-NO2 30 18 29 11 4.06 
3f m-NO2 33 20 47 46 4.06 
3g p-Cl 19 NA NA NA 5.03 
3h p-Br 28 41 NA NA 5.18 
3i p-F NA NA NA 17 4.46 
4a p-NH2 27 14 NA 14 3.09 
4b m-NH2 32 17 16 38 3.09 

MB - 87 97 97 99 3.62 
RES - 81 94 95 98 2.83 

aPercent aggregation inhibition values were average ± SD < 10% (n = 3) for three 
independent experiments. NA – Not Active. bClogP values were determined using 
ChemDraw 19.1. 
 
 The results of anti-aggregation properties of N-methyl-N,4-diphenylthiazol-2-

amines 3a-i and 4a-b toward Aβ42 aggregation are summarized in Table 6. These studies 

demonstrate that the presence of N-methyl substituent had a positive impact on Aβ42 
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inhibition properties with all the tested compounds exhibiting a concentration dependent 

inhibition of Aβ42 aggregation. These compounds exhibited excellent inhibition 

properties (49–96% inhibition at 25 µM), which were on par, or comparable to activity 

demonstrated by reference agents MB and RES (Table 6). The unsubstituted derivative 

3a exhibited excellent inhibition activity in preventing Aβ42 aggregation at all the tested 

concentration (82–95% inhibition). When adding the EDG (3b, R = Me) to the C4-phenyl 

ring, the inhibitory activity toward Aβ42 aggregation declined by about ~20% inhibition. 

However, the incorporation of EDGs such as OMe (compound 3c) at either para- (3d, R 

= p-OMe) or 3,4-positions (3d, R = 3,4-diOMe) provided superior inhibitory activity 

against Aβ42 aggregation ranging from 93–96% inhibition. Addition of either a para- or 

meta-NH2 substituent provided concentration dependent inhibition of Aβ42 aggregation 

with maximum inhibition seen at 25 µM (97% inhibition). The presence of EWGs such a 

NO2 at either para or meta-position led to a reduction in Aβ42 inhibition properties 

compared compound 3a (3e and 3f, 73–74% inhibition, Table 6). Incorporating halogens 

R = Cl, Br and F at the para-position led to reduced inhibition activity in general 

compared to the unsubstituted (3a) and NH2-substituted compounds (4a and 4b, Table 6). 

In summary, these studies show that the presence of N-methyl substituents provided 

excellent inhibition of Aβ42 aggregation and the activity was of the order: NH2 > 3,4-

diOMe > H > OMe ≈ Cl > Me > NO2 at 25 µM. 
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Table 6. Inhibition data for N-methyl-N,4-diphenylthiazol-2-amine derivatives 3a-i, 4a-
b, and reference compounds toward Aβ42 aggregation, and their ClogP values. 

 
 

Compound R-group % Inhibition for Aβ42 a ClogP b 
1 µM 5 µM 10 µM 25 µM 

3a H 83 88 82 95 4.32 
3b p-Me 39 67 68 78 4.82 
3c p-OMe 32 58 84 93 4.24 
3d 3,4-diOMe 78 94 94 96 3.81 
3e p-NO2 38 42 52 73 4.06 
3f m-NO2 36 66 70 74 4.06 
3g p-Cl 39 51 44 93 5.03 
3h p-Br NA NA 28 49 5.18 
3i p-F NA NA NA 56 4.46 
4a p-NH2 60 40 59 97 3.09 
4b m-NH2 44 49 80 97 3.09 

MB - 87 97 97 99 3.62 
RES - 81 94 95 98 2.83 

aPercent aggregation inhibition values were average ± SD < 10% (n = 3) for three 
independent experiments. NA – Not Active. bClogP values were determined using 
ChemDraw 19.1. 

 

The Aβ42 aggregation kinetics data in the presence and absence of compounds 4a 

and 4b at various concentrations (1–25 µM) is shown as representative examples (Figure 

49). The kinetic plot for Aβ42 alone shows the lag phase lasting close to 1.3 h followed 

by rapid growth phase lasting for nearly 4 h, characterized by increase in ThT 

fluorescence intensity, followed by a saturation phase in a time-dependent fashion during 

the 24 h incubation period (pink curves, Figure 49).  At a low concentration of 1 µM, 
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both 4a and 4b were able to reduce ThT fluorescence intensity, indicating the inhibition 

of Aβ42 aggregation. At a higher concentration (5, 10 and 25 µM) there was gradual 

decline in the fluorescence intensity with maximum inhibition observed 25 µM (Panels A 

and B, Figure 49). The presence of either 4a or 4b at higher concentrations led to an 

increase in lag phase period and also caused significant inhibition of the growth phase in 

the Aβ42 fibrillogenesis pathway. These results show that N-methyl-N,4-diphenylthiazol-

2-amine derivatives 4a and 4b can reduce Aβ42 fibrillogenesis. 
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Figure 49. Panels A and B show ThT-monitored 24 h aggregation kinetics of Aβ42 (5 
µM) in the presence of 1, 5, 10, and 25 µM of N-methyl-N,4-diphenylthiazol-2-amines 
(4a and 4b) at pH 7.4, 37 °C in phosphate buffer. Aggregation kinetics were monitored 
by ThT-fluorescence spectroscopy (excitation = 440 nm, emission = 490 nm). Results are 
average ± SD of three independent experiments (n = 3). 

4.3.2.1 Correlating the ClogP Values, HBDs, and HBAs with Anti-Aβ  Aggregation 
Properties 

The anti-aggregation activity data of N-methyl-N,4-diphenylthiazol-2-amines 3a–

h, 4a and 4b (at 25 µM each), toward Aβ40 obtained after conducting the in vitro ThT 

based fluorescence assay, was correlated with the ClogP values, number of hydrogen 

bond donors (HBD), and hydrogen bond acceptors (HBA) present in the phenyl ring at 

the C4-position of the thiazole-2-amine (Figure	50).  
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Figure 50. Chemical structure of N-methyl-N,4-diphenylthiazol-2-amines described in 
Chapter 4 highlighting the C4-position of the thiazol-2-amine that was modified by SAR. 
HBD – Hydrogen Bond Donors, HBA – Hydrogen Bond Acceptors. 

The anti-aggregation activity data obtained at 1 µM test compound concentration 

was used for this comparison, as results obtained at other concentrations (5, 10 and 25 

µM) showed that either compounds were not active or were not suitable for comparison 

due to similar activity profile. The N-methyl series of compounds were more lipophilic 

than the corresponding demethylated derivatives reported in Chapter 3 with their ClogP 

values ranging from 3.09 to 5.18 (Figure	51). The best compound in this series 3d (44% 

inhibition at 1 µM) had a ClogP value of 3.81 (Figure	51). In addition, the presence of 

two HBAs in 3d (3,4-diOMe-phenyl) was able to enhance its anti-aggregation property 

whereas presence of HBDs in compounds 3e, 3f (NO2-phenyl) and 4a, 4b (NH2-phenyl) 

led to weaker inhibition (27–33% inhibition, Figure	51). 
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Figure 51. Correlation of Aβ40 aggregation inhibition properties of 3a–h, 4a and 4b at 1 
µM, with ClogP values. Blue line represents ClogP values. 

A similar correlation plot was used to understand the role of ClogP values, HBDs 

and HBAs attached to the phenyl ring at the C4-position of the thiazole-2-amine toward 

Aβ42 aggregation (Figure	 52). This shows that the unsubstituted N-methyl-N,4-

diphenylthiazol-2-amine compound 3a and the 3,4-diOMe-phenyl substituted compound 

3d with ClogP values of 4.32 and 3.81 respectively exhibited excellent inhibition (83% 

and 78% inhibition respectively, Figure	52). It appears that the presence of two HBAs 

was favouring superior inhibition of Aβ42 aggregation whereas the presence of single 

HBAs was not favourable (compound 3c, p-OMe-phenyl, 32% inhibition). Among the N-

methyl derivatives possessing HBDs, only did compound 4a (p-NH2-phenyl, ClogP = 

3.09) exhibit good inhibition (60% inhibition at 1 µM). These studies suggest that the 

presence of two HBAs groups at the phenyl ring (compound 3d) was directly correlating 

with enhanced activity in preventing both Aβ40 and Aβ42 aggregation whereas no major 

correlation was observed with changes in ClogP values by changing the substituents at 

the phenyl ring. 
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Figure 52. Correlation of Aβ42 aggregation inhibition properties of 3a–g, 4a and 4b at 1 
µM, with ClogP values. Blue line represents ClogP values. 

4.3.3 Computational Modeling Studies  
 

The binding interactions of most potent N-methyl-N,4-diphenylthiazol-2-amine 

derivatives was investigated by conducting molecular docking studies using the solved 

structures of Aβ40 and Aβ42 peptides.212,213 Docking studies were carried out using the 

dimer assemblies of both Aβ40 and Aβ42 peptides as they represent the early forms of 

Aβ in solution. In the N-methyl-N,4-diphenylthiazol-2-amine series, compound 3f (4-(3-

nitrophenyl)-N-methyl-N-phenylthiazol-2-amine) was identified as the most potent 

inhibitor of Aβ40 aggregation in the ThT-based fluorescence assay (46% inhibition at 25 

µM). Figure	 53 Panel A, shows the predicted binding mode of 3f in the Aβ40-dimer 

model. This compound was interacting at the N-terminal in the KLVFFA region, with the 

3-nitrophenyl undergoing π-cation interactions with Phe19 and the C4 phenyl ring 

interacting at the C-terminal with Ile32. The N-Me substituent was in contact with Val36 

side chain at the C-terminal and the C2 phenyl ring was closer to Val18 and Phe19 in the 
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KLVFFA region. Interestingly, the weaker anti-aggregation properties exhibited by this 

compound (46% inhibition of Aβ40 aggregation at 25 µM), compared to the rest of N,4-

diphenylthiazol-2-amine series, could be attributed to the lack of interaction of the central 

thiazole in the Aβ40-dimer model. 

In the N-methyl-N,4-diphenylthiazol-2-amine series, compound 4b (4-(3-

aminophenyl)-N-methyl-N-phenylthiazol-2-amine) was identified as the most potent 

inhibitor of Aβ42 aggregation in the ThT-based fluorescence assay (97% inhibition at 25 

µM). Figure	 53 Panel B, shows the predicted binding mode of 4b in the Aβ42-dimer 

model. This compound underwent a number of polar and nonpolar interactions in the 

KLVFFA region, which supports its excellent inhibition activity (Panel B Figure	 53). 

The 3-aminophenyl formed hydrogen-bonding interactions with His13 (distance = 2.2 Å) 

whereas the aromatic ring underwent π-cation interaction with side chain of Lys16 

(distance ~2.5 Å). The central thiazole was in contact with Val18 side chain (distance < 5 

Å) whereas the N-Me underwent hydrophobic interactions with Ala21 (distance < 5 Å). 

The unsubstituted phenyl ring formed π-cation interaction with side chain of Lys16 

(distance ~2.5 Å). All these suggest that compound 4b is able to exhibit effective binding 

in the Aβ42 dimer assembly, which can reduce or prevent Aβ42 aggregation. 
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Figure 53. Panel A: Predicted binding mode of 3f (ball and stick cartoon) in the Aβ40-
dimer model (ribbon diagram, pdb id: 2LMN, CDOCKER energy = –6.24 kcal/mol; 
CDOCKER interaction Energy = –21.09 kcal/mol). Panel B: Predicted binding mode of 
4b (ball and stick cartoon) in the Aβ42-dimer model (ribbon diagram, pdb id: 5KK3, 
CDOCKER energy = –14.20 kcal/mol; CDOCKER interaction energy = –24.44 
kcal/mol). 
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4.3.4 Transmission Electron Microscopy (TEM) Studies 
 

The transmission electron microscopy (TEM) experiments for representative N-

methyl-N,4-diphenylthiazol-2-amine derivatives (3f and 4b) were carried out to validate 

and confirm the anti-aggregation properties. The morphology of both Aβ40 and Aβ42 

aggregates were studied. Panel A (top and bottom in Figure	54) shows dense Aβ40 and 

Aβ42 aggregates, respectively. In the presence of 5 µM of either 3f or 4b, there was 

almost complete inhibition of Aβ40/42 aggregates (Figure	 54). These results further 

confirm the Aβ40 and Aβ42 aggregation inhibition properties of N-methyl-N,4-

diphenylthiazol-2-amine derivatives.  

 

Figure 54. TEM images of Aβ40 and Aβ42  aggregation. Top: Panel A: Aβ40 control (5 
µM). Panel B: Aβ40 + 3f (5 µM). Bottom: Panel A: Aβ42 control (5 µM). Panel B: Aβ42 
+ 4b (5 µM). Scale bars represent 100 nm. 
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4.3.5 Cell Viability Assay 
 

The cell viability in the presence of the N-methyl-N,4-diphenylthiazol-2-amine 

derivatives 3a-i and 4a-b (10 µM) was evaluated in HT22 cells to investigate their ability 

to reduce cytotoxicity induced by  Aβ40 (Figure 55). In the presence of Aβ40 (5 µM), 

the cell viability was reduced to 70% compared to untreated control. Interestingly all the 

tested N-methyl-N,4-diphenylthiazol-2-amine derivatives were able to reduce cytotoxicity 

compared to Aβ40-treated group with cell viability ranging from 69–97% (Figure 55), 

suggesting their neuroprotective effect against Aβ40-induced cytotoxicity. In this series, 

compounds 3c and 3h exhibited excellent inhibition of Aβ40-induced cytotoxicity (cell 

viability range: 90-95%, Figure 55) and better neuroprotection than the reference agent 

RES (63% cell viability, Figure 55). 

Figure 56 shows the cell viability data in HT22 hippocampal neuronal cells in the 

presence of Aβ42 (5 µM) and N-methyl-N,4-diphenylthiazol-2-amine derivatives (10 

µM). Treating HT22 cells with Aβ42 alone led to cytotoxicity (cell viability = 50%) 

compared to untreated group (cell viability = 95%). In the presence of N-methyl-N,4-

diphenylthiazol-2-amine derivatives 3a-i, 4a and 4b, the cell viability ranged from 45-

95% (Figure 56). A number of compounds in this series (3a, 3d–g, 4a and 4b) exhibited 

statistically significant reduction in Aβ42-induced cytotoxicity indicating their ability to 

translate their demonstrated in vitro anti-Aβ42 inhibition activity in ThT based assays to 

cell culture assays.  In this series, the para-substituted compounds containing p-OMe (3c) 

or p-Br (3h) exhibited excellent neuroprotection activity (95% cell viability) against 

Aβ42-induced cytotoxicity (Figure 56). Several N-methyl derivatives demonstrated 
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superior neuroprotective activity against Aβ42-induced cytotoxicity compared to the 

reference agent RES (72% cell viability).  

 

Figure 55. Percentage viability of the N-methyl-N,4-diphenylthiazol-2-amine derivatives 
3c, 3h, and RES (10 µM) in HT22 cells was assessed by MTT assay toward Aβ40 after 
24 h incubation at 37 °C. The results were given as average of two independent 
experiments (n = 3). UC = untreated cells, RES = resveratrol. 

 

Figure 56. Percentage viability of the N-methyl-N,4-diphenylthiazol-2-amine derivatives 
3a, 3d, 3g, and RES (10 µM) in HT22 cells was assessed by MTT assay toward Aβ42 
after 24 h incubation at 37 °C. The results were given as average of two independent 
experiments (n = 3). UC = untreated cells, RES = resveratrol. 
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4.4 Summary 

 

Figure 57. Cumulative chapter summary of N-methyl-N,4-diphenylthiazol-2-amines (3-
4). 

In this chapter, a total of 11 N-methyl-N,4-diphenylthiazol-2-amine derivatives 

were synthesized by alkylating the corresponding N,4-diphenylthiazol-2-amines and the 

compounds were characterized by analytical methods. Their anti-Aβ activity against both 

Aβ40 and Aβ42 aggregation was evaluated by ThT-based fluorescence assays, TEM 

studies, computational modeling and neuroprotective assay in Aβ40 or Aβ42-induced 

cytotoxicity assay in HT22 hippocampal derived-cells. These studies identified 

compound 3f (4-(3-nitrophenyl)-N-phenylthiazol-2-amine) as the best inhibitor of Aβ40 

aggregation based on the ThT fluorescence assay (46% inhibition at 25 µM); whereas, 

compounds 3a (N-methyl-N-phenylthiazol-2-amine), 3c (4-(3-methoxyphenyl)-N-methyl-

N-phenylthiazol-2-amine), 3d (4-(3,4-dimethoxyphenyl)-N-methyl-N-phenylthiazol-2-

amine), 3g (4-(4-chlorophenyl)-N-methyl-N-phenylthiazol-2-amine), 4a (4-(4-

aminophenyl)-N-methyl-N-phenylthiazol-2-amine), and 4b (4-(3-aminophenyl)-N-

methyl-N-phenylthiazol-2-amine) exhibit superior inhibition of Aβ42 aggregation (93–
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97% inhibition at 25 µM). In the HT22 cytotoxicity assay, compounds 3c (4-(4-

methoxyphenyl)-N-methyl-N-phenylthiazol-2-amine) and 3h (4-(4-bromophenyl)-N-

methyl-N-phenylthiazol-2-amine) exhibited superior neuroprotection against Aβ40-

induced cytotoxicity whereas compound 3a (N-methyl-N-phenylthiazol-2-amine), 3d (4-

(3,4-dimethoxyphenyl)-N-methyl-N-phenylthiazol-2-amine), and 3g (4-(4-chlorophenyl)-

N-methyl-N-phenylthiazol-2-amine) exhibited superior neuroprotection against Aβ42-

induced cytotoxicity. In general, the presence of N-methyl substituent led to a decrease in 

Aβ40 aggregation inhibition properties, which can be attributed to the loss of polar 

interaction of NH with Val18 backbone in the Aβ40-dimer model. In contrast the 

presence or absence of N-methyl substituent was not a major factor in exhibiting Aβ42 

aggregation inhibition properties. Interestingly, in the cytotoxicity assay, the N-methyl-

N,4-diphenylthiazole-2-amine derivatives were able to demonstrate neuroprotection 

against both Aβ40 and Aβ42-induced cytotoxicity, and were better than the 

corresponding N,4-diphenylthiazole-2-amine derivatives were effective only against 

Aβ42-induced cytotoxicity, suggesting that the increased lipophilicity of  N-methyl-N,4-

diphenylthiazole-2-amines (ClogP range = 3.09–5.18) could have contributed to better 

cell permeability and activity against Aβ40-induced cytotoxicity and be one of the 

reasons for their increased their cell permeability compared to the corresponding N,4-

diphenylthiazole-2-amine derivatives (ClogP range = 2.64–4.73). In summary, N-methyl-

N,4-diphenylthiazole-2-amines represent a novel class of compounds which are capable 

of inhibiting Aβ40 and Aβ42 aggregation. 
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4.5 Experimental 
 

4.5.1 Chemistry 
 

4.5.1.1 Materials and Methods 

General information. All the reagents and solvents were purchased from various 

vendors (Sigma-Aldrich, Oakwood Chemical, Matrix Scientific, TCI Chemicals, 

AAblocks, and Ark Pharm Inc.) with a minimum purity of 95% and were used without 

further purification. Melting points (mp) were determined using a Fisher-Johns apparatus 

and are uncorrected. Compound purification was carried out 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 variety of solvent systems 

and TLC spots were visualized with the handheld UV lamp 254/365 nm. 1H NMR and 

13C NMR spectra were analyzed using a Bruker Avance 300 MHz series spectrometer in 

deuterated solvents. Data was analyzed using the Bruker TOPSPIN 3.6.1 software. 

Coupling constant (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 purity and low resolution mass (LRMS) were evaluated 

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 30:70 Water:ACN with 0.1% FA at a flow rate 

of 0.5 mL/min. All the final compounds were > 95% pure as determined by calculating 

the peak area by LCMS (UV detector, 254 nm). High-resolution mass spectrometry data 

were obtained by carrying out a positive ion electrospray (ESI) experiments on using a 

Thermo Scientific Q-Exactive hybrid mass spectrometer, Department of Chemistry, 

University of Waterloo. Accurate mass determinations were performed at a mass 
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resolution of 70,000 (@m/z200) with lock mass correction. All samples were injected at 

10 mL/min in a 1:1 MeOH/H2O + 0.1% formic acid. 

4.5.1.2 General Procedure for the synthesis of N-methyl-N,4-diphenylthiazol-2-amine 
derivatives (3a-i). 

 

Compound 1e or 1f and NaH (0.097 g, 4.040 mmol) were added to the RBF, and 

stirred at 0 °C for 10 min. To this mixture, excess MeI (5.73 g, 40.40 mmol) was added 

and stirred at RT for 23 h. The solution was diluted with 20 mL DCM, washed three 

times with 20 mL brine solution; the aqueous layers were extracted with EtOAc (2 x 20 

mL). The combined organic layers were dried over MgSO4, filtered and concentrated in 

vacuo to obtain the crude product, which was purified using the silica gel column 

chromatography with Hex:EtOAc (7:1) as the eluent. Yield ranged from 46 – 100%. The 

analytical data is given below: 

N-Methyl-N-diphenylthiazol-2-amine (3a)218 Yield: 85%. m.p. 76-78 °C. 1H NMR (300 

MHz, DMSO-d6) δ (ppm): 7.88 (d, J = 8.2 Hz, 2H), 7.54-7.26 (m, 8H), 7.19 (s, 1H), 3.54 

(s, 3H). HRMS (ESI) m/z calcd for C16H15N2S [M+H]+ 267.0950, found 298.0953. 

Purity: 100%. 

 

N-Methyl-N-phenyl-4(p-tolyl)thiazol-2-amine (3b) Yield: 56%. m.p. 78-80 °C. 1H NMR 

(300 MHz, DMSO-d6) δ (ppm): 7.77 (d, J = 8.0 Hz, 2H), 7.53-7.44 (m, 4H), 7.28 (t, J = 

7.1 Hz, 1H), 7.20 (d, J = 8.0 Hz, 2H), 7.11 (s, 1H), 3.53 (s, 3H), 2.31 (s, 3H). HRMS 

(ESI) m/z calcd for C17H17N2 [M+H]+ 281.1107, found 281.1117. Purity: 97%. 
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4-(4-Methoxyphenyl)-N-methyl-N-phenylthiazol-2-amine (3c) Yield: 46%. m.p. 87-89 °C. 

1H NMR (300 MHz, DMSO-d6) δ (ppm): 7.81 (d, J = 8.4 Hz, 2H), 7.53-7.43 (m, 4H), 

7.27 (t, J = 7.1 Hz, 1H), 7.01 (s, 1H), 6.96 (d, 2H), 3.77 (s, 3H), 3.52 (s, 3H). HRMS 

(ESI) m/z calcd for C17H17ON2S [M+H]+ 297.1056, found 297.1056. Purity: 98%. 

 

4-(3,4-Dimethoxyphenyl)-N-methyl-N-phenylthiazol-2-amine (3d) Yield: 84%. m.p. 112-

114 °C. 1H NMR (300 MHz, DMSO-d6) δ (ppm): 7.53-7.42 (m, 6H) 7.28 (t, J = 8.4 Hz, 

1H), 7.08 (s, 1H), 6.98 (d, J =  6.6 Hz, 1H), 3.80 (s, 3H), 3.77 (s, 3H), 3.53 (s, 3H). 

HRMS (ESI) m/z calcd for C18H19O2N2S [M+H]+ 327.1161, found 327.1155. Purity: 

98%. 

 

N-Methyl-4-(4-nitrophenyl)-N-phenylthiazol-2-amine (3e) Yield: 95%. m.p. 191-194 °C. 

1H NMR (300 MHz, DMSO-d6) δ (ppm): 8.27 (d, J = 8.8 Hz, 2H) 8.13 (d, J = 8.1 Hz, 

1H), 7.58 (s, 1H), 7.54-7.46 (m, 4H), 7.32 (t, J = 6.8 Hz, 1H), 3.55 (s, 3H). HRMS (ESI) 

m/z calcd for C16H14O2N3S [M+H]+ 312.0801, found 312.0805. Purity: 96%. 

 

N-Methyl-4-(3-nitrophenyl)-N-phenylthiazol-2-amine (3f) Yield: 78%. m.p. 122-124 °C. 

1H NMR (300 MHz, DMSO-d6) δ (ppm): 8.65 (s, 1H), 8.32 (d, J = 7.9 Hz, 1H), 8.15 (d, J 

= 8.6 Hz, 1H), 7.69 (t, J = 8.1 Hz, 1H), 7.55-7.46 (m, 5H), 7.32 (t, J = 7.0 Hz, 1H), 3.56 

(s, 3H). HRMS (ESI) m/z calcd for C16H14O2N3S [M+H]+ 312.0801, found 312.0806. 

Purity: 98%. 
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4-(4-Chlorophenyl)-N-methyl-N-phenylthiazol-2-amine (3g) Yield: 100%. m.p. 107-110 

°C. 1H NMR (300 MHz, DMSO-d6) δ (ppm): 7.90 (d, J = 8.3 Hz, 2H), 7.53-7.44 (m, 6H), 

7.29 (m, 2H), 3.53 (s, 3H). HRMS (ESI) m/z calcd for C16H14N2ClS [M+H]+ 301.0560, 

found 301.0569. Purity: 95%. 

 

4-(4-Bromophenyl)-N-methyl-N-phenylthiazol-2-amine (3h) Yield: 100%. m.p. 113-115 

°C. 1H NMR (300 MHz, DMSO-d6) δ (ppm): 7.83 (d, J = 8.3 Hz, 2H), 7.59 (d, J = 8.3 

Hz, 2H), 7.53-7.44 (m, 4H), 7.29 (m, 2H), 3.53 (s, 3H). HRMS (ESI) m/z calcd for 

C16H14O2N4BrS2 [M+H]+ 345.0055, found 345.0049. Purity: 96%. 

 

4-(4-Fluorophenyl)-N-methyl-N-phenylthiazol-2-amine (3i) Yield: 99%. m.p. 70-72 °C. 

1H NMR (300 MHz, DMSO-d6) δ (ppm): 7.93-7.88 (m, 2H), 7.52-7.43 (m, 4H), 7.30-

7.17 (m, 4H), 3.52 (s, 3H). HRMS (ESI) m/z calcd for C16H14N2FS [M+H]+ 285.0856, 

found 285.0861. Purity: 95%. 

4.5.1.3 General procedure for the synthesis of N-methyl-N,4-diphenylthiazol-2-amine 
derivatives (4a-b). 

 

Compounds N-methyl-N,4-diphenylthiazol-2-amines 3e or 3f (1 g, 3.21 mmol) 

and Pd/C (10% weight, 0.34 g, 3.21 mmol) were dissolved in ethanol solution (100 mL) 

at 0 °C under gentle flow of argon in a 250 mL RBF. To this reaction mixture, hydrazine 

hydrate (1.0 mL, 32.1 mmol) was added dropwise. This resulting mixture refluxed with 

stirring at 85 °C for 3 h to the reaction was cooled to RT, Pd/C was filtered off by passing 

through cotton plug and celite column with ethanol wash (2 x 50 mL). The combined 

ethanol fractions were collected and concentrated in vacuo to obtain the crude product, 
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which was purified using the silica gel column chromatography with EtOAc:Hex (1:1) as 

the eluent. Yield ranged from 78 – 83%. 

4-(4-Aminophenyl)-N-methyl-N-phenylthiazol-2-amine (4a) Yield: 83%. m.p. 91-94 °C. 

1H NMR (300 MHz, DMSO-d6) δ (ppm): 7.52-7.43 (m, 4H), 7.27 (t, J = 6.8 Hz, 1H), 

7.11 (s, 1H), 7.05-7.01 (m, 2H), 6.97 (s, 1H), 6.51 (s, 1H), 5.16 (s, 2H), 3.52 (1s, 3H). 

HRMS (ESI) m/z calcd for C16H16N3S [M+H]+ 282.1059, found 282.1067. Purity: 99%. 

 

4-(3-Aminophenyl)-N-methyl-N-phenylthiazol-2-amine (4b) Yield: 78%. m.p. 89-91 °C. 

1H NMR (300 MHz, DMSO-d6) δ (ppm): 7.55-7.42 (m, 6H), 7.25 (t, J = 7.0 Hz, 1H), 

6.77 (s, 1H), 6.57 (d, J = 7.8 Hz, 2H), 5.22 (s, 2H), 3.51 (s, 3H). HRMS (ESI) m/z calcd 

for C16H16N3S [M+H]+ 282.1059, found 282.1061. Purity: 95%. 

4.5.2 Biological Screening 

4.5.2.1 Amyloid-β  (Aβ) Aggregation Assay 
 

Thioflavin T (ThT) is a benzothiazole dye that was used to detect the formation of 

amyloid aggregates in solution. The excitation and emission properties of ThT changes 

when it binds to the β-sheet structures of Aβ40/Aβ42 oligomers and fibrils.145 In this 

regard, the anti-Aβ aggregation activity of N,4-diphenylthiazol-2-amine based derivatives 

(3a-i and 4a-b) was evaluated using ThT-based fluorescence assays. These assays were 

conducted in Costar, black, clear-bottomed 384-well plates with frequent shaking at 730 

cpm under constant heating at 37 °C for 24 h. The excitation and emission of ThT were 

recorded at 440 and 490 nm, respectively. Readings were taken every 5 min using a 

BioTek Synergy H1 microplate reader. Test compounds were prepared in 215 mM 
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phosphate buffer at pH 7.4. 0.5 mg of Aβ•HFIP samples (AnaSpec, CA, USA) was 

dissolved in 1% ammonium hydroxide solution for Aβ40 or 10% ammonium hydroxide 

for Aβ42, sonicated at RT for 5 min, and diluted to 50 µM in phosphate buffer. A 15 µM 

ThT stock solution was prepared. To each ThT background well, 44 µL ThT, 35 µL 

phosphate buffer, and 1 µL DMSO were added. To the Aβ control wells, 44 µL ThT, 28 

µL phosphate buffer, and 8 µL Aβ40/42 (5 µM final concentration) were added. To each 

test compound containing wells, 44 µL ThT, 20 µL phosphate buffer, 1 µL DMSO, and 8 

µL test compound in various concentrations (1, 5, 10, and 25 µM), and 8 µL of Aβ were 

added. ThT interferences were taken before the addition of 8 µL of Aβ40 or Aβ42 stock 

solution (5 µM final concentration). Known Aβ40 and Aβ42 aggregation inhibitors MB 

and RES were also evaluated for comparison. Plates were sealed with a ThermoSeal film 

(Sigma Aldrich) before placing the plates in the reader. Data presented was an average of 

triplicate reading for two-three independent experiments. 

4.5.2.2 Transmission Electron Microscopy (TEM) Studies  

The Aβ40 and Aβ42 aggregate morphology was examined by performing TEM 

experiment in the presence and absence of test compounds. TEM samples were prepared 

in Costar, round-bottomed 384-well plates with test compounds (25 µM). To the Aβ 

control wells, 44 µL ThT, 28 µL phosphate buffer, and 8 µL Aβ40/42 (5 µM final 

concentration) were added. To each test compound containing well, 44 µL ThT, 20 µL 

phosphate buffer, 1 µL DMSO, and 8 µL of test compound (25 µM), and 8 µL of 

Aβ40/42 were added. The plates were incubated on a BioTek Synergy H1 microplate 

reader at 37 °C and shaken at 730 cpm for 24 h.  
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TEM grids were prepared by adding 20 µL test compound over the formvar-

coated copper grids (400 mesh) via the use of a Pasteur pipette, which were then air-dried 

for 3 h or longer before washing them with 20 µL of ultrapure water (UPW) to remove 

any precipitated buffer salt. The sample grids were air-dried for 30 min. Once the grids 

were dry, they were stained with 20 µL of 2% phosphotungstic acid (PTA). The excess of 

PTA was removed by blotting with filter paper. The grids were allowed to dry overnight. 

Scanning of these grids was performed using a Philips CM10 TEM at 60 kV (Department 

of Biology, University of Waterloo), and micrographs were collected using a 14-

megapixel AMT camera. 

4.5.2.3 Computational Modeling Studies 
 

Molecular docking studies of N-methyl-N,4-diphenylthiazol-2-amine derivatives 

with Aβ peptides were conducted via the computational chemistry Discovery Studio (DS) 

software – Structure-Based-Design (SBD), version 4.0 from BIOVA Inc. (San Diego, 

USA).220 The Small Molecules module was used to build the N-methyl-N,4-

diphenylthiazol-2-amine derivatives, which were in turn docked with Aβ40 and Aβ42 

dimer models obtained from protein data bank (pdb id: 2LMN and 5KK3) using the 

CDOCKER algorithm in the Receptor-Ligand Interactions module in DS using 

CHARMm force field.220,221 CDOCKER algorithm uses simulated annealing protocol to 

determine the best ligand binding modes. N-Methyl-N,4-diphenylthiazol-2-amine 

derivatives were built in 3D using Build Fragment tool; energy minimization was applied 

for 1000 iterations using steepest descent and conjugate gradient minimizations, 

respectively. The ligands were minimized using the Smart Minimization protocol (200 
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steps, RMS gradient 0.1 kcal/mol), CHARMm force field and a distance depended 

dielectric constant. For the docking of N-Methyl-N-diphenylthiazol-amine derivatives in 

Aβ40 and Aβ42 dimer models, the binding site was defined by a 20 Å radius sphere. 

Molecular docking was carried out by the CDOCKER algorithm, which includes 2000 

heating steps, 700 K target temperature, 300 K cooling temperature target with 5000 

cooling steps. The docked poses obtained were ranked using the CDOCKER energy and 

CDOCKER interaction energy parameters (kcal/mol). The protein-ligand complexes 

were evaluated by examining various polar and nonpolar interactions, such as hydrogen 

bonding, electrostatic, van der Waal’s, and hydrophobic interactions. 

4.5.2.4 Cell Viability Assay 
 

The HT22 hippocampal cells were plated at a density of 10,000 cells/100 µL in 

Nunclon Delta 96-well plates with complete growth media consisting of DMEM and 

Ham’s F12 in a 1:1 ratio, supplemented with 10% fetal bovine serum (FBS) and 1% 

penicillin-streptomycin (10,000 U/mL) at 37 °C in 5% CO2. The cells were incubated at 

37 °C for 24 h. To each untreated well, 100 µL DMEM/F-12 was added. To the Aβ 

control wells, 85 µL DMEM/F-12, 10 µL PBS, and 5 µL Aβ40/42 (5 µM final 

concentration) were added. To each test compound containing wells, 85 µL DMEM/F-12, 

10 µL filter-sterilized test compounds (3a-i, 4a-b, and RES) in concentration of 10 µM in 

triplicates (n = 3), and 5 µL of Aβ40/42 were added. These cells were then incubated at 

37 °C for 24 h. The MTT reagent solution222 made of thiazolyl blue tetrazolium bromide 

powder (Sigma Aldrich) in PBS to 5 mg/mL and filter-sterilized through a 0.22 µm filter 

was added in 10% of the culture medium volume (DMEM/F-12, HEPES, no phenol red) 
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to each well and the cells were cultured for an additional 2-3 h. After incubation, the 

resulting formazan crystals were solubilized with the solubilisation solution prepared 

from a mixture of IPA, 10% Triton X-100 and 1% HCl (12M). The absorbance was taken 

at 570 and 690 nm. All results were presented as a relative percent of (4,5-

dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) to untreated controls. 

Known Aβ aggregation inhibitor resveratrol (RES) was used as a reference agent for 

comparison 
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CHAPTER 5 Development of (Alkylsulfonyl-azaneylphenyl)-
N-Phenylthiazol-2-amines 

 

 

Figure 58. Banner for Chapter 5 

5.1 Introduction 

Many sulfonyl group containing compounds including sulfonamides have been 

widely used in the form of antibiotics, diuretics, antidiabetic agents and anticancer 

agents.223–225 Several drugs possess sulfonyl (-SO2R), sulfonamide (-SO2NH2) and 

alkylsulfonamide (-NHSO2R) pharmacophores which are known to enhance their 

biological activity, oral absorption and cell penetration.226,227 Moreover, sulfonamide 

group was incorporated in the design of the novel anti-AD agents such as β- and γ-

secretase inhibitors,228 as well to design neurogenesis promoters.229 In light of their 

widespread utility, in this chapter we investigated a library of novel class of N,4-

diphenylthiazol-2-amine derivatives possessing various alkylsufonyl-azaneylphenyl 

substituents  (alkylsulfonamides, R = NHSO2CH3, NHSO2CH2CH3, NHSO2CH(CH3)2,  

NHSO2CH2CF3) and ((phenylaminothiazol-4-yl)phenyl-azanesulfonamide, R = 

NHSO2NH2 or sulfamide) substituents either  at the para- or meta-position of the thiazole 

C4-position (Figure 58) as inhibitors of Aβ40 and Aβ42 aggregation. The synthetic 

methodology, analytical data, and their biological assay results based on ThT-based 
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assay, transmission electron microscopy (TEM) experiments, computational modeling 

studies and their neuroprotective activity against Aβ40- and Aβ42-induced cytotoxicity 

are described. 

5.2 Hypothesis 
 

For this series of N,4-diphenylthiazol-2-amine derivatives, we hypothesize that (i) 

incorporating alkylsulfonamide (R = NHSO2CH3, NHSO2CH2CH3, NHSO2CH(CH3)2,  

NHSO2CH2CF3) and  NHSO2NH2 (sulfamide)  substituents at the para- or meta-position 

of the phenyl ring at the C4-thiazole would enhance Aβ aggregation inhibition properties 

due to their ability to interact with both N- and C-terminal amino acids in the Aβ40 dimer 

model; (ii) the thiazol-2-amines with alkylsulfonamide and sulfamide substituents  

exhibit better Aβ-aggregation inhibition due to the interaction of these substituents in the 

turn region of Aβ40 dimer model (Asp23-Gly29) and in the KLVFFAE region of Aβ42 

dimer model; (iii) the presence of alkylsulfonamide and sulfamide substituents results in 

greater cell permeation and activity in cell culture experiments. 

5.3 Results and Discussion 

5.3.1 Synthesis 

The synthetic route for the target compounds (5a-j) is outlined in Scheme 3. The 

alkylsulfonamide and sulfamide substituted N,4-diphenylthiazol-2-amine derivatives (5a-

j, Scheme 3) were synthesized via the sulfonylation using either alkylsulfonyl chlorides 

or sulfamoyl chloride to afford either para- or meta-amino substituted N,4-

diphenylthiazol-2-amine derivatives  using pyridine as a base (Scheme 3) to afford them 

in 13–88% yield. The 3- or 4-aminophenyl-N-phenylthiazol-2-amines were synthesized 
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by coupling N-phenylthiourea with 2-bromo-3’ or 4’-nitroacetophenones, followed by 

their reduction over Pd/C and hydrazine hydrate as reported in Chapter 3 (Scheme 3). 

The reaction mechanism pertaining to sulfonylation reaction is briefly described in Figure 

59. The purified sulfonamide and sulfamide based N,4-diphenylthiazol-2-amine 

derivatives  were characterized by 1H and 13C NMR, LCMS and HRMS analysis.  

 

Figure 59. Mechanism of the sulfonylation reaction to synthesize sulfonyl-substituted 4-
diphenylthiazol-2-amine derivatives. 
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*Reagents and conditions: (a) CuBr2, EtOAc, 70 °C, 15 h; (b) EtOH, 80 °C, 5 h; (c) Pd/C, 

hydrazine hydrate, EtOH, 85 °C, 3-5 h; (d) py, DCM, RT, 23 h. 

Scheme 3. Synthetic route toward the (alkylsulfonyl-azaneylphenyl)-N-phenylthiazol-2-
amines 5a-h and (2-(phenylamino)thiazole-4-yl)phenyl)-azanesulfonamides 5i and 5j. 

5.3.2 Amyloid-β  Aggregation Inhibition Studies 
 

The anti-aggregation properties of sulfonamide and sulfamide based N,4-

diphenylthiazol-2-amine derivatives 5a-j and reference compounds MB and RES against 

Aβ40 aggregation in the ThT-based fluorescence assay is  shown in Table 7. 

Incorporation of a para-methanesulfonamide substituent (compound 5a, R = 

NHSO2CH3) exhibited inhibition of Aβ40 aggregation at all the tested concentrations  
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(44–58% inhibition at 1–25 µM concentration range, Table 7). Moving the p-NHSO2CH3 

to meta-position retained its anti-Aβ40 activity at all the tested concentration (compound 

5b, 43–70% inhibition)). Increasing the alkyl chain length from CH3 to C2H5 or 

CH(CH3)2 led to enhancements in Aβ40 aggregation inhibition properties  in compounds 

5c, 5d and 5e respectively (89, 84, and 71% inhibition at 25 µM, Table 7).  Adding a 

terminal CF3 substituent in compounds 5i and 5j did not increase their anti-aggregation 

properties (47% and 56% inhibition respectively). However, they exhibited similar 

activity as the p-and m-NHSO2CH3 derivatives 5a and 5b (Table 7). Replacing the 

methanesulfonamide moiety with a corresponding sulfamide bioisostere (-NHSO2NH2) 

did enhance their anti-aggregation properties toward Aβ40 aggregation with compounds 

5i and 5j exhibiting ~70% inhibition at 25 µM (Table 7). Among these derivatives, the 

para- and meta-substituted NHSO2CH2CH3 containing compounds 5c and 5d exhibited 

superior inhibition of Aβ40 fibrillogenesis with 5c exhibiting maximum inhibition of 

89% at 25 µM. In fact, compound 5c was identified as the most potent inhibitor of Aβ40 

aggregation among all the N,4-diphenylthiazol-2-amine derivatives evaluated (Chapters 

3, 4 and 5). The 24 h Aβ40 aggregation kinetics in the presence and absence of 

compound 5c is shown in Figure 60. This kinetic curve showed that compound 5c 

exhibited a concentration dependent increase in its anti-aggregation properties. At 1 µM, 

it exhibited weak inhibition with slightly greater inhibition seen at 5 µM and 10 µM. 

However at 25 µM, there was a drastic increase in its anti-aggregation activity with a 

rapid decline in the ThT fluorescence intensity. Compound 5c was able to exhibit almost 

complete inhibition of growth phase in the Aβ40 fibrillogenesis pathway at 25 µM 
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demonstrating its ability to prevent the conversion of lower order Aβ40 species into 

higher order structures effectively (Figure 60). 

Table 7. Inhibition data for sulfonamide based N,4-diphenylthiazol-2-amine derivatives 
5a-j, and reference compounds toward Aβ40 aggregation, and their ClogP values. 

 
 

Compound R-group % Inhibition for Aβ40 a ClogP b 
1 µM 5 µM 10 µM 25 µM 

5a p-NHSO2Me 44 58 49 56 3.13 
5b m-NHSO2Me 43 70 62 50 3.13 
5c p-NHSO2CH2CH3 16 20 34 89 3.66 
5d m-NHSO2CH2CH3 NA NA NA 84 3.66 
5e p-NHSO2CH(CH3)2 NA 35 45 71 3.97 
5f m-NHSO2CH(CH3)2 NA NA 16 43 3.97 
5g p-NHSO2NH2 27 NA NA 70 2.59 
5h m-NHSO2NH2 NA NA 13 69 2.59 
5i p-NHSO2CH2CF3 NA NA 38 47 3.93 
5j m-NHSO2CH2CF3 NA NA NA 56 3.93 

MB - 87 97 97 99 3.62 
RES - 81 94 95 98 2.83 

aPercent aggregation inhibition values were average ± SD < 10% (n = 3) for three 
independent experiments. NA – Not Active. bClogP values were determined using 
ChemDraw 19.1. 
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Figure 60. ThT-monitored 24 h aggregation kinetics of Aβ40 (5 µM) in the presence of 
1, 5, 10, and 25 µM of sulfonamide based N,4-diphenylthiazol-2-amine derivatives (5c, 
5g, and 5i) at pH 7.4, 37 °C in phosphate buffer. Aggregation kinetics were monitored by 
ThT-fluorescence spectroscopy (excitation = 440 nm, emission = 490 nm). Results are 
average ± SD of three independent experiments (n = 3). 

The results of the anti-aggregation properties of sulfonamide and sulfamide-

based-N,4-diphenylthiazol-2-amines 5a-j toward Aβ42 aggregation is shown in Table 8. 

Compounds in this series exhibited excellent inhibition activity in the range of 81–95% 

inhibition at 25 µM and demonstrated comparable activity with reference agents MB and 

RES (Table 8). Several compounds in this series exhibited concentration dependent 

increase in their anti-aggregation activity. For instance, at 1 µM, compound 5a (R = p-

NHSO2Me) exhibited 58% inhibition. At 5 µM, the inhibitory activity increased (74% 

inhibition), which increased further at 10 and 25 µM, with inhibition ranging from 87–

90%. Similarly compounds 5b, 5c, 5d, 5f, and 5g exhibited ability to prevent the 

nucleation dependent Aβ42 aggregation process remarkably at all the tested 

concentrations (Table 8). It was satisfying to see that all the compounds in this series 

exhibited superior anti-aggregation properties toward Aβ42 aggregation ranging from 
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81–95%. In particular, adding the NHSO2CH2CF3 substituent at the para-position in 

compound 5i led to superior inhibition of Aβ42 aggregation 95% inhibition, which was 

comparable to the reference compounds MB (99% inhibition) and RES (98% inhibition) 

at 25 µM (Table 8). 

Table 8. Inhibition data for N-methyl-N,4-diphenylthiazol-2-amine derivatives 5a-j, and 
reference compounds toward Aβ42 aggregation, and their ClogP values. 

 
 

Compound R-group % Inhibition for Aβ42 a ClogP b 
1 µM 5 µM 10 µM 25 µM 

5a p-NHSO2Me 58 74 87 90 3.13 
5b m-NHSO2Me 67 87 88 90 3.13 
5c p-NHSO2CH2CH3 35 50 94 94 3.66 
5d m-NHSO2CH2CH3 NA NA 90 90 3.66 
5e p-NHSO2CH(CH3)2 44 41 93 93 3.97 
5f m-NHSO2CH(CH3)2 13 43 62 89 3.97 
5g p-NHSO2CH2CF3 19 16 61 95 3.93 
5h m-NHSO2CH2CF3 19 54 93 81 3.93 
5i p-NHSO2NH2 NA 72 75 94 2.59 
5j m-NHSO2NH2 46 NA 92 93 2.59 

MB - 87 97 97 99 3.62 
RES - 81 94 95 98 2.83 

aPercent aggregation inhibition values were average ± SD < 10% (n = 3) for three 
independent experiments. NA – Not Active. bClogP values were determined using 
ChemDraw 19.1. 
 
 

The 24 h aggregation kinetic curve of Aβ42 in the presence of either compound 
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thereby reducing and or preventing the growth phase as indicated by reduction in the ThT 

fluorescence intensity 5g (Figure 61). These compounds reduced ThT fluorescence 

intensity at 1, 5 and 10 µM with significant reduction in the ThT fluorescence intensity 

observed at 25 µM indicating their Aβ42 aggregation inhibition properties over a 24 h 

time period. At a higher concentration of 5 µM, the fluorescence intensity reduced to half 

and continued to decrease to a significantly low level observed in 25 µM. These results 

demonstrate that alkylsuflonamide-based N,4-diphenylthiazol-2-amine derivatives 5g can 

reduce Aβ42 fibrillogenesis.  

 

 

Figure 61. ThT-monitored 24 h aggregation kinetics of Aβ42 (5 µM) in the presence of 
1, 5, 10, and 25 µM of N,4-diphenylthiazol-2-amine (5g) at pH 7.4, 37 °C in phosphate 
buffer. Aggregation kinetics were monitored by ThT-fluorescence spectroscopy 
(excitation = 440 nm, emission = 490 nm). Results are average ± SD of three independent 
experiments (n = 3). 
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5.3.2.1 Correlating the ClogP Values, HBDs, and HBAs with Anti-Aβ  Aggregation 
Properties 

 
 

 

Figure 62. Chemical structure of N,4-diphenylthiazol-2-amines possessing 
alkylsulfonamide and sulfamide moieties described in Chapter 5 highlighting the C4-
position of the thiazole-2-amine that was modified by SAR. HBA – Hydrogen Bond 
Acceptors. 

The anti-aggregation properties of N,4-diphenylthiazol-2-amines possessing 

alkylsulfonamide and sulfamide moieties was correlated with their ClogP values and 

HBAs as shown in Figure	 62. These derivatives were less lipophilic as compared to 

thiazole derivatives described in Chapter 3 and 4 and their ClogP values ranged from 

2.59–3.97 (Figure	 63) and the phenyl substituents explored are all known to act as 

HBAs. Compounds 5a– f, 5i and 5j possessing alkylsulfonamide substituents are more 

lipophilic (ClogP range 3.13–3.97, Figure	63) compared to compounds 5g and 5h that 

possess sulfamide substituents (ClogP = 2.59). Activity data suggests that 

alkylsulfonamide substituted compounds 5c (p-NHSO2Et-phenyl), 5d (m-

NHSO2CH2CH3-phenyl) and 5e (p-NHSO2(Me)2) exhibited excellent inhibition of Aβ40 

aggregation (71–89% inhibition at 25 µM, Figure	63). Increasing ClogP values led to a 

reduction in their anti-aggregation activity as seen with compounds 5i and 5j 

(NHSO2CH2CF3-phenyl, ClogP = 3.97, 47% and 56% inhibition respectively, Figure	

63). Polar compounds 5g and 5h (p-NHSONH2-phenyl, ClogP value = 2.59) exhibited 
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good inhibition activity (~70% inhibition). These correlation studies suggest that both 

ClogP values and HBAs can contribute equally to inhibition of Aβ40 aggregation. 

 

 
Figure 63. Correlation of Aβ40 aggregation inhibition properties of 5a–j at 25 µM, with 
ClogP values. Blue line represents ClogP values. 

The activity data toward Aβ42 aggregation was correlated with ClogP values and 

HBAs for compounds 5a–j that possess either alkylsufonamides or sulfamides (Figure	

64). Their activity data at 10 µM was compared as results obtained at other 

concentrations were shown to be similar. It was interesting to note that there was a direct 

correlation in the anti-aggregation properties and ClogP value for compounds 5a, 5b, 5c, 

5d and 5e (alkylsulfonamides, ClogP range = 3.13–3.97, 87–93% inhibition. Compounds 

5g and 5h possessing HBAs such as sulfamides which are known to be better acceptors 

than alkylsulfonamides, also exhibited good inhibition despite being more polar (ClogP 

value = 2.59), compared to alkylsulfonamides (5a and 5b, ClogP = 3.13), which suggests 

that both the phenyl substituents as well as ClogP values might contribute to their anti-

aggregation properties. 
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Figure 64. Correlation of Aβ42 aggregation inhibition properties of 5a–j at 10 µM, with 
ClogP values. Blue line represents ClogP values. 

5.3.3 Computational Modeling Studies 

 
The binding interactions of most potent N,4-diphenylthiazol-2-amine derivatives 

containing either a sulfonamide or sulfamide substituents were investigated by 

conducting molecular docking studies using the solved structures of Aβ40 and Aβ42 

peptides.212,213 Docking studies were carried out using the dimer assemblies of both Aβ40 

and Aβ42 peptides as they represent the early forms of Aβ in solution. In the N,4-

diphenylthiazol-2-amine series, compound 5c (N-(4-(2-(phenylamino)thiazol-4-

yl)phenyl)ethanesulfonamide) was identified as the most potent inhibitor of Aβ40 

aggregation in the ThT-based fluorescence assay (89% inhibition at 25 µM). Figure 65 

Panel A, shows the predicted binding mode of 5c in the Aβ40-dimer model. This 

compound also was able to interact with both N- and C-terminal amino acids and the 

entire thiazol-4-yl)phenyl)ethanesulfonamide moiety was interacting the in the KLVFFA 

region closer to the N-terminal (Panel A, Figure 65). Both the phenyl and thiazole rings 
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underwent T-shaped interactions with Phe19 and Phe20 respectively (distance < 5 Å).  

The unsubstituted phenyl ring was in contact with Leu34 at the C-terminal. These 

observations suggest the ability of compound 5c in reducing Aβ40 aggregation.    

In the sulfonamide and sulfamide containing N,4-diphenylthiazol-2-amine series, 

compound 5g (2,2,2-trifluoro-N-(4-(2-(phenylamino)thiazol-4-yl)phenyl)ethane-1-

sulfonamide) was identified as the most potent inhibitor of Aβ42 aggregation in the ThT-

based fluorescence assay (95% inhibition at 25 µM). Figure 65 Panel B, shows the 

predicted binding mode of 5g in the Aβ42-dimer model. This compound exhibited an 

extended conformation and was in binding in the KLVFFA region. The trifluoro-

ethanesulfonamide group was in contact with polar amino acids His13 and Lys16 

(distance < 5 Å) and sulfonyl oxygen formed hydrogen bond with Lys16 side chain, 

whereas the phenyl ring was in contact with Val18. The thiazole ring nitrogen formed a 

hydrogen bonding interaction with Lys16 side chain whereas the aromatic ring underwent 

π-alkyl interaction with Val18 and Ala21. These computational studies suggest that the 

presence of trifluoro-ethanesulfonamide group can increase the binding affinity of 

compound 5g, which is also supported by the ligand-Aβ42 dimer complex energy 

(CDOCKER energy = –16.48 kcal/mol). 
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Figure 65. Panel A: Predicted binding mode of 5c (ball and stick cartoon) in the Aβ40-
dimer model (ribbon diagram, pdb id: 2LMN, CDOCKER energy = –10.89 kcal/mol; 
CDOCKER interaction Energy = –22.38 kcal/mol). Panel B: Predicted binding mode of 
5g (ball and stick cartoon) in the Aβ42-dimer model (ribbon diagram, pdb id: 5KK3, 
CDOCKER energy = –16.48 kcal/mol; CDOCKER interaction energy = –26.63 
kcal/mol). 
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5.3.4 Transmission Electron Microscopy (TEM) Studies 
 

The transmission electron microscopy (TEM) experiments were carried out for a 

representative sample compounds 5c (R = p-NHSO2CH2CH3) and 5g (R = p-

NHSO2CH2CF3) from the sulfonamide and sulfamide-based N,4-diphenylthiazol-2-amine 

derivatives, to validate and confirm the anti-Aβ40 and anti-Aβ42 aggregation properties, 

respectively. Compounds 5c and 5g exhibited significant reduction in the formation of 

Aβ40 (top panels, Figure 66) and Aβ42 aggregates (bottom panels, Figure 66) at 25 µM. 

The results further demonstrate the ability of sulfonamide-based N,4-diphenylthiazol-2-

amine derivatives to inhibit Aβ40/Aβ42 aggregation.  

 

Figure 66. TEM images of Aβ40 and Aβ42  aggregation. Top: Panel A: Aβ40 control (5 
µM). Panel B: Aβ40 + 5c (5 µM). Bottom: Panel A: Aβ42 control (5 µM). Panel B: 
Aβ42 + 5g (5 µM).Scale bars represent 100 nm. 
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5.3.5 Cell Viability Assay 
 

The neuroprotective effect of sulfonamide and sulfamide-based N,4-

diphenylthiazol-2-amine derivatives 5a-j (10 µM), was evaluated in HT22 hippocampal 

derived-cells to investigate their potential in reducing the cytotoxicity induced by Aβ40. 

The results are shown in Figure 67. In untreated group, Aβ40 (5 µM) alone demonstrated 

cytotoxicity with cell viability of 63%. Strikingly, all the compounds tested exhibited 

excellent cell viability toward Aβ40-induced cytotoxicity in the range of 80-100% 

(Figure 67). This result directly correlates with the superior anti-aggregation properties 

demonstrated by this class of compounds in the ThT-based fluorescence assay. All 

compounds (5a-j) exhibited superior anti-aggregation activity in preventing Aβ40-

induced cytotoxicity. In particular, compounds 5a (R = p-NHSO2Me), 5e (R = p-

NHSO2CH(CH3)2), and 5h (R = m-NHSO2CH2CF3) exhibited excellent cell viability 

(>95%) (Figure 67). The reference agent RES failed to provide neuroprotection against 

Aβ40-induced cytotoxicity as seen in Figure 67. 
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Figure 67. Percentage viability of the N,4-diphenylthiazol-2-amine derivatives 5a-j and 
RES (10 µM) in HT22 cells was assessed by MTT assay toward Aβ40 after 24 h 
incubation at 37 °C. The results were given as average of two independent experiments (n 
= 3). UC = untreated cells, RES = resveratrol. 
 

The neuroprotective effect of sulfonamide and sulfamide-based N,4-

diphenylthiazol-2-amine derivatives 5a-j (10 µM), was evaluated in HT22 hippocampal 

neuronal cells to investigate their potential in reducing the cytotoxicity induced by Aβ42. 

These studies led to the identification of a number of compounds that were able to 

provide neuroprotection by reducing Aβ42 induced cytotoxicity. Their cell viability 

ranged from 60-93%, which was greater than the cell viability observed in the presence 

of Aβ42 alone treated group (cell viability = 52%, Figure 68). Few compounds such as 

5a, 5b, 5e, 5f, and 5h exhibited statistically significant neuroprotection and surpassed the 

level of neuroprotection that was observed in the presence of reference compound RES 

(cell viability = 72%), ranging from 77-93% cell viability. 
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Figure 68. Percentage viability of the N,4-diphenylthiazol-2-amine derivatives 5a-j and 
RES (10 µM) in HT22 cells was assessed by MTT assay toward Aβ42 after 24 h 
incubation at 37 °C. The results were given as average of two independent experiments (n 
= 3). UC = untreated cells, RES = resveratrol. 

5.4 Summary 
 

 

Figure 69. Cumulative chapter summary of N,4-diphenylthiazol-2-amines (5). 

In this study, a class of eleven novel N,4-diphenylthiazole-2-amine derivatives 

possessing either an alkylsulfonamide (-NHSO2R) or sulfamide (-NHSO2NH2) 

substituents were designed, synthesized and evaluated to assess their Aβ40 and Aβ42 

aggregation inhibition potential. Their in vitro evaluation in ThT-based fluorescence 
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assay showed that these compounds were able to exhibit inhibition of both Aβ40 and 

Aβ42 aggregation with maximum inhibition observed at 25 µM (43–95% inhibition). 

Furthermore, the presence of either an alkylsulfonamide or sulfamide-substituents, 

provided superior inhibition of Aβ40 aggregation compared to either N-methyl or N,4-

diphenylthiazole-2-amine derivatives possessing various electron-donating (R = Me, 

OMe, NH2) or electron-withdrawing groups (R = NO2, Cl, Br, F). This suggests that both 

alkylsulfonamide or sulfamide substituents can be considered as potential 

pharmacophores to design and develop novel molecules that can prevent the aggregation 

of Aβ40. Compounds in this series also exhibited excellent inhibition of Aβ42 

aggregation and their activity was comparable to the N-methyl or N,4-diphenylthiazole-2-

amine derivatives (Chapters 3 and 4) which shows that the Aβ42 inhibition property was 

not exclusive to N,4-diphenylthiazole-2-amine derivatives possessing either 

alkylsulfonamide or sulfamide-substituents. In this series, compound 5c (N-(4-(2-

(phenylamino)thiazol-4-yl)phenyl)ethanesulfonamide) was identified as an excellent 

inhibitor of Aβ40 and Aβ42 aggregation, while derivatives 5c, 5e, 5g and 5i were 

identified as excellent inhibitors of Aβ42 aggregation based on the data obtained from the 

ThT fluorescence assay with 93-95% inhibition respectively at 25 µM. 

In the HT22 cell cytotoxicity assay, compounds 5a, 5e, 5h, 5i and 5j from this 

series (5a-j) provided excellent neuroprotection against Aβ40-induced cytotoxicity while 

some compounds such as 5a, 5b, 5e, 5f, and 5h had better neuroprotection against Aβ42-

induced cytotoxicity than the reference compound RES. These SAR studies demonstrate 

that the sulfonamide and sulfamide containing N,4-diphenylthiazol-2-amine derivatives 

represent a novel class of compounds that are capable of inhibiting Aβ aggregation and 
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demonstrate neuroprotective property toward both Aβ40/Aβ42-induced cytotoxicity in 

HT22 hippocampal derived-cells. These discoveries can further advance the field of 

novel anti-AD drug development. 

5.5 Experimental 

5.5.1 Chemistry 

5.5.1.1 Materials and Methods 

General information. All the reagents and solvents were purchased from various 

vendors (Sigma-Aldrich, Oakwood Chemical, Matrix Scientific, TCI Chemicals, 

AAblocks, and Ark Pharm Inc.) with a minimum purity of 95% and were used without 

further purification. Melting points (mp) were determined using a Fisher-Johns apparatus 

and are uncorrected. Compound purification was carried out 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 variety of solvent systems 

and TLC spots were visualized with the handheld UV lamp 254/365 nm. 1H NMR and 

13C NMR spectra were analyzed using a Bruker Avance 300 MHz series spectrometer in 

deuterated solvents. Data was analyzed using the Bruker TOPSPIN 3.6.1 software. 

Coupling constant (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 purity and low resolution mass (LRMS) were evaluated 

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 30:70 Water:ACN with 0.1% FA at a flow rate 

of 0.5 mL/min. All the final compounds were > 95% pure as determined by calculating 

the peak area by LCMS (UV detector, 254 nm). High-resolution mass spectrometry data 
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were obtained by carrying out a positive ion electrospray (ESI) experiments on using a 

Thermo Scientific Q-Exactive hybrid mass spectrometer, Department of Chemistry, 

University of Waterloo. Accurate mass determinations were performed at a mass 

resolution of 70,000 (@m/z200) with lock mass correction. All samples were injected at 

10 mL/min in a 1:1 MeOH/H2O + 0.1% formic acid. 

5.5.1.2 General procedure for the synthesis of N-methyl-N,4-diphenylthiazol-2-amine 
derivatives (5a-j).230 

 

Compound 2a or 2b and pyridine (0.38 mL, 1.87 mmol) were added in DCM 

solution. This resulting mixture was then stirred at 0 °C for 10 min. To the same mixture, 

alkylsulfonyl chloride or sulfamoyl chloride (0.23 mL, 2.06 mmol) was added at such a 

rate as to prevent the temperature from rising above 10 °C, and stirred at RT for 23 h. 

The reaction mixture was quenched with 10 mL NaHCO3 solution and washed three 

times with 20 mL brine solution. The aqueous layers were extracted with EtOAc (2 x 20 

mL). The combined organic layers were dried over MgSO4, filtered, and concentrated in 

vacuo to obtain the crude product, which was purified using the silica gel column 

chromatography with Hex:EtOAc (1:1) as the eluent. Yield ranged from 13 – 88%. The 

analytical data is given below: 

N-(4-(2-(Phenylamino)thiazol-4-yl)phenyl)methanesulfonamide (5a). Yield: 79%. m.p. 

210-212 °C. 1H NMR (300 MHz, DMSO-d6) δ (ppm): 10.24 (s, 1H), 9.81 (s, 1H), 7.89 

(d, J = 8.8 Hz, 2H), 7.72 (d, J = 7.6 Hz, 2H), 7.33 (t, J = 8.0 Hz, 2H), 7.27 (s, 1H), 7.24 

(d, J = 4.3 Hz, 2H), 6.95 (t, J = 7.0 Hz, 1H), 3.01 (s, 3H). HRMS (ESI) m/z calcd for 

C16H16O2N3S2 [M+H]+ 346.0678, found 346.0674. Purity: 97%.  
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N-(3-(2-(Phenylamino)thiazol-4-yl)phenyl)methanesulfonamide (5b). Yield: 88%. m.p. 

213-215 °C. 1H NMR (300 MHz, DMSO-d6) δ (ppm): 10.26 (s, 1H), 9.84 (s, 1H), 7.82 

(s, 1H), 7.74-7.72 (m, 2H), 7.64 (d, J = 7.8 Hz, 1H), 7.55 (s, 1H), 7.40-7.28 (m, 3H), 7.18 

(dd, J = 1.51, 1.68 Hz, 1H), 6.96 (t, J = 7.4 Hz, 1H), 3.02 (s, 3H). HRMS (ESI) m/z calcd 

for C16H16O2N3S2 [M+H]+ 346.0678, found 298.0678. Purity: 100%. 

 

N-(4-(2-(Phenylamino)thiazol-4-yl)phenyl)ethanesulfonamide (5c). Yield: 56%. m.p. 

198-200 °C. 1H NMR (300 MHz, DMSO-d6) δ (ppm): 10.24 (s, 1H), 9.86 (s, 1H), 7.87 

(d, J = 7.1 Hz, 2H), 7.72 (d, J = 9.6 Hz, 2H), 7.36-7.21 (m, 5H), 6.95 (t, J = 6.8 Hz, 1H), 

3.12 (q, J = 7.5, 8.1 Hz, 2H), 1.20 (t, J = 7.1 Hz, 3H). HRMS (ESI) m/z calcd for 

C17H18O2N3S2 [M+H]+ 360.0834, found 360.0835. Purity: 98%. 

 

N-(3-(2-(Phenylamino)thiazol-4-yl)phenyl)ethanesulfonamide (5d). Yield: 65%. m.p. 86-

89 °C. 1H NMR (300 MHz, DMSO-d6) δ (ppm): 10.27 (s, 1H), 9.88 (s, 1H), 7.84 (t, J =  

3.4 Hz, 1H), 7.72 (d, J = 7.6 Hz, 2H), 7.59 (t, J = 7.8 Hz, 1H), 7.39-7.27 (m, 3H),  7.17 

(dd, J = 1.20, 1.30 Hz, 1H), 6.97 (t, J = 7.3 Hz, 1H), 3.14 (q, J = 8.5, 7.5 Hz, 2H), 1.25-

1.19 (t, J = 7.3 Hz, 3H). HRMS (ESI) m/z calcd for C17H18O2N3S2 [M+H]+ 360.0844, 

found 360.0844. Purity: 97%. 

 

N-(4-(2-(Phenylamino)thiazol-4-yl)phenyl)propane-2-sulfonamide (5e). Yield: 37%. m.p. 

148-150 °C. 1H NMR (300 MHz, DMSO-d6) δ (ppm): 10.24 (s, 1H), 9.83 (s, 1H), 7.86 

(d, J = 7.7 Hz, 2H), 7.72 (d, J = 7.7 Hz, 2H), 7.35-7.26 (m, 5H), 7.20 (s, 1H), 6.95 (t, J = 
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7.0 Hz, 1H), 3.32-3.21 (m, 1H), 1.25 (d, J = 6.9 Hz, 6H). HRMS (ESI) m/z calcd for 

C18H20O2N3S2 [M+H]+ 374.0991, found 374.0992. Purity: 98%. 

 

N-(3-(2-(Phenylamino)thiazol-4-yl)phenyl)propane-2-sulfonamide (5f). Yield: 49%. m.p. 

88-100 °C. 1H NMR (300 MHz, DMSO-d6) δ (ppm): 10.27 (s, 1H), 9.84 (s, 1H), 7.87 (s, 

1H), 7.75 (d, J = 7.8 Hz, 2H), 7.59 (d, J = 8.4 Hz, 1H), 7.37-7.29 (m, 3H), 7.26 (s, 1H), 

7.18 (dd, J = 1.7, 1.7 Hz, 1H), 6.96 (t, J = 7.3 Hz, 1H), 3.31-3.22 (m, 1H), 1.28 (d, J = 6.8 

Hz, 6H). HRMS (ESI) m/z calcd for C18H20O2N3S2 [M+H]+ 374.0991, found 374.0996. 

Purity: 97%. 

 

2,2,2-Trifluoro-N-(4-(2-(phenylamino)thiazol-4-yl)phenyl)-2-ethane-1-sulfonamide (5g). 

Yield: 70%. m.p. 189-191 °C. 1H NMR (300 MHz, DMSO-d6) δ (ppm): 10.51 (s, 1H), 

10.25 (s, 1H), 7.90 (d, J = 8.1 Hz, 2H), 7.72 (d, J = 8.1 Hz, 2H), 7.36-7.25 (m, 5H), 6.95 

(t, J = 7.0 Hz, 1H), 4.55 (q, J = 9.7 Hz, 2H). HRMS (ESI) m/z calcd for C17H15O2N3F3S2 

[M+H]+ 414.0552, found 414.0546. Purity: 100%. 

 

2,2,2-Trifluoro-N-(3-(2-(phenylamino)thiazol-4-yl)phenyl)ethane-1-sulfonamide (5h). 

Yield: 79%. m.p. 98-100 °C. 1H NMR (300 MHz, DMSO-d6) δ (ppm): 10.53 (s, 1H), 

10.27 (s, 1H), 7.83 (s, 1H), 7.75-7.66 (m, 3H), 7.42-7.30 (m, 4H), 7.20 (dd, J = 0.8 Hz, 

1H), 6.97 (t, J = 7.2 Hz, 1H), 4.55 (q, J = 9.7 Hz, 2H). HRMS (ESI) m/z calcd for 

C17H15O2N3F3S2 [M+H]+ 414.05523, found 414.05515. Purity: 97%. 
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(4-(2-(Phenyl)amino)thiazol-4-yl)benzenesulfamide (5i). Yield: 40%. m.p. 191-194 °C. 

1H NMR (300 MHz, DMSO-d6) δ (ppm): 10.19 (s, 1H), 9.56 (s, 1H), 7.80 (d, J = 8.1 Hz, 

2H), 7.69 (d, J = 7.6 Hz, 2H), 7.30 (t, J = 7.6 Hz, 2H), 7.16 (t, J = 7.4 Hz, 3H), 7.10 (s, 

2H), 6.92 (t, J = 7.4 Hz, 1H). HRMS (ESI) m/z calcd for C15H15O2N4S2 [M+H]+ 

347.06309, found 347.06292. Purity: 100%. 

 

(3-(2-(Phenyl)amino)thiazol-4-yl)benzenesulfamide (5j). Yield: 21%. m.p. 85-88 °C. 1H 

NMR (300 MHz, DMSO-d6) δ (ppm): 10.23 (s, 1H), 9.55 (s, 1H), 7.74 (d, J = 8.4 Hz, 

3H), 7.52 (d, J = 7.7 Hz, 1H), 7.31 (q, J  = 7.1, 7.4 Hz, 4H), 7.22 (s, 1H), 7.15 (d, J = 8.4 

Hz, 1H), 7.10 (s, 2H), 6.95 (t, J = 7.2 Hz, 1H). HRMS (ESI) m/z calcd for C15H15O2N4S2 

[M+H]+ 347.06309, found 347.06321. Purity: 96%. 

5.5.2 Biological Screening 

5.5.2.1 Amyloid-β  (Aβ) Aggregation Assay 

Thioflavin T (ThT) is a benzothiazole dye that was used to detect the formation of 

amyloid aggregates in solution. The excitation and emission properties of ThT changes 

when it binds to the β-sheet structures of Aβ40/Aβ42 oligomers and fibrils.145 In this 

regard, the anti-Aβ aggregation activity of sulfonamide and sulfamide containing N,4-

diphenylthiazol-2-amine based derivatives (5a-j) was evaluated using ThT-based 

fluorescence assays. These assays were conducted in Costar, black, clear-bottomed 384-

well plates with frequent shaking at 730 cpm under constant heating at 37 °C for 24 h. 

The excitation and emission of ThT were recorded at 440 and 490 nm, respectively. 

Readings were taken every 5 min using a BioTek Synergy H1 microplate reader. Test 

compounds were prepared in 215 mM phosphate buffer at pH 7.4. 0.5 mg of Aβ•HFIP 
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samples (AnaSpec, CA, USA) was dissolved in 1% ammonium hydroxide solution for 

Aβ40 or 10% ammonium hydroxide for Aβ42, sonicated at RT for 5 min, and diluted to 

50 µM in phosphate buffer. A 15 µM ThT stock solution was prepared. To each ThT 

background well, 44 µL ThT, 35 µL phosphate buffer, and 1 µL DMSO were added. To 

the Aβ control wells, 44 µL ThT, 28 µL phosphate buffer, and 8 µL Aβ40/42 (5 µM final 

concentration) were added. To each test compound containing wells, 44 µL ThT, 20 µL 

phosphate buffer, 1 µL DMSO, and 8 µL test compound in various concentrations (1, 5, 

10, and 25 µM), and 8 µL of Aβ were added. ThT interferences were taken before the 

addition of 8 µL of Aβ40 or Aβ42 stock solution (5 µM final concentration). Known 

Aβ40 and Aβ42 aggregation inhibitors MB and RES were also evaluated for comparison. 

Plates were sealed with a ThermoSeal film (Sigma Aldrich) before placing the plates in 

the reader. Data presented was an average of triplicate reading for two-three independent 

experiments. 

5.5.2.2 Transmission Electron Microscopy (TEM) Studies 

The Aβ40 and Aβ42 aggregate morphology was examined by performing TEM 

experiment in the presence and absence of test compounds. TEM samples were prepared 

in Costar, round-bottomed 384-well plates with test compounds (25 µM). To the Aβ 

control wells, 44 µL ThT, 28 µL phosphate buffer, and 8 µL Aβ40/42 (5 µM final 

concentration) were added. To each test compound containing well, 44 µL ThT, 20 µL 

phosphate buffer, 1 µL DMSO, and 8 µL of test compound (25 µM), and 8 µL of 

Aβ40/42 were added. The plates were incubated on a BioTek Synergy H1 microplate 

reader at 37 °C and shaken at 730 cpm for 24 h.  
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TEM grids were prepared by adding 20 µL test compound over the formvar-

coated copper grids (400 mesh) via the use of a Pasteur pipette, which were then air-dried 

for 3 h or longer before washing them with 20 µL of ultrapure water (UPW) to remove 

any precipitated buffer salt. The sample grids were air-dried for 30 min. Once the grids 

were dry, they were stained with 20 µL of 2% phosphotungstic acid (PTA). The excess of 

PTA was removed by blotting with filter paper. The grids were allowed to dry overnight. 

Scanning of these grids was performed using a Philips CM10 TEM at 60 kV (Department 

of Biology, University of Waterloo), and micrographs were collected using a 14-

megapixel AMT camera. 

5.5.2.3 Computational Modeling Studies 
 

Molecular docking studies of N,4-diphenylthiazol-2-amines derivatives with Aβ 

peptides were conducted via the computational chemistry Discovery Studio (DS) 

software – Structure-Based-Design (SBD), version 4.0 from BIOVA Inc. (San Diego, 

USA).220 The Small Molecules module was used to build the sulfonamide and sulfamide 

containing N,4-diphenylthiazol-2-amine derivatives, which were in turn docked with 

Aβ40 and Aβ42 dimer models obtained from protein data bank (pdb id: 2LMN and 

5KK3) using the CDOCKER algorithm in the Receptor-Ligand Interactions module in 

DS using CHARMm force field.220,221 CDOCKER algorithm uses simulated annealing 

protocol to determine the best ligand binding modes. The sulfonamide and sulfamide 

based N,4-diphenylthiazol-2-amine derivatives were built in 3D using Build Fragment 

tool; energy minimization was applied for 1000 iterations using steepest descent and 

conjugate gradient minimizations, respectively. The ligands were minimized using the 



 141 

Smart Minimization protocol (200 steps, RMS gradient 0.1 kcal/mol), CHARMm force 

field and a distance depended dielectric constant. For the docking of sulfonamide and 

sulfami N-diphenylthiazol-amine derivatives in Aβ40 and Aβ42 dimer models, the 

binding site was defined by a 20 Å radius sphere. Molecular docking was carried out by 

the CDOCKER algorithm, which includes 2000 heating steps, 700 K target temperature, 

300 K cooling temperature target with 5000 cooling steps. The docked poses obtained 

were ranked using the CDOCKER energy and CDOCKER interaction energy parameters 

(kcal/mol). The protein-ligand complexes were evaluated by examining various polar and 

nonpolar interactions, such as hydrogen bonding, electrostatic, van der Waal’s, and 

hydrophobic interactions. 

5.5.2.4 Cell Viability Assay 

The HT22 hippocampal cells were plated at a density of 10,000 cells/100 µL in 

Nunclon Delta 96-well plates with complete growth media consisting of DMEM and 

Ham’s F12 in a 1:1 ratio, supplemented with 10% fetal bovine serum (FBS) and 1% 

penicillin-streptomycin (10,000 U/mL) at 37 °C in 5% CO2. The cells were incubated at 

37 °C for 24 h. To each untreated well, 100 µL DMEM/F-12 was added. To the Aβ 

control wells, 85 µL DMEM/F-12, 10 µL PBS, and 5 µL Aβ40/42 (5 µM final 

concentration) were added. To each test compound containing wells, 85 µL DMEM/F-12, 

10 µL filter-sterilized test compounds (5a-j, and RES) in concentration of 10 µM in 

triplicates (n = 3), and 5 µL of Aβ40/42 were added. These cells were then incubated at 

37 °C for 24 h. The MTT reagent solution222 made of thiazolyl blue tetrazolium bromide 

powder (Sigma Aldrich) in PBS to 5 mg/mL and filter-sterilized through a 0.22 µm filter 
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was added in 10% of the culture medium volume (DMEM/F-12, HEPES, no phenol red) 

to each well and the cells were cultured for an additional 2-3 h. After incubation, the 

resulting formazan crystals were solubilized with the solubilisation solution prepared 

from a mixture of IPA, 10% Triton X-100 and 1% HCl (12M). The absorbance was taken 

at 570 and 690 nm. All results were presented as a relative percent of (4,5-

dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) to untreated controls. 

Known Aβ aggregation inhibitor resveratrol (RES) was used as a reference agent for 

comparison. 
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CHAPTER 6 Development of N-Methyl-N,4-diphenylthiazol-
2-amines 

 
 

 

Figure 70. Banner for Chapter 6 

6.1 Introduction 

A library of N-methyl-N,4-diphenylthiazol-2-amines (6a-j) possessing either an 

alkylsufonamide (R = NHSO2CH3, NHSO2CH2CH3, NHSO2CH(CH3)2, NHSO2CH2CF3 ) 

or sulfamide (R = NHSO2NH2) substituents (Figure 70), were designed and evaluated as 

Aβ aggregation inhibitors. These compounds were synthesized as an extension of the 

work in Chapter 5 to investigate the effect of incorporating N-methyl-substituent on 

Aβ40 and Aβ42 aggregation inhibition properties, in solution based ThT-fluorescence 

assay and in cell culture studies. This chapter highlights the synthetic methodology to 

prepare target derivatives along with their analytical characterization and their biological 

assay results based on ThT-fluorescence assay, transmission electron microscopy (TEM) 

experiments, and their neuroprotective activity toward Aβ40- and Aβ42-induced 

cytotoxicity in HT22 hippocampal neuronal cells. 

6.2 Hypothesis 

For this series of N-methyl-N,4-diphenylthiazol-2-amine derivatives, we 

hypothesize that (i) the diphenyl rings undergo hydrophobic interactions with both the N- 
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and C-terminal residues (Phe20 and Val36) in the Aβ40 dimer model which can stabilize 

the dimer assembly and can reduce its aggregation propensity, and that loss of a hydrogen 

bond donor by N-methyl substitution, will reduce the anti-Aβ activity compared to the 

corresponding N,4-diphenylthiazol-2-amine derivatives; (ii) N-methyl substitution will 

enhance their inhibition activity toward Aβ42 aggregation due to additional nonpolar 

contacts seen in the KLVFFA region in the Aβ42 dimer model; (iii) the presence of N-

methyl group in addition to alkylsulfonamide (R = NHSO2CH3, NHSO2CH2CH3, 

NHSO2CH(CH3)2, NHSO2CH2CF3) and NHSO2NH2 (sulfamide) substituents will 

enhance their cell permeation and neuroprotective activity in cell culture studies. 

6.3 Results and Discussion 

6.3.1 Synthesis 
 

The synthetic route for the target compounds (6a-j) is outlined in Scheme 4. The 

sulfonamide or sulfamide containing N-methyl-N,4-diphenylthiazol-2-amine derivatives 

(6a-j) were synthesized starting from the reaction of precursors N-phenylthiourea with 2-

bromo-3’ or 4’-nitroacetophenones to obtain either para- or meta-substituted NO2 

derivatives of N,4-diphenylthiazol-2-amines (Scheme 4), which were further reduced to 

obtain the corresponding NH2 derivatives using Pd/C and hydrazine hydrate as reported in 

Chapter 3. In the next step they were alkylated using CH3I and NaH to afford the 

corresponding N-methyl derivatives which was further treated with alkylsufonyl 

chlorides or sulfamoyl chloride to obtain compounds 6a-j containing alkylsulfonamide 

and sulfamide substituents (Scheme 4). They were characterized by 1H and 13C NMR, 
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LCMS and HRMS analysis. The yields of the desired compounds (6a-j) ranged from 3-

93%.  

 
 

*Reagents and conditions: (a) CuBr2, EtOAc, 70 °C, 15 h; (b) EtOH, 80 °C, 5 h; (c) Pd/C, 

hydrazine hydrate, EtOH, 85 °C, 3-5 h; (d) MeI, NaH, THF, RT; (e) py, DCM, RT, 23 h. 

Scheme 4. Synthetic route toward the N-methyl-N,4-diphenylthiazol-2-amine derivatives 
6a-j possessing either sulfonamide or sulfamide substituents. 

6.3.2 Amyloid-β  Aggregation Inhibition Studies 

The anti-aggregation activity of the N-methyl-N,4-diphenylthiazol-2-amine 

derivatives 6a-j and reference compounds MB and RES at various concentrations (1, 5, 

10, and 25 µM) toward Aβ40 is summarized in Table	9. These studies showed that the 

alkylsulfonamide and sulfamide substituted compounds inhibited Aβ40 aggregation 

ranging from 11–76% inhibition at 25 µM (Table	9). Most of the compounds tested were 

inactive at 1, 5, and 10 µM with only few compounds exhibited anti-aggregation 

properties at 25 µM. Compound 6f (R = m-NHSO2CH(CH3)2) and 6j (R = m-
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NHSO2NH2) were identified as inhibitors with superior anti-aggregation properties 

(~75% inhibition). The presence of methanesulfonamide group (R = NHSO2Me, 

compounds 6a and 6b) was detrimental with very weak to loss of activity toward Aβ40 

aggregation inhibition (inactive-16% inhibition).  Overall compounds in this series 

exhibited reduced inhibition of Aβ40 aggregation compared to the corresponding N,4-

diphenylthiazol-2-amine derivatives 5a-j discussed in Chapter 5. This suggests that in 

general, the presence of N-methylation was not effective in enhancing the anti-

aggregation properties toward Aβ40.  
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Table 9. Inhibition data for N-methyl-N,4-diphenylthiazol-2-amine derivatives 6a-j, and 
reference compounds toward Aβ40 aggregation, and their ClogP values. 

 
 

Compound R-group % Inhibition for Aβ40 a ClogP b 
1 µM 5 µM 10 µM 25 µM 

6a p-NHSO2Me 16 NA NA NA 3.13 
6b m-NHSO2Me NA NA NA NA 3.13 
6c p-NHSO2CH2CH3 NA NA NA 62 3.66 
6d m-NHSO2CH2CH3 15 NA NA 50 3.66 
6e p-NHSO2CH(CH3)2 NA NA NA 67 3.97 
6f m-NHSO2CH(CH3)2 NA NA NA 75 3.97 
6g p-NHSO2CH2CF3 NA NA NA 55 3.93 
6h m-NHSO2CH2CF3 NA NA NA NA 3.93 
6i p-NHSO2NH2 NA NA NA NA 2.59 
6j m-NHSO2NH2 NA NA NA 76 2.59 

MB - 87 97 97 99 3.62 
RES - 81 94 95 98 2.83 

aPercent aggregation inhibition values were average ± SD < 10% (n = 3) for three 
independent experiments. NA – Not Active. bClogP values were determined using 
ChemDraw 19.1. 
 

N-Methylated N,4-diphenylthiazol-2-amine derivatives 6a-j exhibited excellent 

anti-aggregation properties ranging from 68–96% inhibition toward Aβ42 aggregation 

(Table	 10). Compound 6a (R = p-NHSO2CH3) was the best compound in this series 

exhibiting 96% inhibition of Aβ42 aggregation at 25 µM and its activity was comparable 

to reference agents MB and RES (Table	10). The sulfonamide containing compounds 6i 

and 6j also exhibited excellent inhibition of Aβ42 aggregation (87-93% inhibition at 25 
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µM). In general all the compounds in the alkylsulfonamide and sulfamide series exhibited 

excellent inhibition of Aβ42 aggregation. 

Table 10. Inhibition data for N-methyl-N,4-diphenylthiazol-2-amine derivatives 6a-j and 
reference compounds toward Aβ42 aggregation, and their ClogP values. 

 
 

Compound R-group % Inhibition for Aβ42 a ClogP b 
1 µM 5 µM 10 µM 25 µM 

6a p-NHSO2Me 42 67 94 96 3.13 
6b m-NHSO2Me 22 56 91 91 3.13 
6c p-NHSO2CH2CH3 NA NA 92 91 3.66 
6d m-NHSO2CH2CH3 NA NA 17 92 3.66 
6e p-NHSO2CH(CH3)2 NA 50 90 94 3.97 
6f m-NHSO2CH(CH3)2 NA NA 93 93 3.97 
6g p-NHSO2CH2CF3 NA NA NA NA 3.93 
6h m-NHSO2CH2CF3 NA NA 12 92 3.93 
6i p-NHSO2NH2 NA NA 73 87 2.59 
6j m-NHSO2NH2 NA 92 93 93 2.59 

MB - 87 97 97 99 3.62 
RES - 81 94 95 98 2.83 

aPercent aggregation inhibition values were average ± SD < 10% (n = 3) for three 
independent experiments. NA – Not Active. bClogP values were determined using 
ChemDraw 19.1. 

 

The 24 h Aβ42 aggregation kinetics curve for compound 6a is shown in Figure 

71. In the presence of increasing concentrations of 6a, there was a gradual decline in ThT 

fluorescence intensity indicating a reduction in Aβ42 fibrillogenesis. At 10 µM and 25 

µM, there was a drastic and rapid decline in ThT fluorescence intensity, which indicates 

the ability of compound 6a in increasing the lag phase and reducing the growth phase, 
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demonstrating its ability to prevent the formation of higher order Aβ42 species. In 

summary, this SAR study shows that the anti-aggregation properties did not vary to a 

great extent depending on the type of substituents present either at the para- or meta-

position of the phenyl ring at the thiazole C4-position. N-methylation of N,4-

diphenylthiazol-2-amines possessing either sulfonamide or sulfamide substituents led to 

decline in their Aβ40 aggregation inhibition properties whereas their inhibition properties 

toward Aβ42 aggregation was not affected. 

 

 

Figure 71. ThT-monitored 24 h aggregation kinetics of Aβ42 (5 µM) in the presence of 
1, 5, 10, and 25 µM of N-methyl-N,4-diphenylthiazol-2-amines (6a) at pH 7.4, 37 °C in 
phosphate buffer. Aggregation kinetics were monitored by ThT-fluorescence 
spectroscopy (excitation = 440 nm, emission = 490 nm). Results are average ± SD of 
three independent experiments (n = 3). 
 

6.3.3 Computational Modeling Studies 
 

The binding interactions of most potent N-methyl-N,4-diphenylthiazol-2-amine 

derivatives containing either a sulfonamide or sulfamide substituents were investigated 

by conducting molecular docking studies using the solved structures of Aβ40 and Aβ42 
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peptides.212,213 Docking studies were carried out using the dimer assemblies of both Aβ40 

and Aβ42 peptides as they represent the early forms of Aβ in solution. In the N-methyl-

N,4-diphenylthiazol-2-amine series, compound 6j (4-(2-(methyl(phenyl)amino)thiazol-4-

yl)benzenesulfamide) was identified as the most potent inhibitor of Aβ40 aggregation in 

the ThT-based fluorescence assay (76% inhibition at 25 µM). Figure 72 Panel A, shows 

the predicted binding mode of 6j in the Aβ40-dimer model. Interestingly, this compound 

was interacting primarily at the N-terminal region without making any contacts with the 

C-terminal region. The meta-benzenesulfamide substituent underwent a number of 

contacts with backbone C=O of Phe20 and with Glu22 side chain. The central thiazole 

was in contact with aromatic rings of Phe19 and Phe20 via π-π T-shaped interactions 

(distance < 5 Å). Interestingly, the N-Me substituent underwent π-alkyl interactions with 

Leu17 and Val18 (distance < 5 Å). These studies suggest the ability of compound 6j to 

stabilize the Aβ40-dimer assembly and reduce aggregation. 

In the sulfonamide and sulfamide containing N-methyl-N,4-diphenylthiazol-2-

amine series, compound 6a (N-(4-(2-(methyl(phenyl)amino)thiazol-4-

yl)phenyl)methanesulfonamide) was identified as the most potent inhibitor of Aβ42 

aggregation in the ThT-based fluorescence assay (96% inhibition at 25 µM). Figure 72 

Panel B, shows the predicted binding mode of 6a in the Aβ42-dimer model. This 

methanesulfonamide derivative was bound in the KLVFFA region where the sulfonamide 

moiety was in contact with polar amino acids Glu11 and Lys16 (distance < 2.5 Å). The 

aromatic phenyl ring underwent π-cation interaction with Lys16 side chain. Furthermore, 

the thiazole ring underwent π-alkyl interaction with Ala21, the N-Me substituent was 

interacting with Ala21 and the unsubstituted phenyl ring was in contact with Val18. 



 151 

These modeling studies show the ability of compound 6a to bind in the KLVFFA pocket 

of Aβ42 dimer and prevent its aggregation. 

 

Figure 72. Panel A: Predicted binding mode of 6j (ball and stick cartoon) in the Aβ40-
dimer model (ribbon diagram, pdb id: 2LMN, CDOCKER energy = –18.03 kcal/mol; 
CDOCKER interaction Energy = –24.99 kcal/mol). Panel B: Predicted binding mode of 
6a (ball and stick cartoon) in the Aβ42-dimer model (ribbon diagram, pdb id: 5KK3, 
CDOCKER energy = –14.79 kcal/mol; CDOCKER interaction energy = –26.93 
kcal/mol). 
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6.3.4 Transmission Electron Microscopy (TEM) Studies 

The transmission electron microscopy (TEM) experiments for the N-methyl-N,4-

diphenylthiazol-2-amine derivatives 6a and 6j were carried out to validate and confirm 

their anti-Aβ40/Aβ42 aggregation properties. It was observed that in the presence of 

compound 6j (5 µM) led to drastic reduction in the formation of Aβ40 aggregates (Panel 

A, Figure 73). Similarly, in the presence of compound 6a (5 µM), there was a dramatic 

reduction in the formation of Aβ42 aggregates (Panel B, Figure 73). The TEM results 

obtained were consistent with the results obtained from the in vitro Aβ40/Aβ42 

aggregation kinetics experiments, which further confirmed the ability of compounds 6a 

and 6j in preventing Aβ40 and Aβ42 fibrillogenesis.  

 

Figure 73. TEM images of Aβ40 and Aβ42  aggregation. Top: Panel A: Aβ40 control (5 
µM). Panel B: Aβ40 + 6j (5 µM). Bottom: Panel A: Aβ42 control (5 µM). Panel B: Aβ42 
+ 6a (5 µM). Scale bars represent 100 nm.  
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6.3.5 Cell Viability Assay 
 

The neuroprotective effect of N-methyl-N,4-diphenylthiazol-2-amine derivatives 

6a-j (10 µM) was investigated in mouse hippocampal derived-HT22 cells exposed to 

either Aβ40 (Figure 74) or Aβ42 (Figure 75). Incubating HT22 hippocampal neuronal 

cells with Aβ40 (5 µM) led to cytotoxicity with cell viability of ~64% (Figure 74). 

Interestingly, all the compounds in this series were able to demonstrate neuroprotective 

effect toward Aβ40 cytotoxicity. In the presence of 10 µM of N-methyl-N,4-

diphenylthiazol-2-amine derivatives 6a-j, statistically significant neuroprotection was 

seen with cell viability ranging from 75–98%. These results were similar to 

corresponding N,4-diphenylthiazol-2-amine derivatives 5a-j discussed in Chapter 5. 

Among this series of compound 6h (R = m-NHSO2CH2CF3) was identified as the best 

compound (cell viability >98%, Figure 74). This shows that presence of either 

alkylsulfonamide or sulfamide substituent provides superior neuroprotection toward 

Aβ40-induced cytotoxicity. 

Figure 75 shows the effect of compounds 6a-j toward Aβ42-induced cytotoxicity 

in HT22 hippocampal neuronal cells. They exhibited cell viability ranging from 17-81%. 

Compound 6b was identified as the best compound in this series (cell viability = 81%), 

but failed to prevent Aβ42-induced cytotoxicity compared to the reference agent RES 

(cell viability = 72%). Overall, these studies further demonstrate the neuroprotective 

effects of N,4-diphenylthiazol-2-amine derivatives in preventing Aβ-induced 

cytotoxicity. 
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Figure 74. Percentage viability of the N,4-diphenylthiazol-2-amine derivatives 6a-j and 
RES (10 µM) in HT22 cells in the presence of Aβ40 was assessed by MTT assay after 24 
h incubation at 37 °C. The results were given as average of two independent experiments 
(n = 3). UC = untreated cells, RES = resveratrol. 
 

 
 
Figure 75. Percentage viability of the N,2-diphenylthiazol4-amine derivatives 6a-j and 
RES (10 µM) in HT22 cells in the presence of Aβ42 was assessed by MTT assay after 24 
h incubation at 37 °C. The results were given as average of two independent experiments 
(n = 3). UC = untreated cells, RES = resveratrol. 
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6.4 Summary 

 

Figure 76. Cumulative chapter summary of N,4-diphenylthiazol-2-amines (6). 

For this series of compounds, in vitro ThT-based Aβ40 aggregation kinetics assay 

results showed that N-methylation did not enhance their anti-aggregation properties 

compared to the corresponding N,4-diphenylthiazol-2-amine derivatives 5a-j (Chapter 5). 

Compounds 6f (R = m-NHSO2CH(CH3)2) and 6j (R = m-NHSO2NH2) were identified as 

top inhibitors (~75% inhibition) toward Aβ40. In the ThT-based Aβ42 aggregation 

kinetics assay, only couple of compounds (6a and 6b) in this series exhibited inhibition 

of aggregation at all concentration tested, which shows that N-methylation was 

detrimental toward their Aβ42 aggregation. Compound 6a (R = p-NHSO2CH3), 6e (R = 

p-NHSO2CH(CH3)2) and 6j (R = p-NHSO2NH2) exhibited superior anti-aggregation 

activity profile toward Aβ42 aggregation based on the data obtained from the 24 h ThT 

kinetics experiment with 94–96% inhibition. In the HT22 cytotoxicity assay, all the 

compounds were able to exhibit neuroprotection with compound 6h (R = m-

NHSO2CH2CF3) exhibiting excellent cell viability toward Aβ40-induced toxicity that was 
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identified as the top compound with cell viability >95% whereas in the Aβ42-induced 

cytotoxicity assay only compound 6a was able to rescue HT22 from Aβ42-induced 

toxicity. These studies provide further evidence on developing N,4-diphenylthiazol-2-

amine derivatives as novel class of anti-AD agents. 

6.5 Experimental 
 

6.5.1 Chemistry 

6.5.1.1 Materials and Methods 

General information. All the reagents and solvents were purchased from various 

vendors (Sigma-Aldrich, Oakwood Chemical, Matrix Scientific, TCI Chemicals, 

Aablocks, and Ark Pharm Inc.) with a minimum purity of 95% and were used without 

further purification. Melting points (mp) were determined using a Fisher-Johns apparatus 

and are uncorrected. Compound purification was carried out 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 variety of solvent systems 

and TLC spots were visualized with the handheld UV lamp 254/365 nm. 1H NMR and 

13C NMR spectra were analyzed using a Bruker Avance 300 MHz series spectrometer in 

deuterated solvents. Data was analyzed using the Bruker TOPSPIN 3.6.1 software. 

Coupling constant (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 purity and low resolution mass (LRMS) were evaluated 

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 30:70 Water:ACN with 0.1% FA at a flow rate 

of 0.5 mL/min. All the final compounds were > 95% pure as determined by calculating 
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the peak area by LCMS (UV detector, 254 nm). High-resolution mass spectrometry data 

were obtained by carrying out a positive ion electrospray (ESI) experiments on using a 

Thermo Scientific Q-Exactive hybrid mass spectrometer, Department of Chemistry, 

University of Waterloo. Accurate mass determinations were performed at a mass 

resolution of 70,000 (@m/z200) with lock mass correction. All samples were injected at 

10 mL/min in a 1:1 MeOH/H2O + 0.1% formic acid. 

6.5.1.2 General procedure for the synthesis of N-methyl-N,4-diphenylthiazol-2-amine 
derivatives (6a-j).230 

 

Compound 5a or 5b and pyridine (0.38 mL, 1.87 mmol) were added in DCM 

solution. This resulting mixture was then stirred at 0 °C for 10 min. To the same mixture, 

alkylsulfonyl chloride or sulfamoyl chloride (0.23 mL, 2.06 mmol) was added at such a 

rate as to prevent the temperature from rising above 10 °C, and stirred at RT for 23 h. 

The reaction mixture was quenched with 10 mL NaHCO3 solution and washed three 

times with 20 mL brine solution. The aqueous layers were extracted with EtOAc (2 x 20 

mL). The combined organic layers were dried over MgSO4, filtered, and concentrated in 

vacuo to obtain the crude product, which was purified using the silica gel column 

chromatography with Hex:EtOAc (1:1) as the eluent. Yield ranged from 13 – 88%. The 

analytical data is given below: 

N-(4-(2-(Methyl(phenyl)amino)thiazol-4-yl)phenyl)methanesulfonamide (6a). Yield: 

79%. m.p. 137-140 °C. 1H NMR (300 MHz, DMSO-d6) δ (ppm): 9.78 (s, 1H), 7.82 (d, J 

= 7.5 Hz, 2H), 7.53-7.43 (m, 4H), 7.30-7.21 (m, 3H), 7.09 (s, 1H), 3.52 (s, 3H), 2.99 (s, 

3H). HRMS (ESI) m/z calcd for C17H18O2N3S2 [M+H]+ 360.0834, found 360.0837. 

Purity: 99%. 
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N-(3-(2-(Methyl(phenylamino)thiazol-4-yl)phenyl)methanesulfonamide (6b). Yield: 93%. 

m.p. 65-68 °C. 1H NMR (300 MHz, DMSO-d6) δ (ppm): 9.76 (s, 1H), 7.73 (s, 1H), 7.60-

7.45 (m, 5H), 7.37-7.27 (m, 2H), 7.17-7.15 (m, 2H), 3.54 (s, 3H), 3.00 (s, 3H). HRMS 

(ESI) m/z calcd for C17H18O2N3S2 [M+H]+ 360.0834, found 360.0837. Purity: 98%. 

 

N-(4-(2-(Methyl(phenylamino)thiazol-4-yl)phenyl)ethanesulfonamide (6c). Yield: 48%. 

m.p. 60-65 °C. 1H NMR (300 MHz, DMSO-d6) δ (ppm): 9.84 (s, 1H), 7.81 (d, J = 8.3 

Hz, 2H), 7.53-7.44 (m, 4H), 7.31-7.21 (m, 3H), 7.09 (s, 1H), 3.53 (s, 3H) 3.11 (q, J = 7.2 

Hz, 2H), 1.19 (t, J = 6.8 Hz, 3H). HRMS (ESI) m/z calcd for C18H20O2N3S2 [M+H]+ 

374.0991, found 374.0998. Purity: 95%. 

 

N-(3-(2-(Methyl(phenylamino)thiazol-4-yl)phenyl)ethanesulfonamide (6d). Yield: 40%. 

m.p. 63-65 °C. 1H NMR (300 MHz, DMSO-d6) δ (ppm): 9.81 (s, 1H), 7.75 (t, J = 1.7 Hz, 

1H), 7.57-7.44 (m, 5H), 7.36-7.26 (m, 2H), 7.16 (d, J = 1.2 Hz, 1H), 7.14 (s, 1H), 3.53 (s, 

3H), 3.11 (q, J = 7.4 Hz, 2H), 1.20 (t, J = 7.4 Hz, 3H). HRMS (ESI) m/z calcd for 

C18H20O2N3S2 [M+H]+ 374.0991, found 374.0995. Purity: 96%. 

 

N-(4-(2-(Methyl(phenylamino)thiazol-4-yl)phenyl)propane-2-sulfonamide (6e). Yield: 

4%. m.p. 160-163 °C. 1H NMR (300 MHz, DMSO-d6) δ (ppm): 9.80 (s, 1H), 7.80 (d, J = 

8.5 Hz, 2H), 7.53-7.44 (m, 4H), 7.30-7.23 (m, 3H), 7.08 (s, 1H), 3.52 (s, 3H), 3.29-3.20 

(m, 1H), 1.25 (d, J = 6.9 Hz, 6H). HRMS (ESI) m/z calcd for C19H22O2N3S2 [M+H]+ 

388.1147, found 388.1151. Purity: 99%. 
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N-(3-(2-(Methyl(phenylamino)thiazol-4-yl)phenyl)propane-2-sulfonamide (6f). Yield: 

3%. m.p. 62-64 °C. 1H NMR (300 MHz, DMSO-d6) δ (ppm): 9.78 (s, 1H), 7.77 (s, 1H), 

7.55-7.44 (m, 5H), 7.32 (q, J = 7.9 Hz, 2H), 7.17 (dd, J = 1.3, 1.3 Hz, 1H), 7.13 (s, 1H), 

3.53 (s, 3H), 3.24 (m, 1H), 1.26 (d, J = 7.0 Hz, 6H). HRMS (ESI) m/z calcd for 

C19H22O2N3S2 [M+H]+ 388.1147, found 388.1150. Purity: 95%. 

 

2,2,2-Trifluoro-N-(4-(2-(methyl(phenylamino)thiazol-4-yl)phenyl)-2-ethane-1-

sulfonamide (6g). Yield: 66%. m.p. 59-61 °C. 1H NMR (300 MHz, DMSO-d6) δ (ppm): 

10.49 (s, 1H), 7.85 (d, J = 8.7 Hz, 2H), 7.54-7.44 (m, 4H), 7.31-7.23 (m, 3H), 7.13 (s, 

1H), 4.54 (q, J = 9.5 Hz, 2H), 3.53 (s, 3H). HRMS (ESI) m/z calcd for C18H17O2N3F3S2 

[M+H]+ 428.0708, found 428.0709. Purity: 95%. 

 

2,2,2-Trifluoro-N-(3-(2-(methyl(phenylamino)thiazol-4-yl)phenyl)ethane-1-sulfonamide 

(6h). Yield: 52%. m.p. 108-110 °C. 1H NMR (300 MHz, DMSO-d6) δ (ppm): 10.47 (s, 

1H), 7.74 (s, 1H), 7.65 (d, J = 8.2 Hz, 1H), 7.58-7.45 (m, 5H), 7.40-7.27 (m, 2H), 7.17-

7.16 (m, 1H), 4.53 (q, J = 9.7 Hz, 2H), 3.54 (s, 2H). HRMS (ESI) m/z calcd for 

C18H17O2N3F3S2 [M+H]+ 428.0708, found 428.0709. Purity: 97%. 

 

(3-(2-(Methyl(phenyl)amino)thiazol-4-yl)benzenesulfamide (6j). Yield: 21%. m.p. 191-

194 °C. 1H NMR (300 MHz, DMSO-d6) δ (ppm): 9.56 (s, 1H), 7.77 (d, J = 8.3 Hz, 2H), 

7.53-7.44 (m, 4H), 7.28 (t, J  = 7.0 Hz, 1H), 7.18 (d, J = 8.6 Hz, 2H), 7.11 (s, 2H), 7.05 
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(s, 1H), 3.53 (s, 3H). HRMS (ESI) m/z calcd for C16H17O2N4S2 [M+H]+ 361.07874, 

found 361.07876. Purity: 95%. 

6.5.2 Biological Screening 

6.5.2.1 Amyloid-β  (Aβ) Aggregation Assay 
 

Thioflavin T (ThT) is a benzothiazole dye that was used to detect the formation of 

amyloid aggregates in solution. The excitation and emission properties of ThT changes 

when it binds to the β-sheet structures of Aβ40/Aβ42 oligomers and fibrils.145 In this 

regard, the anti-Aβ aggregation activity sulfonamide and sulfamide based N,4-

diphenylthiazol-2-amine based derivatives (6a-j) was evaluated using ThT-based 

fluorescence assays. These assays were conducted in Costar, black, clear-bottomed 384-

well plates with frequent shaking at 730 cpm under constant heating at 37 °C for 24 h. 

The excitation and emission of ThT were recorded at 440 and 490 nm, respectively. 

Readings were taken every 5 min using a BioTek Synergy H1 microplate reader. Test 

compounds were prepared in 215 mM phosphate buffer at pH 7.4. 0.5 mg of Aβ•HFIP 

samples (AnaSpec, CA, USA) was dissolved in 1% ammonium hydroxide solution for 

Aβ40 or 10% ammonium hydroxide for Aβ42, sonicated at RT for 5 min, and diluted to 

50 µM in phosphate buffer. A 15 µM ThT stock solution was prepared. To each ThT 

background well, 44 µL ThT, 35 µL phosphate buffer, and 1 µL DMSO were added. To 

the Aβ control wells, 44 µL ThT, 28 µL phosphate buffer, and 8 µL Aβ40/42 (5 µM final 

concentration) were added. To each test compound containing wells, 44 µL ThT, 20 µL 

phosphate buffer, 1 µL DMSO, and 8 µL test compound in various concentrations (1, 5, 

10, and 25 µM), and 8 µL of Aβ were added. ThT interferences were taken before the 
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addition of 8 µL of Aβ40 or Aβ42 stock solution (5 µM final concentration). Known 

Aβ40 and Aβ42 aggregation inhibitors MB and RES were also evaluated for comparison. 

Plates were sealed with a ThermoSeal film (Sigma Aldrich) before placing the plates in 

the reader. Data presented was an average of triplicate reading for two-three independent 

experiments. 

6.5.2.2 Transmission Electron Microscopy (TEM) Studies 

The Aβ40 and Aβ42 aggregate morphology was examined by performing TEM 

experiment in the presence and absence of test compounds. TEM samples were prepared 

in Costar, round-bottomed 384-well plates with test compounds (25 µM). To the Aβ 

control wells, 44 µL ThT, 28 µL phosphate buffer, and 8 µL Aβ40/42 (5 µM final 

concentration) were added. To each test compound containing well, 44 µL ThT, 20 µL 

phosphate buffer, 1 µL DMSO, and 8 µL of test compound (25 µM), and 8 µL of 

Aβ40/42 were added. The plates were incubated on a BioTek Synergy H1 microplate 

reader at 37 °C and shaken at 730 cpm for 24 h.  

TEM grids were prepared by adding 20 µL test compound over the formvar-

coated copper grids (400 mesh) via the use of a Pasteur pipette, which were then air-dried 

for 3 h or longer before washing them with 20 µL of ultrapure water (UPW) to remove 

any precipitated buffer salt. The sample grids were air-dried for 30 min. Once the grids 

were dry, they were stained with 20 µL of 2% phosphotungstic acid (PTA). The excess of 

PTA was removed by blotting with filter paper. The grids were allowed to dry overnight. 

Scanning of these grids was performed using a Philips CM10 TEM at 60 kV (Department 
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of Biology, University of Waterloo), and micrographs were collected using a 14-

megapixel AMT camera. 

6.5.2.3 Computation Modeling 

Molecular docking studies of sulfonamide and sulfamide based N,4-

diphenylthiazol-2-amines derivatives with Aβ peptides were conducted via the 

computational chemistry Discovery Studio (DS) software – Structure-Based-Design 

(SBD), version 4.0 from BIOVA Inc. (San Diego, USA).220 The Small Molecules module 

was used to build the sulfonamide and sulfamide based N,4-diphenylthiazol-2-amine 

derivatives, which were in turn docked with Aβ40 and Aβ42 dimer models obtained from 

protein data bank (pdb id: 2LMN and 5KK3) using the CDOCKER algorithm in the 

Receptor-Ligand Interactions module in DS using CHARMm force field.220,221 

CDOCKER algorithm uses simulated annealing protocol to determine the best ligand 

binding modes. The sulfonamide and sulfamide based N,4-diphenylthiazol-2-amine 

derivatives were built in 3D using Build Fragment tool; energy minimization was applied 

for 1000 iterations using steepest descent and conjugate gradient minimizations, 

respectively. The ligands were minimized using the Smart Minimization protocol (200 

steps, RMS gradient 0.1 kcal/mol), CHARMm force field and a distance depended 

dielectric constant. For the docking of N-diphenylthiazol-amine derivatives in Aβ40 and 

Aβ42 dimer models, the binding site was defined by a 20 Å radius sphere. Molecular 

docking was carried out by the CDOCKER algorithm, which includes 2000 heating steps, 

700 K target temperature, 300 K cooling temperature target with 5000 cooling steps. The 

docked poses obtained were ranked using the CDOCKER energy and CDOCKER 

interaction energy parameters (kcal/mol). The protein-ligand complexes were evaluated 
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by examining various polar and nonpolar interactions, such as hydrogen bonding, 

electrostatic, van der Waal’s, and hydrophobic interactions. 

6.5.2.4 Cell Viability Assay 

The HT22 hippocampal cells were plated at a density of 10,000 cells/100 µL in 

Nunclon Delta 96-well plates with complete growth media consisting of DMEM and 

Ham’s F12 in a 1:1 ratio, supplemented with 10% fetal bovine serum (FBS) and 1% 

penicillin-streptomycin (10,000 U/mL) at 37 °C in 5% CO2. The cells were incubated at 

37 °C for 24 h. To each untreated well, 100 µL DMEM/F-12 was added. To the Aβ 

control wells, 85 µL DMEM/F-12, 10 µL PBS, and 5 µL Aβ40/42 (5 µM final 

concentration) were added. To each test compound containing wells, 85 µL DMEM/F-12, 

10 µL filter-sterilized test compounds (6a-j and RES) in concentration of 10 µM in 

triplicates (n = 3), and 5 µL of Aβ40/42 were added. These cells were then incubated at 

37 °C for 24 h. The MTT reagent solution222 made of thiazolyl blue tetrazolium bromide 

powder (Sigma Aldrich) in PBS to 5 mg/mL and filter-sterilized through a 0.22 µm filter 

was added in 10% of the culture medium volume (DMEM/F-12, HEPES, no phenol red) 

to each well and the cells were cultured for an additional 2-3 h. After incubation, the 

resulting formazan crystals were solubilized with the solubilisation solution prepared 

from a mixture of IPA, 10% Triton X-100 and 1% HCl (12M). The absorbance was taken 

at 570 and 690 nm. All results were presented as a relative percent of (4,5-

dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) to untreated controls. 

Known Aβ aggregation inhibitor resveratrol (RES) was used as a reference agent for 

comparison. 
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CHAPTER 7 Development of N,2-Diphenylthiazol-4-amines 
 

 

Figure 77. Banner for Chapter 7 

7.1 Introduction 
 

In this chapter, a small library of novel class of diphenylthiazole-amine 

derivatives were synthesized and evaluated to investigate their anti-aggregation 

properties. These compounds are regioisomers of N,4-diphenylthiazol-2-amines 

discussed in previous chapters (Chapters 3, 4, 5 and 6) and are the corresponding N,2-

diphenylthiazol-4-amine isomers which possess a central thiazole-4-amine instead of a 

thiazole-2-amine. They contained H, NO2, or F substituent at the para-position of the 

substituted phenyl ring (Figure 77). The synthetic methodology, analytical data, 

biological assay results based on ThT-based fluorescence aggregation kinetic studies, 

transmission electron microscopy (TEM) experiments, computational modeling and their 

neuroprotective activity toward Aβ40- or Aβ42-induced cytotoxicity in mouse 

hippocampal neuronal cells (HT22) are reported.  

7.2 Hypothesis 

For this series of N,2-diphenylthiazol-4-amine derivatives, we hypothesize that (i) 

the diphenyl rings undergo hydrophobic interactions only at the N-terminal region in the 
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Aβ40 dimer model and therefore exhibit reduced inhibition of Aβ40 aggregation 

compared to the corresponding N,4-diphenylthiazol-2-amine regioisomers; (ii) 

incorporating para- and meta-substituents at the thiazole C4 phenyl ring  enhance their 

binding and inhibition toward both Aβ40 and Aβ42; (iii) N,2-diphenylthiazol-4-amine 

regioisomers are able to exhibit superior inhibition of Aβ42 aggregation compared to the 

corresponding N,4-diphenylthiazol-2-amines due to the interaction of the phenyl ring 

(thiazole C4) with polar amino acids Glu11 and Lys16. 

7.3 Results and Discussion 
 

7.3.1 Synthesis 

The N,2-diphenylthiazol-4-amine derivatives 7a-d were synthesized according to 

the synthetic route outlined in Scheme 5. They were synthesized via the cyclization of 

thiobenzamide with 2-chloro-N-phenylacetamide. Reaction mechanism is given in Figure 

78. The purified N,2-diphenylthiazol-4-amine derivatives were characterized by 1H and 

13C NMR, LCMS and HRMS analysis. The yields of the desired target compounds (7a-d) 

ranged from 3–55%. 
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Figure 78. Synthetic mechanism of the N,2-diphenylthiazol-4-amine derivatives 7a-d. 

 
 

 

*Reagents and conditions: (a) DMF, 80 °C, 16 h. 

Scheme 5. Synthetic route toward the N,2-diphenylthiazol-4-amine derivatives 7a-d. 
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7.3.2 Amyloid-β  (Aβ) Aggregation Inhibition Studies 

The anti-aggregation properties of N,2-diphenylthiazol-4-amine derivatives 7a-d 

toward Aβ40, was investigated using the ThT-based assay over a 24 h time period and the 

results are shown in Table	11. The unsubstituted compound 7a exhibited a concentration 

dependent activity by inhibiting Aβ40 aggregation and showed 67% inhibition at the 

highest tested concentration of 25 µM. Presence of EWGs such as p-NO2, p-F and 3,5-

diF led to a reduction in their inhibition activity (18–45% inhibition range, Table 11). 

None of the compounds tested were as potent as the reference agents MB and RES. The 

24 h aggregation kinetic for the best compound in this series 7a is shown in Figure 79. 

This shows that 7a was able to reduce the ThT fluorescence intensity along with 

increasing concentrations. The kinetic plots indicate that 7a was primarily acting on the 

growth phase in the Aβ40 fibrillogenesis pathway and was able to reduce the formation 

of higher order aggregates. The anti-aggregation activity order for this set of N,2-

diphenylthiazol-4-amine derivatives was of the order: H > p-F > p-NO2 > 3,5-diF (at 25 

µM). Due to the limited number of compounds, no clear SAR trend could be SAR 

obtained for this series of compounds. Therefore it is not possible to compare them with 

the corresponding N,4-diphenylthiazol-2-amine derivatives discussed in Chapter 3. 
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Table 11. Inhibition data for N,2-diphenylthiazol-4-amine derivatives 7a-d, and reference 
compounds toward Aβ40 aggregation, and their ClogP values. 

 
 

Compound R-group % Inhibition for Aβ40 a ClogP b 
1 µM 5 µM 10 µM 25 µM 

7a H 24 40 49 67 3.87 
7b p-NO2 NA NA NA 28 2.64 
7c p-F NA NA NA 45 4.01 
7d 3,5-diF NA NA NA 18 4.15 

MB - 87 97 97 99 3.62 
RES - 81 94 95 98 2.83 

aPercent aggregation inhibition values were average ± SD < 10% (n = 3) for three 
independent experiments. NA – Not Active. bClogP values were determined using 
ChemDraw 19.1. 
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Figure 79. ThT-monitored 24 h aggregation kinetics of Aβ40 (5 µM) in the presence of 
1, 5, 10, and 25 µM of N,4-diphenylthiazol-2-amines (7a) at pH 7.4, 37 °C in phosphate 
buffer. Aggregation kinetics were monitored by ThT-fluorescence spectroscopy 
(excitation = 440 nm, emission = 490 nm). Results are average ± SD of three independent 
experiments (n = 3). 

 
The anti-aggregation properties of N,2-diphenylthiazol-4-amine derivatives 7a-d 

toward Aβ42, was investigated using the ThT-based assay over a 24 h time period and the 

results are shown in Table 12. Interestingly, all these compounds exhibited excellent 

inhibition of Aβ42 aggregation and their activity was comparable to reference agents MB 

and RES, ranging from 93–96% at 25 µM. The presence of EWGs such as p-NO2, p-F 

and 3,5-diF did not seem to affect their Aβ42 aggregation inhibition properties. The 24 h 

aggregation kinetic for a representative compound in this series 7b is shown in Figure 80. 

This shows that 7b was able to reduce the ThT fluorescence intensity along with 

increasing concentrations. The kinetic plot indicates that 7b was able to reduce and 

prevent the growth phase in the Aβ42 fibrillogenesis pathway thereby reducing the 

formation of higher order aggregates. No clear SAR trend was seen due to the limited 

number of compounds tested. However the results obtained do suggest that these 
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compounds exhibit superior inhibition of Aβ42 aggregation compared to the N,4-

diphenylthiazol-2-amine isomers discussed in Chapter 3. Further studies are required to 

confirm these findings. 

Table 12. Inhibition data for N,2-diphenylthiazol-4-amine derivatives 7a-d, and reference 
compounds toward Aβ42 aggregation, and their ClogP values. 

 
 

Compound R-group % Inhibition for Aβ42 a ClogP b 1 µM 5 µM 10 µM 25 µM 
7a H 42 26 49 93 3.87 
7b p-NO2 18 44 95 96 2.64 
7c p-F 28 55 62 95 4.01 
7d 3,5-diF 14 NA 23 95 4.15 

MB - 87 97 97 99 3.62 
RES - 81 94 95 98 2.83 

aPercent aggregation inhibition values were average ± SD < 10% (n = 3) for three 
independent experiments. NA – Not Active. bClogP values were determined using 
ChemDraw 19.1. 
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Figure 80. ThT-monitored 24 h aggregation kinetics of Aβ42 (5 µM) in the presence of 
1, 5, 10, and 25 µM of N,4-diphenylthiazol-2-amines (7b) at pH 7.4, 37 °C in phosphate 
buffer. Aggregation kinetics were monitored by ThT-fluorescence spectroscopy 
(excitation = 440 nm, emission = 490 nm). Results are average ± SD of three independent 
experiments (n = 3). 

7.3.3 Computational Modeling Studies 

The binding interactions of most potent N,2-diphenylthiazol-4-amine derivatives 

was investigated by conducting molecular docking studies using the solved structures of 

Aβ40 and Aβ42 peptides.212,213 Docking studies were carried out using the dimer 

assemblies of both Aβ40 and Aβ42 peptides as they represent the early forms of Aβ in 

solution. In the N,2-diphenylthiazol-4-amine series, compound 7a (N,2-diphenylthiazol-

4-amine) was identified as the most potent inhibitor of Aβ40 aggregation in the ThT-

based fluorescence assay (67% inhibition at 25 µM). Figure 81 Panel A, shows the 

predicted binding mode of 7a in the Aβ40-dimer model. This compound was interacting 

in the KLVFFA region at the N-terminal and with Val36 at the C-terminal. The central 

thiazole underwent couple of π-π T-shaped interactions with Phe19 and Phe20 aromatic 

rings (distance < 5 Å). It was interesting to note that in this regioisomer, the central 

thiazole ring (N,2-diphenylthiazol-4-amine) was involved in Aβ40 dimer binding which 
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was not seen previously in the thiazole-2-amine regioisomer (N,4-diphenylthiazol-2-

amine). Furthermore, similar to the N,4-diphenylthiazol-2-amine regioisomer binding, the 

NH group in compound 7a was involved in forming hydrogen bond with Val18 

backbone, whereas the phenyl ring underwent π-alkyl interaction with Val18. At this 

point it is not clear if N,2-diphenylthiazol-4-amine isomers would exhibit better inhibition 

of Aβ40 aggregation relative to the corresponding N,4-diphenylthiazol-2-amine isomers. 

Additional SAR studies will be required to investigate this. Nevertheless, it appears that 

compound 7a can bind and prevent Aβ40 aggregation. 

In the N,2-diphenylthiazol-4-amine series, compound 7b (N-(4-nitrophenyl)-2-

phenylthiazol-4-amine) was identified as the most potent inhibitor of Aβ42 aggregation 

in the ThT-based fluorescence assay (96% inhibition at 25 µM). Figure 81 Panel B, 

shows the predicted binding mode of 7b in the Aβ42-dimer model. This compound was 

bound in the KLVFFA pocket where the 4-nitrophenyl ring was close to Lys16, Val18 

and Ala21. The nitro group underwent polar interactions with Lys16 side chain, and the 

phenyl ring underwent hydrophobic interactions with Val18 and Ala21 side chains 

(distance < 5 Å). The central thiazole ring was also in contact with Ala21 whereas the 

NH formed hydrogen-bonding interaction with backbone of Ala21 (distance = 2.3 Å) and 

the C2 phenyl ring underwent cation interaction with Lys16 side chain (distance < 3 Å). 

All these suggest that N,2-diphenylthiazol-4-amine series hold promise as novel class of 

Aβ aggregation inhibitors. 
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Figure 81. Panel A: Predicted binding mode of 7a (ball and stick cartoon) in the Aβ40-
dimer model (ribbon diagram, pdb id: 2LMN, CDOCKER energy = –8.90 kcal/mol; 
CDOCKER interaction Energy = –18.95 kcal/mol). Panel B: Predicted binding mode of 
7b (ball and stick cartoon) in the Aβ42-dimer model (ribbon diagram, pdb id: 5KK3, 
CDOCKER energy = –8.81 kcal/mol; CDOCKER interaction energy = –23.40 kcal/mol). 

7.3.4 Transmission Electron Microscopy (TEM) Studies 

The amyloid morphology of the N,2-diphenylthiazol-4-amine derivatives was 

conducted using 7a as a representative example. As observed in Figure 82, co-incubation 
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of Aβ40 with 7a (5 µM, Panel A) and Aβ42 with 7a (5 µM, Panel B) led to a reduction in 

the formation of Aβ40/42 fibrils. This validated the anti-aggregation properties observed 

in the N,2-diphenylthiazol-4-amine derivative. 

 

Figure 82. TEM images of Aβ40 and Aβ42  aggregation. Top: Panel A: Aβ40 control (5 
µM). Panel B: Aβ40 + 7a (5 µM). Bottom: Panel A: Aβ42 control (5 µM). Panel B: 
Aβ42 + 7b (5 µM). Scale bars represent 100 nm. 

7.3.5 Cell Viability Assay 

The neuroprotective effect of N,2-diphenylthiazol-4-amines 7a-d was evaluated 

by investigating the cell viability in HT22 hippocampal derived-cells exposed to Aβ40 (5 

µM). The results are summarized in Figure 83. In the presence of Aβ40 alone the cell 

viability reduced to 63%. Strikingly, in the presence of 10 µM of 7a or 7b, there was 
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remarkable neuroprotection with cell viability ranging from 82-100% (Figure 83). 

Compound 7c (R = p-F) was not effective in reducing Aβ40 induced cytotoxicity (cell 

viability 64%) whereas compound 7a (R = H, cell viability >99%) was identified as the 

best compound from this group. 

 

 
Figure 83. Percentage viability of the N,2-diphenylthiazol-4-amine derivatives 7a-d and 
RES (10 µM) in HT22 cells treated with Aβ40 was assessed by MTT assay after 24 h 
incubation at 37 °C. The results were given as average of two independent experiments (n 
= 3). UC = untreated cells, RES = resveratrol. 

The neuroprotective effect of N,2-diphenylthiazol-4-amines 7a-d was evaluated 

by investigating the cell viability in HT22 hippocampal derived-cells exposed to Aβ42 (5 

µM). The results are summarized in Figure 84. In the presence of Aβ42 alone the cell 

viability reduced 50%. Strikingly, all the tested compounds were able to offer excellent 

neuroprotection toward Aβ42 mediated cytotoxicity with cell viability ranging from 72-

87% (Figure 84). Compound 7d (R = 3,5-diF) was identified as the best compound from 

this set (cell viability = 87%). 
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Figure 84. Percentage viability of the N,4-diphenylthiazol-2-amine derivatives 7a-d and 
RES (10 µM) in HT22 cells treated with Aβ42 was assessed by MTT assay after 24 h 
incubation at 37 °C. The results were given as average of two independent experiments (n 
= 3). UC = untreated cells, RES = resveratrol. 

7.4 Summary 

 
Figure 85. Cumulative chapter summary of N,2-diphenylthiazol-4-amines (7). 

The anti-Aβ activity of N,2-diphenylthiazol-4-amines 7a-d was evaluated in vitro 

by ThT-based fluorescence spectroscopy, TEM studies, computational modeling and cell 

culture studies. The results from these studies demonstrate that N,2-diphenylthiazol-4-
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amines which are the regioisomers of corresponding N,4-diphenylthiazol-2-amines 

demonstrate promising activity toward both Aβ40 and Aβ42 aggregation inhibition with 

activity ranging from 18–96% at 25 µM. The unsubstituted N,2-diphenylthiazol-4-amine 

7a exhibited a good combination of Aβ40 and Aβ42 aggregation inhibition activity (67% 

and 93% inhibition at 25 µM). Compounds in this series were also able to demonstrate 

their neuroprotective activity in cell culture studies. In summary, we have demonstrated 

the potential of N,2-diphenylthiazol-4-amines as novel candidates which can target the 

amyloid cascade in AD. Further SAR optimization would be required to understand their 

anti-Aβ activity and SAR. 

7.5 Experimental 

7.5.1 Chemistry 

7.5.1.1 Materials and Methods 
 

General information. All the reagents and solvents were purchased from various 

vendors (Sigma-Aldrich, Oakwood Chemical, Matrix Scientific, TCI Chemicals, 

Aablocks, and Ark Pharm Inc.) with a minimum purity of 95% and were used without 

further purification. Melting points (mp) were determined using a Fisher-Johns apparatus 

and are uncorrected. Compound purification was carried out 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 variety of solvent systems 

and TLC spots were visualized with the handheld UV lamp 254/365 nm. 1H NMR and 

13C NMR spectra were analyzed using a Bruker Avance 300 MHz series spectrometer in 

deuterated solvents. Data was analyzed using the Bruker TOPSPIN 3.6.1 software. 

Coupling constant (J values) were recorded in hertz (Hz) and the following abbreviations 
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were used for multiplicity of NMR signals: s = singlet, d = doublet, t = triplet, m = 

multiplet, br = broad. Compound purity and low resolution mass (LRMS) were evaluated 

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 30:70 Water:ACN with 0.1% FA at a flow rate 

of 0.5 mL/min. All the final compounds were > 95% pure as determined by calculating 

the peak area by LCMS (UV detector, 254 nm). High-resolution mass spectrometry data 

were obtained by carrying out a positive ion electrospray (ESI) experiments on using a 

Thermo Scientific Q-Exactive hybrid mass spectrometer, Department of Chemistry, 

University of Waterloo. Accurate mass determinations were performed at a mass 

resolution of 70,000 (@m/z200) with lock mass correction. All samples were injected at 

10 mL/min in a 1:1 MeOH/H2O + 0.1% formic acid. 

7.5.1.2 General procedure for the synthesis of N,2-diphenylthiazol-4-amine 
derivatives (7a-d).231 

The appropriate 2-chloro-N-phenylacetamide (0.50 g, 2.43 mmol) was dissolved 

in DMF (25 mL), and to this solution, thiobenzamide (0.34 g, 2.48 mmol) was added 

under a gentle flow of argon. The reaction mixture was refluxed for 16 h at 80 °C. Then, 

the reaction was cooled to RT and washed three times with 20 mL brine solution. The 

aqueous layers were extracted with DCM (2 x 20 mL). The combined organic layers were 

dried over MgSO4, filtered, and concentrated in vacuo to obtain the crude product, which 

was purified using the silica gel column chromatography with Hex:EtOAc (7:1) as the 

eluent. Yield ranged from 3 – 51%. The analytical data is given below: 

N,2-Diphenylthiazol-4-amine (7a).200 Yield: 51%. m.p. 87-90 °C. 1H NMR (300 MHz, 

DMSO-d6) δ (ppm): 9.02 (s, 1H), 7.93 (dd, J = 1.87, 1.49 Hz, 2H), 7.54-7.47 (m, 3H), 
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7.31-7.21 (m, 4H), 6.84-6.78 (m, 1H), 6.71 (s, 1H). HRMS (ESI) m/z calcd for 

C15H13N2S2 [M+H]+ 253.0794, found 253.0788. Purity: 95%. 

 

N-(4-Fluorophenyl)-2-phenylthiazol-4-amine (7c). Yield: 3.3%. m.p. 146-148 °C. 1H 

NMR (300 MHz, DMSO-d6) δ (ppm): 9.00 (s, 1H), 7.92 (dd, J = 1.9, 1.7 Hz, 2H), 7.55-

7.46 (m, 3H), 7.33-7.28 (m, 2H), 7.08 (t, J = 8.8 Hz, 2H), 6.64 (s, 1H). HRMS (ESI) m/z 

calcd for C15H12N2FS [M+H]+ 271.0699, found 271.0704. Purity: 96%. 

 

N-(3,5-Difluorophenyl)-2-phenylthiazol-4-amine (7d). Yield: 11%. m.p. 80-82 °C. 1H 

NMR (300 MHz, DMSO-d6) δ (ppm): 9.53 (s, 1H), 7.93 (dd, J = 1.8 Hz, 2H), 7.57-7.48 

(m, 3H), 6.98-6.94 (m, 2H), 6.89 (s, 1H), 6.59-6.52 (s, 1H). HRMS (ESI) m/z calcd for 

C15H11N2F2S [M+H]+ 289.0605, found 289.0609. Purity: 98%. 

7.5.2 Biological Screening 

7.5.2.1 Amyloid-β  (Aβ) Aggregation Assay 

Thioflavin T (ThT) is a benzothiazole dye that was used to detect the formation of 

amyloid aggregates in solution. The excitation and emission properties of ThT changes 

when it binds to the β-sheet structures of Aβ40/Aβ42 oligomers and fibrils.145 In this 

regard, the anti-Aβ aggregation activity of N,2-diphenylthiazol-4-amine based derivatives 

(7a-d) was evaluated using ThT-based fluorescence assays. These assays were conducted 

in Costar, black, clear-bottomed 384-well plates with frequent shaking at 730 cpm under 

constant heating at 37 °C for 24 h. The excitation and emission of ThT were recorded at 

440 and 490 nm, respectively. Readings were taken every 5 min using a BioTek Synergy 

H1 microplate reader. Test compounds were prepared in 215 mM phosphate buffer at pH 
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7.4. 0.5 mg of Aβ•HFIP samples (AnaSpec, CA, USA) was dissolved in 1% ammonium 

hydroxide solution for Aβ40 or 10% ammonium hydroxide for Aβ42, sonicated at RT for 

5 min, and diluted to 50 µM in phosphate buffer. A 15 µM ThT stock solution was 

prepared. To each ThT background well, 44 µL ThT, 35 µL phosphate buffer, and 1 µL 

DMSO were added. To the Aβ control wells, 44 µL ThT, 28 µL phosphate buffer, and 8 

µL Aβ40/42 (5 µM final concentration) were added. To each test compound containing 

wells, 44 µL ThT, 20 µL phosphate buffer, 1 µL DMSO, and 8 µL test compound in 

various concentrations (1, 5, 10, and 25 µM), and 8 µL of Aβ were added. ThT 

interferences were taken before the addition of 8 µL of Aβ40 or Aβ42 stock solution (5 

µM final concentration). Known Aβ40 and Aβ42 aggregation inhibitors MB and RES 

were also evaluated for comparison. Plates were sealed with a ThermoSeal film (Sigma 

Aldrich) before placing the plates in the reader. Data presented was an average of 

triplicate reading for two-three independent experiments. 

7.5.2.2 Transmission Electron Microscopy (TEM) Studies 

The Aβ40 and Aβ42 aggregate morphology was examined by performing TEM 

experiment in the presence and absence of test compounds. TEM samples were prepared 

in Costar, round-bottomed 384-well plates with test compounds (25 µM). To the Aβ 

control wells, 44 µL ThT, 28 µL phosphate buffer, and 8 µL Aβ40/42 (5 µM final 

concentration) were added. To each test compound containing well, 44 µL ThT, 20 µL 

phosphate buffer, 1 µL DMSO, and 8 µL of test compound (25 µM), and 8 µL of 

Aβ40/42 were added. The plates were incubated on a BioTek Synergy H1 microplate 

reader at 37 °C and shaken at 730 cpm for 24 h.  
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TEM grids were prepared by adding 20 µL test compound over the formvar-

coated copper grids (400 mesh) via the use of a Pasteur pipette, which were then air-dried 

for 3 h or longer before washing them with 20 µL of ultrapure water (UPW) to remove 

any precipitated buffer salt. The sample grids were air-dried for 30 min. Once the grids 

were dry, they were stained with 20 µL of 2% phosphotungstic acid (PTA). The excess of 

PTA was removed by blotting with filter paper. The grids were allowed to dry overnight. 

Scanning of these grids was performed using a Philips CM10 TEM at 60 kV (Department 

of Biology, University of Waterloo), and micrographs were collected using a 14-

megapixel AMT camera. 

7.5.2.3 Computational Modeling Studies 
 

Molecular docking studies of N,4-diphenylthiazol-2-amines derivatives with Aβ 

peptides were conducted via the computational chemistry Discovery Studio (DS) 

software – Structure-Based-Design (SBD), version 4.0 from BIOVA Inc. (San Diego, 

USA).220 The Small Molecules module was used to build the N,2-diphenylthiazol-4-

amine derivatives, which were in turn docked with Aβ40 and Aβ42 dimer models 

obtained from protein data bank (pdb id: 2LMN and 5KK3) using the CDOCKER 

algorithm in the Receptor-Ligand Interactions module in DS using CHARMm force 

field.220,221 CDOCKER algorithm uses simulated annealing protocol to determine the best 

ligand binding modes. N,4-diphenylthiazol-2-amine derivatives were built in 3D using 

Build Fragment tool; energy minimization was applied for 1000 iterations using steepest 

descent and conjugate gradient minimizations, respectively. The ligands were minimized 

using the Smart Minimization protocol (200 steps, RMS gradient 0.1 kcal/mol), 
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CHARMm force field and a distance depended dielectric constant. For the docking of 

N,2-diphenylthiazol-4-amine derivatives in Aβ40 and Aβ42 dimer models, the binding 

site was defined by a 20 Å radius sphere. Molecular docking was carried out by the 

CDOCKER algorithm, which includes 2000 heating steps, 700 K target temperature, 300 

K cooling temperature target with 5000 cooling steps. The docked poses obtained were 

ranked using the CDOCKER energy and CDOCKER interaction energy parameters 

(kcal/mol). The protein-ligand complexes were evaluated by examining various polar and 

nonpolar interactions, such as hydrogen bonding, electrostatic, van der Waal’s, and 

hydrophobic interactions.  

7.5.2.4 Cell Viability Assay 

The HT22 hippocampal cells were plated at a density of 10,000 cells/100 µL in 

Nunclon Delta 96-well plates with complete growth media consisting of DMEM and 

Ham’s F12 in a 1:1 ratio, supplemented with 10% fetal bovine serum (FBS) and 1% 

penicillin-streptomycin (10,000 U/mL) at 37 °C in 5% CO2. The cells were incubated at 

37 °C for 24 h. To each untreated well, 100 µL DMEM/F-12 was added. To the Aβ 

control wells, 85 µL DMEM/F-12, 10 µL PBS, and 5 µL Aβ40/42 (5 µM final 

concentration) were added. To each test compound containing wells, 85 µL DMEM/F-12, 

10 µL filter-sterilized test compounds (7a-d, and RES) in concentration of 10 µM in 

triplicates (n = 3), and 5 µL of Aβ40/42 were added. These cells were then incubated at 

37 °C for 24 h. The MTT reagent solution222 made of thiazolyl blue tetrazolium bromide 

powder (Sigma Aldrich) in PBS to 5 mg/mL and filter-sterilized through a 0.22 µm filter 

was added in 10% of the culture medium volume (DMEM/F-12, HEPES, no phenol red) 

to each well and the cells were cultured for an additional 2-3 h. After incubation, the 
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resulting formazan crystals were solubilized with the solubilisation solution prepared 

from a mixture of IPA, 10% Triton X-100 and 1% HCl (12M). The absorbance was taken 

at 570 and 690 nm. All results were presented as a relative percent of (4,5-

dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) to untreated controls. 

Known Aβ aggregation inhibitor resveratrol (RES) was used as a reference agent for 

comparison. 
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CHAPTER 8 Conclusions and Future Directions 
 

8.1 Introduction 

Alzheimer’s disease (AD) is a devastating neurodegenerative disorder, which is a 

growing concern all over the world due to an aging population and increased life 

expectancy (Alzheimer’s Association USA, https://www.alz.org). For more than two 

decades, cholinesterase inhibitors and NMDA antagonists were the main stay in AD 

pharmacotherapy. However, this class of therapeutics provide only symptomatic relief. 

Later research led to the discovery of many other factors including the amyloid and tau 

cascade hypothesis and their role in AD pathophysiology. Past decade saw the 

development of several novel classes of molecules that can prevent the formation of 

neurotoxic Aβ-species. However, many novel drug candidates that target the Aβ-cascade 

failed at various stages of clinical trials. In a ground breaking discovery, US FDA 

recently approved the first anti-Aβ therapeutic known as aducanumab, which received 

accelerated approval to treat AD patients.232 Aducanumab is the first approved therapy to 

treat AD in the last 17 years, which again highlights the challenges and complexities in 

AD therapeutic design. The launch of aducanumab heralds a new beginning in the 

discovery and development of novel AD therapeutics that target the amyloid cascade in 

AD. 

The current thesis research is directly related to amyloid cascade, aiming to 

design and develop novel small molecules that can reduce and prevent the formation of 

two known Aβ peptides – Aβ40 and Aβ42 aggregation. The molecules are based on 

diphenylthiazolamine ring systems possessing a central thiazole-4-amine or thiazole-2-
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amines. A library of 47 compounds were designed, synthesized and evaluated as 

inhibitors of both Aβ40 and Aβ42 aggregation. These compounds were synthesized by 

either 3-step or 5-step synthesis, which involved coupling N-phenylthiourea with 2-

bromo-3’ or 4’-substituted-acetophenones or cyclization of thiobenzamide with 2-chloro-

N-phenylacetamides to afford the target compounds which were either reduced or 

alkylated or subjected to treatment with either sulfonyl chlorides or sulfamoyl chlorides 

to afford diphenylthiazolamine libraries 1a-j, 2a, 2b, 3a-i, 4a, 4b, 5a-j, 6a-j and 7a-d. 

These libraries were purified and characterized by NMR, LCMS and HRMS analysis. 

Their anti-aggregation properties toward Aβ40 and Aβ42 was evaluated by (i) studying 

Aβ aggregation kinetics using ThT-based fluorescence assay; (ii) transmission electron 

microscopy (TEM) to study Aβ morphology; (iii) computational modeling to understand 

the binding interactions of diphenylthiazolamine derivatives with Aβ40 and Aβ42 models 

and (iv) investigating the neuroprotective effects of these compound libraries toward 

Aβ40 or Aβ42-induced cytotoxicity in HT22 hippocampal neuronal cells. The following 

sections provide a summary of findings from Chapters 3–7. 

8.2 N,4-Diphenylthiazol-2-Amine Derivatives (Chapter 3) 
 

 

Figure 86. General structure of N,4-diphenylthiazol-2-amine derivatives in Chapter 3. 
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The SAR data obtained for a library of twelve N,4-diphenylthiazol-2-amine 

derivatives  demonstrated that these compounds are capable of inhibiting the aggregation 

of both Aβ40 and Aβ42 (25–97% inhibition at 25 µM) and support our hypothesis that 

these series of compounds are capable of interacting with Aβ40 and Aβ42 dimers and 

prevent their aggregation into higher order structures. Computational modeling studies 

predict that these compounds can interact with both N- and C-terminal amino acids which 

can stabilize the dimer assembly, whereas in the Aβ42 dimer model, they bind in a cavity 

made up of amino acids KLVFFA closer to the N-terminal region which is known to be 

critical in the nucleation dependent aggregation process. Interaction of N,4-

diphenylthiazole-2-amine derivatives in the KLVFFA region can reduce their aggregation 

into more toxic forms. Compounds in this series exhibited superior inhibition of Aβ42 

aggregation relative to their Aβ40 inhibition profile. This suggests that these compounds 

exhibit greater binding affinity toward Aβ42 dimer, which was also supported by the 

protein-ligand complex energies (CDOCKER energy in kcal/mol). It was pleasing to see 

that compounds in this series were able to translate their anti-Aβ aggregation properties 

from the solution based in vitro experiments to cell culture studies in HT22 hippocampal 

neuronal cells, where they were able to reduce Aβ40 or Aβ42-induced cytotoxicity. 
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8.3 N-Methyl-N,4-Diphenylthiazol-2-Amine Derivative (Chapter 4) 
 

 

Figure 87. General structure of N-methyl-N,4-diphenylthiazol-2-amine derivatives in 
Chapter 4. 

The SAR data obtained for a library of eleven N-methyl-N,4-diphenylthiazol-2-

amine derivatives demonstrated that these compounds are capable of inhibiting the 

aggregation of both Aβ40 and Aβ42 (11–97% inhibition at 25 µM). As per our 

hypothesis, these series of compounds were able to inhibit both Aβ40 and Aβ42 

aggregation which suggests their ability to bind to lower order structures such as Aβ40 

and Aβ42 dimers and prevent their aggregation into higher order structures. Interestingly, 

the presence of N-methyl substituents, did reduce their inhibition activity toward Aβ40 

aggregation compared to the corresponding N,4-diphenylthiazol-2-amines. 

Computational modeling studies, predict that the secondary amine NH present in N,4-

diphenylthiazol-2-amine derivatives underwent a polar contact (H-bond) with Val18 

backbone. The loss of this interaction in the N-methyl derivatives, might contribute to its 

weaker inhibition activity. This was further supported by the CDOCKER energy 

parameters for the ligand-protein complex which showed that the N,4-diphenylthiazol-2-

amines exhibited superior binding toward Aβ40 dimer compared to the N-methyl 

derivatives.  Amine derivatives in the KLVFFA region can reduce their aggregation into 
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more toxic forms. The presence of N-methyl substituent did not affect their activity 

toward inhibition of Aβ42 aggregation and furthermore several compounds in this series 

were able to translate their anti-Aβ aggregation properties from the solution based in vitro 

experiments to cell culture studies in HT22 hippocampal neuronal cells, where they were 

able to reduce both Aβ40 or Aβ42-induced cytotoxicity. 

8.4 Alkysulfonamide and Sulfamide Substituted N,4-Diphenylthiazol-2-
Amine Derivatives (Chapter 5) 

 

Figure 88. General structure of N,4-diphenylthiazol-2-amine derivatives in Chapter 5. 

This series yielded compounds that demonstrated an excellent combination of 
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hypothesis, these series of compounds were able to inhibit both Aβ40 and Aβ42 

aggregation, which suggests their ability to bind to lower order structures such as Aβ40 

and Aβ42 dimers and prevent their aggregation into higher order structures. Interestingly 
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N,4-diphenylthiazol-2-amine and N-methyl derivatives described in Chapter 3 and 4, 

S

N
NH

RO2SHN

S

N
NH

H2NO2SHN

N,4-Diphenylthiazol-2-amines



 189 

whereas their activity toward Aβ42 aggregation inhibition was comparable to inhibition 

activity data seen for compounds from Chapter 3 and 4. These studies also suggest that 

presence of either alkylsufonamide or sulfamide substituents in N,4-diphenylthiazol-2-

amine derivatives enhanced their anti-aggregation properties which was also supported 

by computational modeling studies that showed that the larger volumes of these 

compounds led to better interaction with Aβ40 and Aβ42 dimer models. Several 

compounds in this series were able to reduce both Aβ40 and Aβ42-induced cytotoxicity 

in HT22 cells. It was interesting to see that all the compounds in this series were able 

provide neuroprotection toward Aβ40-induced cytotoxicity in HT22 cells. 

8.5 Alkylfulfonamide and Sulfamide Substituted N-Methyl-N,4-
Diphenylthiazol-2-Amine Derivative (Chapter 6) 

 

 
Figure 89. General structure of N-methyl-N,4-diphenylthiazol-2-amine derivatives in 
Chapter 6. 

The SAR data obtained for a library of ten N-methyl-N,4-diphenylthiazol-2-amine 

derivatives containing alkylsufonamide or sulfamide substituents (Figure 89) exhibited 

dual inhibition of both Aβ40 and Aβ42 aggregation (43–95% inhibition at 25 µM). 

Contrary to our hypothesis N-methyl derivatives did not exhibit superior anti-aggregation 

activity compared to the corresponding alkylsulfonamide or sulfamide containing N,4-

diphenylthiazol-2-amines, which suggests that N-methylation was not a major factor in 
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their anti-aggregation properties.  Similar to the N,4-diphenylthiazol-2-amines in Chapter 

5, several compounds in this series were able to reduce both Aβ40 and Aβ42-induced 

cytotoxicity in HT22 cells. 

8.6 N,2-Diphenylthiazol-4-Amine Derivatives (Chapter 7) 

 

Figure 90. General structure of N,2-diphenylthiazol-4-amine derivatives in Chapter 7. 

This small set of four compounds from the N,2-diphenylthiazol-4-amine 

derivatives (Figure 90), showed anti-aggregation properties toward both Aβ40 and Aβ42 

(18–96% inhibition at 25 µM). Their anti-Aβ40 activity was weaker than the 

corresponding N,4-diphenylthiazole-2-amine derivatives. Computational studies also 

support this observation due to lower binding affinity of protein-ligand complex 

(CDOCKER energy) in the Aβ40-dimer model. Their activity toward Aβ42 aggregation 

inhibition was comparable to the corresponding thiazole-2-amine derivatives.  Due to the 

evaluation of very limited number of compounds, we were not able to obtain complete 

SAR data. However, it was promising to note that compounds in this series were able to 

rescue HT22 cells from Aβ40 and Aβ42-induced cytotoxicity, which further supports 

their development. Planned studies include completing the SAR studies by evaluating 

N,2-diphenylthiazol-4-amines possessing EDGs and EWGs at the diphenyl ring positions, 
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N-methylation and incorporation of alkylsulfonamide and sulfamide substituents to 

investigate their effect on Aβ-aggregation inhibition and cytotoxicity in HT22 cells. 

8.7 Limitations 
 

The research outcomes described in Chapters 3–7 led to discovery of novel class 

of diphenylthiazole derivatives that possess anti-Aβ activity. However, there are some 

limitations in the current study. For example, the molecular mechanisms of anti-Aβ 

activity exhibited by diphenylthiazoles are not clear and needs to be investigated further 

which can enhance the quality of the data obtained and can be useful to carry out further 

SAR optimization. The in vitro ThT Aβ kinetics assay described in this thesis is generally 

useful to predict the ability of novel molecules to prevent the formation of Aβ fibrils. In 

this regard, carrying out immunoblotting experiments using Aβ-oligomer and Aβ-fibril 

specific antibodies233 will provide mechanistic information on the ability of 

diphenylthiazole derivatives to prevent Aβ-oligomer and/or Aβ-fibril formation. 

Furthermore, thorough computational modeling experiments (e.g. molecular dynamics 

experiments) should be carried out using multiple forms of Aβ40 and Aβ42 species 

including dimers, pentamers, hexamers and fibrils to study the interactions of potent 

diphenylthiazole derivatives identified from the current study, to understand the key 

interactions involved in their anti-aggregation properties. Other studies to consider would 

be to investigate the effect of diphenylthiazole derivatives on preformed Aβ-oligomers 

and fibrils to determine their disaggregation properties. Therefore, combination of 

computational and immunoblotting experiments will provide concrete information on the 
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mechanisms of direct interactions of novel diphenylthiazole derivatives and their ability 

to bind and modulate Aβ-species and prevent their aggregation into toxic forms.  

The cell viability and neuroprotection activity of diphenylthiazoles against Aβ-

induced toxicity was carried out using MTT assay. It should be noted that MTT assay 

measures the metabolic activity of cells and may not account for the loss or reduction of 

cellular metabolic activity in the presence of Aβ. This can lead to false positive and errors 

in data interpretation. These issues can be avoided by conducting alternative cell viability 

assays based on measuring lactate dehydrogenase (LDH) and or adenosine triphosphate 

(ATP) based assays which can provide accurate data related to cell viability, membrane 

integrity and proliferation.234 Other limitation of the current study includes the use of 

technical replicates during the cell culture experiments rather than the use of biological 

replicates, which can lead to errors or pseudoreplication during data interpretation.235 

These pitfalls can be avoided by conducting additional experiments using biological 

replicates to validate the study findings. 

8.8 Future Directions 

Our studies have identified novel diphenylthiazoleamine based small molecules 

which have the potential to bind to Aβ40 and Aβ42 peptides and prevent their self-

assembly into neurotoxic species and hence reduce neurotoxicity in AD. As a logical next 

step, we aim to investigate the effect of these compounds on tau-aggregation and tau-

induced neurotoxicity since this pathway is a major event in AD pathogenesis.236 We 

anticipate challenges in this regard, since compared to Aβ40 or Aβ42 peptides, tau is a 

large protein made up of 441-amino acids.237 Therefore, due to their small surface area, 
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small molecules may not be able to modulate their misfolding and aggregation into toxic 

forms. However, literature studies have shown that some small molecules are capable of 

reducing tau protein self-assembly into toxic forms.238 In addition, tau-based hexapeptide 

segments such as VQIVYK and VQIINK are known to form neurotoxic steric-zipper 

assemblies.239,240 We will first investigate the effect of diphenylthiazoleamine libraries in 

preventing or reducing tau-based hexapeptide steric-zipper assemblies in vitro, which 

will provide valuable insights on their potential in preventing tau-protein misfolding and 

aggregation.241,242 To this end, a combination of computational modeling and in vitro 

studies will be carried out.   

It should be noted that diphenylthiazoleamines synthesized in Chapter 5 and 

Chapter 6 possess sulfonamide (-NHSO2R1) or sulfamide (-NHSO2NH2) substituents. 

These types of substituents are known to be present in cyclooxygenase (COX) inhibitors 

such as nimesulide and celecoxib, which exhibit anti-inflammatory and analgesic 

activity.243 This begs the intriguing question of developing multi-targeting agents which 

can prevent Aβ-aggregation and also exhibit anti-inflammatory activity since amyloid 

cascade itself can induce neuroinflammation in CNS.244 Therefore, we will screen 

diphenylthiazoleamines possessing either sulfonamide (-NHSO2R1) or sulfamide (-

NHSO2NH2) substituents to evaluate their COX-1 and COX-2 inhibition activity in vitro. 

In the current work, we investigated the effect of a 5-membered thiazole 

containing diphenyl derivatives as inhibitors of Aβ aggregation. Computational modeling 

studies suggest that the electron deficient thiazole ring was interacting in the KLVFFA 

regions of the Aβ-dimer assemblies via nonpolar and polar interactions. This suggests 
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that other 5- and or 6-six member rings can be investigated to study their anti-aggregation 

properties. Most of the Aβ aggregation inhibitors reported to date posses planar, fused 

ring systems, whereas our study has shown that even diphenyl derivatives, possessing a 

central thiazole-amine ring possess anti-Aβ activity.192 Other electron-rich and electron-

deficient 5- and 6-membered rings such as a thiazole, oxazole, pyridine and pyranone can 

replace the thiazole ring as part of a broad SAR study (Figure 91). These proposed SAR 

studies can provide additional information on the structural requirements to design novel 

small molecules as chemical tools to study aggregation and as potential AD therapeutics. 

 

Figure 91. Suggested SAR strategies based on varying the central rings for future studies 

In summary, our work led to the discovery of a novel class of diphenylthiazole-4-

amine based small molecules as Aβ aggregation inhibitors. The significance of this study 

lies in the fact that several compounds from this class were able to prevent the 

aggregation of Aβ42, which is the more toxic form of Aβ. In addition, past research has 

demonstrated that developing inhibitors of Aβ42 is more challenging compared to 

developing Aβ40 aggregation inhibitors. Therefore, it was pleasing to see the 

S

N
NH

R

N,4-Diphenylthiazol-2-amines

S
NH

R

N,4-Diphenylthiophen-2-amines

O

N
NH

N,5-Diphenypyridin-3-amines

R

R

N

NH

N,4-Diphenyloxazol-2-amines

R

O

NH

5-Phenyl-3-(phenylamino)-2H-pyran-2-one
O



 195 

effectiveness of diphenylthiazol-4-amines toward Aβ42 aggregation. Significantly, there 

were also able to demonstrate their activity in cell culture model where they offered 

neuroprotection by preventing both Aβ40 and Aβ42 mediated cytotoxicity. The 

marketing of aducanumab, the first anti-Aβ therapy has given a new lease of life to the 

amyloid cascade hypothesis of AD pathogenesis. Under this scenario, our research will 

stimulate further research in discovering novel therapies for AD. 
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Appendices 
 

Appendix 1: Sample Spectra for Chapter 3 

4-(3,4-Dimethoxyphenyl)-N-phenylthiazol-2-amine (1d) 
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4-(3-Nitrophenyl)-N-phenylthiazol-2-amine (1f) 
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4-(3,4-Difluorophenyl)-N-phenylthiazol-2-amine (1j) 
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4-(4-Aminophenyl)-N-phenylthiazol-2-amine (2a) 
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Appendix 2: Sample Spectra for Chapter 4 

N-Methyl-N-diphenylthiazol-2-amine (3a) 
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4-(4-Methoxyphenyl)-N-methyl-N-phenylthiazol-2-amine (3c) 
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4-(4-Chlorophenyl)-N-methyl-N-phenylthiazol-2-amine (3g) 
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4-(3-Aminophenyl)-N-methyl-N-phenylthiazol-2-amine (4b) 
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Appendix 3: Sample Spectra for Chapter 5 

N-(4-(2-Phenylamino)thiazol-4-yl)phenyl)ethanesulfonamide (5c) 
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2,2,2-Trifluoro-N-(4-(2-(phenylamino)thiazole-4-yl)phenyl)-2-ethane-1-sulfonamide 
(5g) 
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 268 

(4-(2-(Phenyl)amino)thiazole-4-yl)benzenesulfamide (5i) 
 

 
 

S

N
N
H

1

2
3

4

3
4

5i

H2NO2SHN



 269 

  
 
 
 
 



 270 

  
 
 
 
 



 271 

 
 
 
 



 272 

Appendix 4: Sample Spectra for Chapter 6 

N-(4-(2-(Methyl(phenyl)amino)thiazol-4-yl)phenyl)methanesulfonamide (6a) 
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N-(3-(2-(Methyl(phenylamino)thiazol-4-yl)phenyl)methanesulfonamide (6b) 
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N-(4-(2-(Methyl(phenylamino)thiazol-4-yl)phenyl)propane-2-sulfonamide (6e) 
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2,2,2-Trifluoro-N-(3-(2-(methyl(phenylamino)thiazol-4-yl)phenyl)ethane-1-
sulfonamide (6h) 
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Appendix 5: Sample Spectra for Chapter 7 

N,2-Diphenylthiazol-4-amine (7a) 
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N-(4-Fluorophenyl)-2-phenylthiazol-4-amine (7c) 
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N-(3,5-Difluorophenyl)-2-phenylthiazol-4-amine (7d) 
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Cytotoxicity at 10 µM 
 

 
Figure 92. Percentage viability of the N,4-diphenylthiazol-2-amines and regioisomer (10 
µM) in HT22 cells in the absence of Aβ was assessed by MTT assay after 24 h 
incubation at 37 °C. 


