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Abstract 
 

 

 

Alzheimer’s Disease (AD) is the most prominent of all the types of dementias.  It’s a 

neurodegenerative disease that affects the central nervous system (CNS) and general 

symptoms includes a decline in cognitive abilities (memory, problem-solving, and paying 

attention) and non-cognitive side effects such as anxiety, depression, apathy and psychosis.  

AD can be divided into early-onset familial AD (EOFAD) and late-onset AD (LOAD), caused 

by gene mutations and with CNS changes during aging respectively.  The latter route cause 

is found to be the most prevalent.  In 2013, an estimated 5.2 million Americans of all ages 

were diagnosed with AD.  The number of AD cases is rapidly escalating and it’s approximated 

that by the mid-21st century, an individual in the United States will develop AD every 33 

seconds.   

On a cellular level, AD is characterised by the presence of extracellular plaques containing 

the beta-amyloid protein (Aβ), intracellular neurofibrillary tangles (NFTs) of hyper-

phosphorylated tau protein and microgliosis (neuro-inflammation).  The most dominant 

neuronal loss is in the cholinergic system but dysfunctions of the dopaminergic systems have 

been found to be contributing factors.  The current clinically available medicinal agents for the 

treatment of AD include the three acetylcholinesterase (AChE) inhibitors (donepezil, 

rivastigmine, galanthamine) and one non-competitive N-methyl D-aspartate (NMDA) 

antagonist (memantine).  However, because of the existence of compensating parallel 

pathways in such a complex disease, these drugs don’t address the underlying mechanisms 

and thus only provide symptomatic relief of AD.   

 

This study focused on a strategy based on the rationale that a single compound may have the 

ability to interact with multiple disease contributing targets, also known as multi-target-directed 

ligands (MTDLs).  This may deliver desired synergistic/potentiating effects, of which AChE 

and monoamine oxidase-B (MAO-B) inhibition are fundamental in this study.   

 

Coumarin analogues (4- and 7-substituted) were conjugated to selected structures 

(morpholine, piperidine, erucic acid) via etherification and esterification using conventional and 

microwave-assisted methods.  The microwave-assisted method proved more feasible in both 

yield and reaction time.  The final products were obtained as amorphous waxes or solids 

through chromatographic and/or crystallisation procedures using appropriate organic solvents.  
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NMR and MS spectroscopic methods were implemented to confirm the correctness of the final 

newly synthesized structures.   

 

The synthesised derivatives were evaluated for their in vitro activities as MAO-B and AChE 

inhibitors.  A fluorometric assay using kynuramine as substrate was used to determine the 

MAO-B activities of the compounds.  Recombinant hMAO-B was used as the enzyme source 

and the results of the enzyme inhibition were expressed as IC50-values.  The 

acetylcholinesterase from Electrophorus electricus / electric eel hydrolysis (EE AChE) of 

DTNB [5,5’di thiobis(2-nitrobenzoic acid] was utilised to test compounds for AChE activity. The 

EE AChE enzyme inhibition results were expressed as percentage at both 1 µM and 100 µM 

concentrations.   

 

Computer aided molecular modelling studies were conducted using Accelrys® Discovery 

Studios® V3.1.1 software utilising the published hMAO-B (2V61) and hAChE (4EY7) crystal 

structures.  The prepared proteins were typed with the CHARMm forcefield, ionised, 

protonated (pH 0 – 14) and energy minimised.  The structures of the test compounds were 

docked in the active sites of the enzymes using the CDOCKER® module.   

 

The coumarin-morpholine ether conjugate, BPR 10 (4-[2-(morpholin-4-yl)ethoxy]-2H-

chromen-2-one) proved to be the most promising hMAO-B inhibitor with an IC50 of 0.372 µM.  

The coumarin-piperidine conjugates, BPR13 (4-methyl-7-[2-(piperidin-1-yl)ethoxy]-2H-

chromen-2-one) and BPR12 [(7-[2-(piperidin-1-yl)ethoxy]-2H-chromen-2-one)] were the most 

potent inhibitors of EE AChE with an inhibitory activity of 57.43 % at 100 µM and 30.90 % at 

1 µM respectively.   

 

The docking studies, showed that the morpholino-coumarin compound, BPR 10 was able to 

occupy both the entrance and substrate cavities of the active site of MAO-B.  The results 

demonstrated that the coumarin moiety occupies the substrate cavity while the morpholine 

moiety is present in the entrance cavity.  BPR10 shows Pi-interactions with residues CYS172, 

LEU171 and ILE198, and a relatively strong H-bond is present between the pyrone ring and 

CYS172.  The coumarin entity of the compound is positioned in the “aromatic cage” of the 

substrate cavity.  BPR13 occupied both the peripheral anionic site (PAS) and the catalytic 

anionic site (CAS) of hAChE, with the coumarin positioned in the PAS region, the linker in the 

gorge (between the PAS and CAS regions) and the piperdine entity in the CAS region.  BPR13 

formed Pi-interactions with TRP286 and TYR341, and a H-bond with TYR72 in the PAS.   
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It is concluded that the coumarin structure serves as an effective pharmacophoric multi-target-

directed ligand scaffold and that conjugated compounds of coumarin has the potential to 

exhibit both MAO-B and AChE inhibition.  This multi-target-directed approach may have the 

potential to delay the incidence and/or the progression of AD and serves as a basis for further 

studies, amongst others, in vivo investigations.   
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Opsomming 
 

 

 

Alzheimer se siekte (AD) is die algemeenste van al die tipes van dementia.  Dit is ‘n 

neurodegeneratiewe siekte wat die sentrale senuweestelsel (CNS) aantas.  Algemene 

simptome van AD sluit in ‘n afname in kognitiewe vermoë (geheue, probleemoplossing en 

konsentrasie) asook nie-kognitiewe effekte byvoorbeeld angs, depressie, apatie en psigose.  

AD kan verdeel word as vroeë-manifisterende-familiële AD (EOFAD) en laat-manifisterende 

AD (LOAD).  Dit word veroorsaak deur mutasies van gene en veranderinge in die CNS met 

ouderdom.  Laasgenoemde wyse van AD ontwikkeling kom die meeste voor by pasiente.  In 

2013 was daar na raming ongeveer 5.2 miljoen Amerikaners van alle ouderdomme met AD 

gediagnoseer.  Die insidensie van AD styg voordurend en daar word voorspel dat teen die 

middel van die 21ste eeu, die aantal AD pasiënte in die VSA elke 33 sekondes met een sal 

toeneem.   

Op sellulêre vlak word AD gekarakteriseer deur die teenwoordigheid van:  ekstrasellulêre 

plaatjies bestaande uit Beta-amyloïde proteïen; intrasellulêlere neurofibrillêre knope (NFTs) 

saamgestel uit hiper-gefosforileerde tau en mikrogliosis (neuro-inflammasie).  Die verlies van 

neurone vind hoofsaaklik in die cholinergiese sisteem plaas, maar daar is bevind dat 

bydraende faktore ontwikkel agv disfunksies vanuit die dopaminergiese stelsel.  Huidige 

beskikbare geneesmiddels vir die behandeling van AD behels die drie asetielcholienesterase 

(AChE) inhibeerders (donepisiel, rivastigmien en galantamien) asook ‘n nie-kompeterende N-

metiel-D-aspartaat (NMDA) antagonis (memantien).  In komplekse siektetoestande is daar 

egter kompenserende, parallelle weë teenwoordig met die gevolg dat die bogenoemde 

geneesmiddels slegs simptomatiese verligting verskaf en nie die onderliggende meganismes 

behandel nie.   

 

Hierdie studie is gebasseer op die beginsel dat n enkele verbinding oor die vermoë kan beskik 

om met meer as een teiken kan  reageer wat tot die patologie van die siekte bydra.  Hierdie 

ligandbenadering staan bekend as “meervoudige teikengerigte ligande” (MTGLe) “(multi-

target-directed ligands (MTDLs)”.  Hierdie benadering hou die potensiaal in dat gewenste 

sinergistiese effekte moontlik is waarvan AChE en monoamienoksidase-B (MAO-B) inhibisie 

fundamenteel is tot hierdie studie.   
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Kumarienanaloë (gesubsidieerd op posisies 4 en 7) is gekonjugeer met geselekteerde, 

strukture (morfolien, piperidien en erusiek suur) deur veretering en verestering deur gebruik 

te maak van konvensionele asook mikrogolfmetodes.  Hierdie studie  het aan getoon dat die 

mikrogolfmetode meer voordele inhou in terme van verhoogde opbrengs en verminderde 

reaksietyd as die standaard metode.  Die finale produkte is deur chromatografie prosedures 

as wasse of amorfe vaste stowwe verkry of deur kristallisasie prosedures deur die gepaste 

organiese oplosmiddels te gebruik.  KMR- en MS-spektrofotometriese tegnieke is gebruik om 

die strukture van die gesintetiseerde verbindings te bevestig en te karakteriseer.   

 

Die gesintetiseerde verbindings is in vitro as inhibeerders van MAO-B en AChE getoets.  

MAO-B aktiwiteit van die verbindings is fluorometries bepaal deur gebruik te maak van 

kynuramien as substraat.  Rekombinante hMAO-B is as bron van die ensiem gebruik en die 

resultate van MAO-B ensiem inhibisie is as IC50-waardes uitgedruk.  AChE-inhibisie is ook 

spektrofotometries bepaal gebasseer op die beginsel van die hidrolise van DTNB [5,5 di-tiobis 

(2-nitrobensoësuur)] deur EE AChE (Asetielcholienesterase afkomstig van ‘n elektriese 

paling).  Die resultate van EE AChE ensiem inhibisie is weergegee as persentasie van beide 

1 µM en 100 µM konsentrasies.   

 

Rekenaar gebaseerde molekulêre modellering is uitgevoer deur gebruik te maak van 

Accelrys® Discovery Studios® V3.1.1 sagteware met die gepubliseerde hMAO-B (2V61) en 

hAChe (4EY7) kristalstrukture.  Die voorbereide proteine is geprogrameer met die CHARM® 

elektoniese kragveld, geïnosieer, geprotoneer (pH 0 - 14 ) en energieminimaliseringssiklus.  

Passing van die strukture van die gesintetiseerde inhibeerders is in die aktiewe setels van die 

ensieme is met behulp van die CDOCKER® module gedoen.  Hierdeur is die sleutel ligand-

ensieminteraksies geïdentifiseer.   

In vitro studies het getoon dat die kumarien-morfolien eterkonjugaat BPR10 (4[2-(morfien-4-

iel)etoksie] 2H-chromeen) die mees belowendste inhibeerder van hMAO-B was met ‘n IC50-

waarde van 0.372 µM.  Die kumarien-piperidien eterkonjugaat, BPR13 (4-metiel-7-[2-

(piperidien-1-iel)etoksie]-2H-chromeen) en BPR12 [(7-[2-(piperidien-1-iel)etoksie]-2H-

chromeen)] was die mees belowendste inhibeerders van EE AChE met inhibisie van 57.43 % 

by 100 µM en 30.90 % by 1 µM onderskeidelik. 

Die molekulêre modelleringstudies het aan getoon dat die morfolieno-kumarien, BPR10 het 

beide die ingangs- en substraatsetels beset, met die kumarien teenwoordig in die 

substraatsetel terwyl die morfolien in die ingang van die aktiewe setel van hMAO-B beset.  

BPR10 toon Pi-interaksies met CYS172, LEU171 en ILE198  asook ‘n sterk H-binding tussen 
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die piroon ring van die kumarien en CYS172.  Die kumarienfarmakofoor is ook geleë in die 

“aromatiese hok” van die substraatholte.  BPR13 beset beide die perifere anioniese gebied 

(PAS) en die katalitiese anioniese gebied (CAS) van die aktiewe setel van hAChE.  Die 

kumarien is teenwoordig in die PAS, die verbindingketting in die kloof (area tussen die PAS 

abd CAS areas) en die piperdien in die CAS area.  BPR13 vorm Pi-interaksies met TRP286 

en TYR341 asook ‘n H-binding met TYR72 in die PAS area.   

 

Die resultate toon dat die kumarien struktuur kan dien as ‘n effektiewe farmakoforiese 

“meervoudige teikengerigte ligand (“multi-target-directed ligand”) bousteen en dat die 

gekonjugeerde kumarienverbindings oor die potensiaal beskik om beide MAO-B en AChE 

ensieme te inhibeer.  Hierdie “meervoudige teikengerigte ligand” benadering het die moontlike 

potensiaal om AD se ontwikkeling en progressiewe patologie te voorkom of te vertraag.  Die 

resultate van hierdie studie dien as ‘n grondslag vir verdere navorsing, wat in vivo studies 

insluit.   
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Introduction 
Chapter 

1 

1.1 OVERVIEW.   

Alzheimer’s Disease (AD) is a neurodegenerative disease that affects the central nervous 

system (CNS) of the elderly population.  It’s associated with a decline in cognitive abilities 

(learning and memory) and non-cognitive (e.g. anxiety, depression, apathy and psychosis).  

Risk factors are mainly aging, but also include cardiovascular diseases, obesity, diabetes and 

genetic factors.   

1.1.1  Prevalence.   

In 2013, an estimated 5.2 million Americans of all ages had AD.  This includes an estimated 

5 million people age 65 and older (late-onset AD abbreviated LOAD; Hebert et al., 2013), and 

200,000 individuals under the age 65 (early-onset AD / EOAD).  Once afflicted with AD, the 

average lifespan is about 8 – 10 years (Small et al., 1997).   

The prevalence of AD in the USA is one in nine people age 65 and older (11 %); about one-

third of age 85 and older (32 %), 13 % of ages 65 – 74, 44 % in the age group 75 – 84 and 4 

% under 65 (Hebert et al., 2013).  This implies that one person in the United States develops 

AD every 68 seconds.  It’s estimated that by the mid 21st century someone in the United States 

will develop AD every 33 seconds (Alzheimer’s Association, facts and figures, 2013).   

In 2015, 46.8 million people are living with dementia worldwide 

(http://www.worldalzreport2015.org/).  Statistics predicts that in 2050, someone in the world 

could develops this neureodegenarive disorder every 3 seconds (Table 2.2, Figure 2.4).   

 

1.1.2.  Classification.   

AD exists in both familial and sporadic forms (Chapter 2; section 2.1.2).  Familial forms are 

caused by mutations in single genes that are inherited and this accounts for approximately 

5% of the AD cases.  On the contrary, sporadic forms consists of multifactorial etiology and 

are significantly more prevalent (Serretti et al., 2007).   
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1.1.3.  Pathogenesis and Pathology.   

AD progresses to affect limbic structures, subcortical nuclei and cortical regions, thus 

influencing multiple neurotransmitter systems.  The most dominant neuronal loss is in the 

cholinergic system (Perry, 1986; Fibiger, 1991), where cholinergic neurons and the number of 

nicotinic acetylcholine receptors (nAChRs) declines in the hippocampus and cortex (Paterson 

and Nordberg, 2000; Perry et al., 2000).  This atrophy of the hippocampus can spread to the 

amygdala. (Mott et al., 2005).  Non-cognitive behavioral and neuropsychiatric symptoms often 

accompany AD (Assal & Cummings, 2002) and usually arise from the dysfunction of the 

serotonergic and dopaminergic systems (Assal et al., 2002; Erkinjuntti, 2002).  The 

pathogenesis of AD can grossly be categorised into: the amyloid pathology, the tau pathology 

and microgliosis (neuro-inflammation) with neuronal loss.   

The characteristics of AD include the accumulation extracellular plaques containing the beta-

amyloid protein (Aβ) and intracellular neurofibrillary tangles (NFTs) of hyperphosphorylated 

tau protein (Figure 1.1 and Figure 1.2).  A direct relationship between neuronal synapse 

degeneration and Aβ deposition (Saido T.C. 2003) have been demonstrated.   

 

 

 

Figure 1.1:  Chronology of the major AD pathological events; senile plaques and neurofibrillary tangles 
(Saido T.C. 2003).   
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Figure 1.2:  The cascade of events currently hypothesised to comprise the pathophysiology of AD 

(Salloway et al., 2008).   

 

1.1.4. Current Treatment Regime 

No single ‘’magic bullet’’ to prevent or cure AD exists and current treatment only provide 

symptomatic relieve that doesn’t significantly address the underlying neurodegeneration and 

pathophysiology of the disease (Kasa et al., 1997; Gualtieri et al., 1996).   

The U.S. Food and Drug Administration (FDA) has approved four drugs for AD treatment; 

three acetylcholinesterase (AChE) inhibitors and one non-competitive N-methyl D-aspartate 

(NMDA) antagonist.  For mild to severe AD, Donepezil, Rivastigmine or Galantamine 

temporarily maintains cognitive abilities and behavioural symptoms.  Memantine has been 

implemented for symptomatic treatment of AD patients (Mobius, 2008; Winblad et al., 2003; 

Rogawski et al., 2003; Reisberg et al., 2003).   

1.1.4.1.  Donepezil.   

Donepezil (Figure 1.3) is a selective, reversible acetylcholinesterase inhibitor (AChEI), 

available in 5 and 10 mg dosages.  Treatment is usually initiated at 5 mg/day and gradually 

increased to 10 mg/day.  An extended release formulation (23 mg/day) is available (Burns et 

al., 1999; Anand et al., 2000; Farlow et al., 2010).   
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1.1.4.2.  Rivastigmine.   

Rivastigmine (Figure 1.3) is an AChEI and buturylcholinesterase (BChEI) inhibitor.  Treatment 

is initiated at 1.5 mg twice daily (b.d.) and gradually increased 6 mg b.d.  (Birks, 2006; Raina 

et al., 2008).   

1.1.4.3. Galanthamine.   

Except for its AChE inhibitory effect, galanthamine (Figure 1.3) is a nicotinic acetylcholine 

receptor agonist. (Lanctôt et al., 2009).  Treatment is initiated at 4 mg b.d. and increased 

gradually to 12 mg b.d.   

1.1.4.4.  Memantine.   

In the U.S. and Europa, Memantine (Figure 1.3), an N-methyl D-aspartate (NMDA) antagonist 

is used to block the toxic effects (Ca2+ influx and excess glutamate) of moderate to severe AD.  

Treatment is initiated at 5 mg once daily, but may be increased to 10 – 20 mg/day and 

gradually increased to 28 mg/day (Reisberg et al., 2003).   
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Figure 1.3:  Current treatment regime for AD.   

1.2.  THE MULTI-TARGET-DIRECTED LIGAND (MTDL) AND 

DISEASE MODIFYING THERAPY APPROACH.   

Drug discovery research have for many decades followed the approach that a primary single 

mode of pathophysiology is key to the development of a disorder, requiring highly specific and 

selective compounds for single target interaction.  This one-molecule, one-target paradigm 

have been utilised reasonably successful for disorders where a single target has been 

identified.   
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However, it became increasingly evident with the introduction of molecular biology, 

pharmacogenomics and other biochemical fields that the underlying mechanisms of disease 

are significantly more complex.  Additionally, cells can compensate during drug intervention, 

by amongst others, the existence of parallel pathways (Frant et al., 2005; Mencher et al., 

2005), adding to the complexities and leading to failures in therapy.  Thus, drugs interacting 

with a single target may therefore be ineffective for the treatment of diseases such as 

neurodegenerative and other complex diseases which involve multiple pathogenic factors.  A 

new strategy is emerging based on the rationale that a single compound might be able to 

interact with multiple targets (Figure 1.4) for the treatment of neurodegenerative diseases.  

For AD disease-modifying therapies there are three guiding issues: firstly, the disease arises 

not from a single cause but from multiple potential targets resulting in the cumulative effects 

in the pathiophysiological outcome of the disease; secondly, the disease is continuous, 

presenting with gradual progression affecting more biological systems; and thirdly, that as the 

population ages, the public health burden posed by AD will increase worldwide (Duara et al., 

2009).   

 

(A) 

 

(B) 

 

Figure 1.4:  The one-molecule, one-target paradigm (A) versus the MTDL (B) approach.   

 

1.3.  MEDICINAL CHEMISTRY RATIONALE.   

The medicinal chemistry of the structures being studied in this field presented opportunities to 

design novel structures with multiple modes of interaction at multiple targets.  Below are 

presented some of the rational approaches to supports the current study.   
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Table 1.1:  Selected moieties in this study utilising highhroug put in silico screening.    

O OOH  

7C (7-Hydroxycoumarin) 

O O

CH3

OH  

4MC (7-Hydroxy-4-methyl coumarin) 

O

OH

O  

4C (4-Hydroxycoumarin) 

NH

O

 

Morpholine 

NH
 

Piperidine 

CH3 OH

O

 

Erucic Acid 

S

 

Thiophene 

1.3.1  Coumarin.   

Dimmerisation has proven to be a promising approach with numerous advantageous 

properties like bis(7)tacrine, also known as bis(7)cognitin (Pang et al., 1996), with selective 

inhibiton of AChE (Rakonczay 2003), a 1000-fold increase in AChE inhibition potency and with 

double interaction with both the active and peripheral sites of AChE.  It thus has the ability to 

inhibit AChE-induced Aβ aggregation as well (Inestrosa et al., 1996).  It also has 

neuroprotective effects related to the interaction with β-secretase enzyme (BACE-1), NMDA 

and GABAA receptors. (Fang et al.; 2010; Fu et al.; 2009; Li et al., 2009).  Its numerous 

additional neuroprotective properties include protection against Aβ induced neuronal 

apoptosis, the regulation of L-type voltage-dependent calcium channels (VDCCs), which in 

turn causes a decrease of intracellular Ca2+concentration (Fu et al., 2006), and counteracting 

oxidative stress induced by H2O2.  All the above advantages prompted us to investigate the 

effects of certain dimer coumarin analogues.   

 

1.3.2  Piperidine 

Some piperdine acts as γ-secretase modulators, which also exhibits high in vitro and in vivo 

potency against Aβ42 peptide (Oehlrich et al., 2013; Close et al., 2012; McBriar et al., 2008; Li 

et al., 2007; Josien 2007) and inhibitory activities against Aβ42 aggregation and AChE-induced 

Aβ aggregation (Kwon et al., 2007).  Some piperidine hybrids also exhibits moderate to good 

AChE inhibitory activity (Kumar et al., 2013; Meng et al., 2012; Girisha et al., 2009), while 

other have the advantage of good metal-chelating ability (Meng et al., 2012).  Another 

piperidine compound, 1-((3-bzl-3-methyl-2,3-dihydro-1-benzofuran-6-yl) carbonyl) piperidine 

(MDA7) proved to promote Aβ clearance and restore synaptic plasticity, cognition and memory 

(Wu et al., 2013).   
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1.3.3.  Morpholine 

Morpholine conjugates revealed the ability to decrease metal-induced (Fe and Cu) Aβ 

aggregation (Jones et al., 2012).  While some compounds e.g. [(G3)-Mor] significantly reduced 

the Aβ toxicity (Klajnert et al., 2012), other morpholine hybrids act as muscarinic receptor 1 

agonists, enhance memory function in animal models of Alzheimer's presenile dementia and 

also modulate APP secretion (Malviya et al.; 2009; Kumar et al., 2008).   

 

1.3.4  Thiophene 

Some thiopene compounds are endowed with AChE inhibitory activity (Jeyachandran et al., 

2013; Bharate et al., 2009; Pietsch et al., 2005).   

 

1.3.5.  Eruric acid 

Erucic acid (cis-13-docosenoic acid), is a monounsaturated omega-9 fatty acid which is 

present in wallflower seed, rapeseed oil and canola (20 - 54 %) (Sahasrabudhe, M. R. 1977), 

and in mustard oil (42 %).   

Erucic acid deficiency was detected in the early phase of neurodegeneration and this strongly 

supported it as supplement to counteract AD progression (Iuliano et al., 2013).   

Rapeseed were tested for inhibitory effects on Aβ25-35 – induced cell death and proved to offer 

protection against Aβ-mediated cell death (Okada et al., 2013).  Erucic acid is also described 

to reduce AD and dementias and serves as nutrient for the structure and function of the brain 

which determines visual, cerebral and intellectual abilities (Bourre, J.M. 2005).   

1.4.  AIMS AND OBJECTIVES OF THE STUDY.   

Considering the increase in AD worldwide incidence, mortality and the burden on the 

economy, together with current treatments available which only provides partial 

symptomatically relieve, designing novel drugs using a MTDL approach is of vital importance.   

 

In view of the multiple underlying pathology and the effects of the multi-modal mechanisms 

(Chapter 2) of AD – it was hypothesised that the coumarin chemical scaffold could serve as 

a suitable nucleus for the design of novel structures to interact with multiple targets relevant 

in AD.   

The coumarin structure with substitution in positions 7 and 4 allows for unique chemical 

modifications resulting in novel structures with the potential to address the multiple target 

http://en.wikipedia.org/wiki/Monounsaturated_fat
http://en.wikipedia.org/wiki/Omega-9_fatty_acid
http://en.wikipedia.org/wiki/Fatty_acid
http://en.wikipedia.org/wiki/Wallflower
http://en.wikipedia.org/wiki/Rapeseed
http://en.wikipedia.org/wiki/Mustard_oil
http://www.ncbi.nlm.nih.gov/pubmed?term=Bourre%20JM%5BAuthor%5D&cauthor=true&cauthor_uid=15750663
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approach of the AD. Additionally, these modifications could effectively be implemented to 

ensure that the physical properties of the newly designed structures meet the required 

properties for successful ADME (absorption, distribution, metabolism, excretion) outcomes.   

 

The aims and objectives of the current study was therefor to successfully design novel 

structures that could meet the criteteria of multiple target interactions involved in AD and that 

could serve as potential therapeutic agents or novel leads for further design and discovery 

studies.   

 

The study design included the critical elements of a medicinal chemistry investigation as 

outlined below: 

i. Utilise molecular modeling and computational chemistry to design novel structures and 

investigate the interactions at the molecular level (target site directed) using amongst 

others protein crystallographic data.  Gain insight into the mode of interaction at these 

sites;  

ii. successfully synthesise the designed structures; 

iii. determine their structures using acceptable structure elucidation techniques; 

iv. Determine the pharmacological activities at the proposed targets using in vitro studies 

i.e. at the multifunctional targets (i.e. AChE and MAO-B); 

v. Present new opportunities for drug discovery in the field of AD. 
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Literature Overview 
Chapter 

2 

2.1  INTRODUCTION.   

Dr. Alois Alzheimer observed specific lesions in and around neurons in one of his patients, 

Auguste D., a 51 year old female admitted for presenile dementia.  More than a century ago 

he argued these specific lesions he described (Figure 2.1) were accountable for this dementia 

disorder (Alzheimer, 1911), which would later be known as Alzheimer’s Disease (AD).  AD is 

a neurodegenerative disorder accompanied with a decline in cognitive abilities (learning and 

memory), and non-cognitive symptoms (anxiety, depression, apathy and psychosis) which 

impairs patients’ quality of daily life.   

 

Figure 2.1:  Neurofibrillary tangles as drawn by Alois Alzheimer (Alzheimer, 1911).   

2.1.1. Pathology.   

The β-amyloid protein (Aβ) in plaques and the tau protein in tangles comprise the hallmarks 

of AD.  Thus, the accumulation of these extracellular plaques containing the Aβ protein and 

intracellular neurofibrillary tangles of hyperphosphorylated tau protein in the brain indicates 

presence of AD (Figure 2.2).   

Aβ plays a role in modifying synaptic transmission; and the beta-site amyloid precursor protein 

[APP] cleavage enzyme (BACE1) contributes to learning and memory development (Laird et 

al., 2005).  AD progresses to affect limbic structures, subcortical nuclei and cortical regions, 

thus influencing multiple neurotransmitter systems with the most prominent neuronal loss in 

the cholinergic system (Perry, 1986; Fibiger, 1991), where cholinergic neurons are 

progressively degraded causing a quantitative decline of nicotinic acetylcholine receptors 
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(nAChRs) in the hippocampus and cortex (Paterson et al., 2000; Perry et al., 2000).  This 

hippocampal atrophy can extend to the amygdala (Mott et al., 2005).  Non cognitive 

behavioural and neuropsychiatric symptoms often accompany AD (Assal et al., 2002) and 

usually arise from the dysfunction of the serotonergic and dopaminergic systems rather than 

the cholinergic systems (Assal et al., 2002; Erkinjuntti, 2002).   

 

ALZHEIMER’S DISEASE 

  

   Extracellular neuritic plaques Intracellular neurofibrillary tangles 

  

Amyloid Beta (Aβ)                            Tau 

Figure 2.2:  The hallmarks of AD.   

 

2.1.2.  Classification.   

A feature of in AD is the presence of familial (rare) and non-familial (common), the latter also 

frequently described as sporadic or idiopathic.  Familial forms are caused by mutations and 

inherited.  Only 5 % (or less) of all AD cases are due to early-onset familial AD / EOFAD (Ott 

et al., 1998; Tanzi 1999).  The common, sporadic form on the other hand consists of a 

multifactorial etiology, in which some genetic polymorphisms are known to act as predisposing 

factors (Serretti et al., 2007).   

Early-onset familial AD (EOFAD) is often transmitted as an autosomal dominant trait with 

onset ages below 65 years and is caused by exceptional, but highly penetrant mutations in 

genes namely Amyloid precursor protein (APP), Presenilin-1 (PSEN1) and Presenilin-2 

(PSEN2).  The majority of AD occurs after the age of 65, also known as late-onset AD (LOAD).  

LOAD is characterised by a more complicated and interlinked pattern of genetic and non-

genetic factors (Figure 2.3).   
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Figure 2.3:  Pattern of known and proposed AD genes.  Left Panel:  Mutations of the EOFAD genes 
(APP, PSEN1, PSEN2) which causes Aβ-production and neurodegeneration and AD.  
Right Panel:  The proposed LOAD genes.  These risk-factor genes and interwoven 
mechanisms leading to AD neurodegeneration (Sisodi, 2007).   

 

2.1.3. Prevalence.   

In 2006, 26.6 million cases of AD were reported worldwide (Table 2.1; range, 11.4 – 59.4 

million) and it is further predicted that by the year 2050, the worldwide AD prevalence will 

increase fourfold, up to 106.8 million (range, 47.2 – 221.2 million).  The reason for this increase 

is the increase in the general age of the world’s population (Brookmeyer et al., 2007).  

Whereas other major causes of death have been on the decrease, deaths attributable to AD 

increased 47 %.  Today, the disability weight of AD on individuals older than 60 years of age 

is larger than that of stroke, musculoskeletal disorders, cardiovascular disease, and cancer 

(World Health Report 2012).  An estimated 5.3 million Americans of all ages have AD. This 

figure includes 5.1 million people aged 65 years and older, and 200,000 individuals under age 

65 years with EOAD (Alzheimer’s Association, 2006).   

 

According to the Alzheimer's Association, one in eight persons aged 65 years and older (13 

%) has AD and every 70 seconds, someone in America develops AD (Alzheimer's Association, 

2009).  By the middle of the 21st century, someone will develop AD every 33 seconds 

(Alzheimer's Association, 2009).  Although AD and mortality from AD can occur in people 

under age 65, its primary occurrence is amongst the elderly.  As shown in Table 2.1, mortality 

rates from AD increase dramatically between the age groups of 65 to 74, 75 to 84, and 85 

years and older.   
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Table 2.1.:  United States AD death rates (per 100,000) by age, for 2000, 2004, and 2005 (Kung et al., 
2008).   

AGE (YEARS) 2000 2004 2005 

45-54 0.2 0.2 0.2 

55-64 2.0 1.9 2.1 

65-74 18.7 19.7 20.5 

75-84 139.6 168.7 177.3 

85+ 667.7 818.8 861.6 

 

 

 

Considering the worldwide population, 46.8 million people are living with dementia in 2015.  

It’s predicted in 2050, someone in the world could develops this neureodegenarive disorder 

every 3 seconds (Table 2.2, Figure 2.4).   

 

 

 

Figure 2.4:  Predicted worldwide prevalence of dementia from 2105 until 2050 
(http://www.worldalzreport2015.org/).   
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Table 2.2.:  Region coverage, with respect to the size of the elderly population in 2015 

(http://www.worldalzreport2015.org/).   

 

Region 

Over 60 

year old 

population 

(millions) 

Number of eligible 

dementia 

prevalence studies 

(additional since 

WAR 2009) 

Number of 

studies / 

10 million 

population 

 

Total 

population 

studied 

Total 

population 

studied / 

million 

population 

ASIA 485.83 144 (71) 3.0 420 143 865 

Australasia 5.80 4 (0) 6.9 2 223 383 

Asia Pacific, 
High 
Income 

 
52.21 

 
30 (8) 

 
5.7 

 
46 843 

 
897 

Asia, 
Central 

7.43 0 (0) 0 0 0 

Asia, East 218.18 89 (55) 4.1 342 231 1 569 

Asia, South 139.85 14 (7) 1.0 19 673 141 

Asia, 
Southeast 

61.72 6 (1) 1.0 7 144 116 

Oceania 0.64 1 (0) 15.6 2 029 3 170 

EUROPE 176.61 78 (17) 4.4 106 909 605 

Europe, 
Western 

107.89 71 (15) 6.6 104 447 968 

Europe, 
Central 

26.92 6 (2) 2.2 2 462 91 

Europe, 
Eastern 

41.80 1 (0) 0.2 
Not 

Available 
Couldn’t be 
calculated 

AMERICAS 145.51 34 (6) 2.3 94 875 643 

North 
America 

74.88 15 (2) 2.0 42 361 548 

Caribbean 5.78 5 (1) 8.7 24 625 4 260 

LA, Andean 5.51 3 (0) 5.4 3 465 629 

LA, Central 24.64 6 (2) 2.4 12 665 514 

LA, 
Southern 

9.88 1 (0) 1.0 4 689 475 

LA, Tropical 24.82 4 (1) 1.6 7 070 285 

AFRICA 87.19 17 (12) 1.9 18 126 208 

North Africa 
/Middle east 

39.83 6 (4) 1.5 8 371 215 

SSA, 
Central 

4.78 4 (4) 8.4 3 020 632 

SSA, East 19.86 1 (1) 0.5 1 198 60 

SSA, 
Southern 

6.06 1 (0) 1.7 150 25 

SSA, West 17.56 5 (3) 2.8 5 387 307 

WORLD 895.14 273 (106) 3.0 640 053 715 

 

http://www.worldalzreport2015.org/
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2.1.4. Current Treatment Regime.   

Four cholinesterase inhibitors (ChEIs), tacrine, donepezil, rivastrigmine, and galantamine, 

have been approved by the Food and Drug Administration (FDA) for the treatment of AD.  

Tacrine is available, however no longer marketed due to safety and tolerability concerns.  

Memantine, an N-methyl-D-aspartate (NMDA) receptor antagonist, is also approved in the 

United States and Europe for the treatment of moderate to severe AD (Figure 2.5).   

O

H

OH

N

 

 

N

NH
2

 

NH
2

 

 

Galantamine Tacrine Memantine 

N

H
O N

O

 

O

O

O

N

 

Rivastrigmine Donepezil 

Figure 2.5:  Current treatment regime for AD. 

2.1.5. Diagnosis.   

Typically, AD is noticeable by cognitive debility, with deficits in episodic memory, for example 

recalling recent events, losing items around the house, and recurrencing questioning.  As the 

disease advances, aphasia, apraxia, agnosia, and visuospatial difficulties and executive 

dysfunction arises.  Clinical diagnosis uses criteria of which the McKhann criteria published in 

1984 (McKhann et al., 1984) are the most widely implemented (Table 2.3).   

Table 2.3:  Criteria for probable Alzheimer's disease according to the Alzheimer’s Association 
(McKhann et al., 1984).   

1. Dementia established by clinical examination and confirmed by 
neuropsychological tests. 

2. Deficits in two or more areas of cognition, including memory impairment. 

3. Progressive worsening of memory and other cognitive functions. 

4. No disturbances of consciousness. 

5. Onset between ages 40 and 90. 

6. Absence of systemic disorders or other brain disease that in and of themselves 
could account for the progressive deficits in memory and cognition. 
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2.1.5.1. Medical history.   

Past medical history, co-morbidities, family and educational history are taken into account.   

2.1.5.2. Assessment of cognitive functions.   

Screening tests are employed both to assess cognitive functions and to detect patients who 

require more detailed investigation.  A number of neuropsychological tests which calculate 

memory, executive functions, language, praxis and visual-spatial abilities are employed.  The 

Mini-Mental State Examination (MMSE) are most commoly used which compensates for 

(Sikkes et al., 2009) higher and lower educated individuals (O’Bryan et al., 2008).   

2.1.5.2.1. Memory functions 

Episodic memory is impaired in early AD and is caused by atrophy of the entorhinal cortex in 

the hippocampus while retrieval of memory depends on the frontal lobe and subcortical 

structures.  The California Verbal Learning Test (Lange et al., 2002) or Buschke Free and 

Cued Selective Reminding test are employed (Salmon et al. 2002).  The ‘Logical Memory’ test 

or in the ’5 word’ test (Dubois et al., 2002) are implemented to distinguish between free and 

delayed recall, with high specifity and sensitivity.   

2.1.5.2.2. Executive functions.   

Decreased verbal fluency can be determined through the Wisconsin card sorting test (WCST) 

(Nagahama et al., 2005); reduced speed of processing rate with the Trail Making test 

(Zakzanis et al., 2005) and defects in automatic responses via the Stroop test (Kramer et al., 

2002).  

2.1.5.2.3. Language.   

The type and stage of dementia affects speech comprehension and production, reading and 

writing praxis and visual-spatial abilities.  The clock-drawing test can be performed in the case 

of AD (Figure 2.6).   

 

Figure 2.6:  Different images of clock drawings by patients with AD (Scheltens et al., 2009).   

The patient is requested to draw a clock with the time of 10 past 11 (Adapted from Cheltens 

et al., 2009).  The Boston Naming test (Coen et al., 1999) or the Graded Naming test (Ahmed 

et al., 2008) are also frequently used (Kawas et al., 2003).   
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2.1.5.3. Assessment of activities of daily living (ADL).   

The Disability Assessment for Dementia and the Bristol ADL are most useful informant-based 

questionnaires, however their complete psychometric properties are of moderate quality 

(Sikkes et al., 2009).  The Blessed Roth Dementia Scale and the Informant Questionnaire on 

Cognitive Decline in the Elderly can alternatively be used (Waldemar et al., 2007).   

2.1.5.4. Assessment of behavioural and psychological symptoms.   

‘’Behavioural and psychological symptoms of Dementia’’ (BPSD) is used to describe the non-

cognitive symptoms (apathy, psychosis, affective and hyperactive behaviours) of dementia 

(Aalten et al., 2008).  The Cornell scale for depression in dementia (CSDD) is sensitive and 

specific for detecting depression freely of the severity of dementia (Müller et al., 2005).   

2.1.5.5. Neuroimaging.   

The purpose of structural imaging in AD excludes other, potentially surgically treatable 

diseases and include specific findings for AD.  Hippocampal atrophy is best viewed on 

magnetic resonance imaging (MRI) and more modern type CT scanner (Wattjes et al., 2009) 

with sensitivity and specificity of 80 - 90 % (Scheltens et al. 2009; Wattjes et al. 2009; 

Scheltens et al.; 2002).   

Medial temporal lobe atrophy is prominent (Figure 2.7), but the atrophy pattern of the entire 

brain should be taken into consideration, rather than a secluded medial temporal lobe.   

 

 

Figure 2.7:  Coronal T1-weighted MRI scans of control (left) and AD patient (right), with both 75 of 
age.  The AD patient shows clear atrophy of the hippocampus (Scheltens et al., 2009).   

Universal atrophy and prominent medial temporal lobe athropy usually charachterises AD.  

But, atypical forms of AD, especially prevalent among younger AD patients have been 

described with prominent posterior atrophy, (Figure 2.8).   
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Figure 2.8:  EOFAD (age 51).  Left:  Parietal and posterior cingulate atrophy is pronounced.  Right:  
An intact medial temporal lobe (Scheltens et al., 2009).   

In AD, signs of small-vessel disease can be detected on MRI, called white matter 

hyperintensities (WMH) and lacunar infarcts (lacunes) (Figures 2.9 A and 2.9 B) and 

microbleeds (Figure 2.10).   

(A) 

 

(B) 

 

Figure 2.9:  (A):  Cerebrovascular pathology on axial fluid attenuated inversion recovery (FLAIR) MRI 
scans.  Confluent white matter changes (Fazekas scale 3).  (B):  Cerebrovascular 
pathology on axial fluid attenuated inversion recovery (FLAIR) MRI scans.  Lacunar 
infarcts in basal ganglia on both sides (Scheltens et al., 2009).   
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Figure 2.10:  Microbleeds on Flash/T2*/2D axial MRI scan.  Left:  mainly in the basal ganglia.  Right:  
predominantly located cortically (Scheltens et al., 2009).   

The use of functional neuroimaging [i.e., fluorodeoxy-glucose- (FDG-) PET and single photon 

emission computed tomography (SPECT)] increases dementia diagnosis.  A positive 

perfusion SPECT scan raised the likelihood of AD detection to 92 %, whereas a negative 

SPECT scan lowered the detection to 70 %.   

18FDG-PET revealed both sensitivity of 93 % and specificity of 63 % in the diagnosis of AD 

(Silverman et al., 2005) while FDG-PET is particularly useful in the differential diagnosis of AD 

from other dementias with specificity greater than 95 % (Panegyres et al., 2009).  

2.1.5.6. Electroencephalography (EEG).   

A low alpha frequency, elevated theta frequency and lower mean frequency according to EEG 

are characteristic for AD patients, (Jelic et al., 2009).   

2.1.5.7. Cerebrospinal fluid (CSF) analysis.   

The elevation of the 14-3-3 protein reveals neuronal loss and supports diagnosis of CJD (WHO 

manual for surveillance of human transmissible spongiform encephalopathies, (WHO 2011; 

Otto et al., 2002; Sanchez-Juan et al., 2006).  In the CSF of AD patients, decreased Aβ42 

levels and elevated total-tau are present.  It has a recorded sensitivity and specificity of 86 % 

and 90 % respectively (Blennow et al., 2003).   

2.1.5.8. Genetic testing.   

APP, PS1 and PS2 gene mutations elucidate 50 % of EOFAD (Chen et al., 2002).  The ApoE 

Ԑ4 allele is the only genetic factor consistently implicated in LOAD (Brouwers et al., 2008).   
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2.2. ENZYMES INVOLVED IN AD.   

Although AD neuronal loss is prominent in the cholinergic system, the dopaminergic and 

serotonergic systems are also affected (review section 2.1.1).  Therefore, in this section, 

multiple targets of importance in the AD neurodegeneration cascade will be briefly discussed 

followed by a summary and structure activity relationships (SAR) of derivatives containing the 

coumarin pharmacophore which are active on these systems.  Emphasis are placed on 

monoamine oxidase B (MAO-B) and acetylcholinesterase (AChE), but numerous other targets 

will also be considered.   

2.2.1.  Secretases.   

2.2.1.1.  Amyloid Precursor Protein (APP) secretases.   

APP is the precursor protein to the amyloid-β-protein (Aβ), the 40-42 amino acid residues 

component of senile plaques in AD patients which forms the amyloid hypothesis of AD.  APPs 

infusion into animal brain resulted in increased synaptic density and enhanced memory 

function (Roch et al., 1994; Meziane et al., 1998), and stimulated neurite outgrowth  This 

phenotype is compatible with the up regulation of APP expression during neuronal maturation 

(Hung et al., 1992).  Injection of APP antibodies directly into the brain caused impairment in 

behavioural tasks in adult rat (Meziane et al., 1998).  Binding sites for APPs in epidermal 

growth factor (EGF)-responsive neural stem cells is located in the subventricular zone (Caille 

et al., 2004).  The reduction in APP levels in CSF of AD patients, together with a decrease of 

other growth factors in the brain, are of importance.   

APP is a type I membrane protein with two sites of cleavages, one in the extracellular domain 

(β-secretase cleavage) and the other in the transmembrane region (γ-secretase cleavage), 

which are pivotal for Aβ release (Figure 2.11).  Amyloidogenic processing (β-secretase 

cleavage) is the preferred pathway of APP metabolism in neurons due to the greater 

abundance of beta-site amyloid presurcor protein cleavage enzyme (BACE1), while the non-

amyloidogenic pathway (γ-secretase cleavage) is present in all other cell types.  APP can be 

modulated by the activation of cell-surface receptors e.g. serotonin 5-hydroxytryptamine (5-

HT4) receptor, matabotropic glutamate receptor, muscarinic acetylcholine receptors and 

platelet-derived growth factor receptor.  In turn, downstream signalling regulates Aβ secretion 

by intermediates such as protein kinase C (PKC), protein kinase A (PKA), phosphatidylinositol 

3 kinase, mitogen-activated protein kinase, extracellular signal-regulated kinase, Src tyrosine 

kinase, small GTPase Rac, inositol 1,4,5-triphosphate, cyclic adenosine monophosphate 

(cAMP) and calcium.   
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Figure 2. 11:  Proteolytic processing of APP.  (A) Schematic structure of APP shown with Aβ domain.  
The major sites of cleavage by α-, β-, and γ-secretases are indicated along with Aβ 
numbering from the N-terminus of Aβ (Asp1).  (B) Non-amyloidogenic processing of APP 
refers to sequential processing of APP by membrane-bound α- and γ-secretases.  α-
secretases cleaves within the Aβ domain, thus precluding generation of intact Aβ 
peptide.  The fates of N-terminally truncated Aβ (p3) and APP intracellular domain 
(AICD) are not fully resolved.  (C) Amyloidogenic processing of APP is carried out by 
sequential action of membrane-bound β- and γ-secretases (Adapted from Sisodia, 
2007).   

APP is rapidly anterogradely transported in axons of both the peripheral nervous system 

(PNS) and central nervous system (CNS) (Kamal et al., 2001; Lazarov et al., 2002; Sheng et 

al., 2002, Sheng et al., 2003).  In the CNS, β- and γ-sectretase releases of Aβ peptides at 

axon terminals, modulate synaptic activity via NMDA receptor interactions (Kamanetz et al., 

2003).  Thus, Aβ might be involved in NMDA receptor trafficking and can cause synaptic 

dysfunction (Snyder et al., 2005).   

2.2.1.2.  β-secretase (BACE).   

Two vital enzymes β-secretase (BACE1 and BACE2) and γ-secretase have been identified as 

possible objects for therapeutic intervention (Vassar et al., 1999; De Strooper et al., 2003).  A 

very attractive approach in lowering Aβ is to inhibit β-secretase, generally referred to as beta-

site amyloid precursor protein [APP] cleavage enzyme (BACE1), a transmembrane aspartyl 
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protease responsible for N-terminal cleavage of the APP leading to the production of the Aβ 

peptide (Selkoe, 2002).   

Full- length APP undergoes consecutive proteolytic processing Figure 2.10:   

1. First, APP is cleaved via α-secretase (non-amyloidogenic pathway) or β-secretase 

(amyloidogentic pathway) within the luminal domain and liberates membrane-tethered 

α- or β-C terminal fragments (CTFs).  The dominant neuronal β-secretase is BACE1 

(β-site APP cleaving enzyme or Asp-2 or memapsin).  BACE1 cleaves APP within the 

ectodomain, generating the N-terminus of Aβ (Vassar, 2004).  Numerous zinc 

metalloproteinases includes TACE/ADAM17, ADAM9, ADAM10, MDC-9 and BACE2 

(Allinson et al., 2003).  This is located between residues Lys16 and Leu17 of the Aβ 

peptide.   

2. The second proteolytic event in APP processing is the intramembranous cleavage of 

α- and β-CTFs via γ-secretases, to yield p3 (3 kDa) and Aβ (4 kDa) peptides.  The 

minimum components of γ-secretase includes presenilin-1 or -2 (PS1 or PS2), 

nicastrin, anterior pharynx defective 1 homolog A (APH-1) and presenilin enhancer 2 

homolog (PEN-2) (Edbauer et al., 2003; Iwatsubo, 2004).  APP levels in concert with 

levels and activities of BACE1 plays a critical role in the susceptibility and pathogenesis 

of AD (Wong et al., 2002).  In the CNS, Aβ peptides are produced by two enzymes:  

BACE1 which generates APP-β carboxyl terminal fragments (APP- βCTFs) (Hussain 

et al., 1999; Sinha et al., 1999; Vassar et al., 1999; Yan et al., 1999; Lin et al., 2000) 

and cleavage of APP-βCTFs via the γ-secretase complex (Francis et al., 2002; De 

Strooper, 2003; Selkoe et al., 2003; Tagasuki et al., 2003) and ultimately causes Aβ 

peptide secretion.   APP also has the ability to be cleaved endoproteolytically through 

an non-amyloidogenic pathway involving an α-secretase via TNF-alpha Converting 

Enzyme (TACE) (Allinson et al., 2003), or BACE2 (Farzan et al., 2000; Yan et al., 

2001).  p3 Fragments are formed by γ-secretase cleavage of APP-αCTFs.  These α-

secretase and BACE2 cleavagespreclude the formation of Aβ peptides and are 

hypothesised to protect organs from Aβ amyloidosis.   

The APP-βCTFs or αCTF that are cleaved by γ-sectretase causes the release APP 

intracellular domain (AICD), which in turn forms a multimeric complex with the nuclear adaptor 

protein, Fe65, and the histone acetyltransferase, Tip60 (Cao et al., 2001; Baek et al., 2002).  

This complex formed between APP and Fe65 has also been implicated in neurite growth and 

synapse modification (Sabo et al., 2003).   

Then why do neurons form amyloid in the CNS while this occurrence is absent in other cells?  

The distributions and levels of BACE1 and BACE2/TACE, are the key determinants for CNS 

Aβ amyloidosis (Wong et al., 2001).  To support this, firstly, with the exception of the relatively 
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higher levels of BACE1 in the olfactory bulb, the levels of BACE1 in most regions of the brain 

appear to be uniform (Laird et al., 2005).  Secondly, neurons enriched in BACE1 and APP are 

conspicuous in presynaptic terminals in the hippocampus (Laird et al., 2005), a region critical 

for learning and memory and one that is vulnerable in AD.  APP is anterogradely transported 

in the CNS (Buxbaum et al., 1998; Lazarov et al., 2002; Sheng et al., 2002) and initial reports 

indicated that BACE1’s anterogradely transported to a greater extent than in the PNS (Kamal 

et al., 2001; Sheng et al., 2003).  Thirdly, physiologically high levels of BACE1 in neurons are 

coupled with low levels of α-sectretase and BACE2 activities.  In contrast, non-neuronal cells 

exhibit low levels of active BACE1 and high levels of BACE2 and/or α-sectretase activities 

(Laird et al., 2005).   

2.2.2.1.  Deletion of BACE1 and Aβ amyloidosis 

Studies with BACE1 ablation in APPswe; PS1ΔE9 mice were subjected to the Morris water 

maze task (Laird et al., 2005) and it was concluded that BACE1 ablation prevents cognitive 

abnormalities, thus suggesting BACE1 – inhibitors as potential treatment to addres AD.   

2.2.2.2.  BACE1 and APP processing in cognition and emotion 

Recent studies demonstrated that isoform-specific deletion of Fe65 is associated with memory 

deficits (Wang et al., 2004) and that interactions of the APP intracellular domain (AICD) with 

Fe65-dependent pathways are crucial for normal cognitive function.   

2.2.2.3.  Relevance to coumarin   

Garino and co-workers (2006), reported a series of coumarin analogues conjugated with 

phenyl-piperazine moieties (Figures 2.12 and 2.13), which demonstrated improved BACE1 

inhibitory activities (Garino et al., 2006).   
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Figure 2.12:  3,8-Substituted coumarin derivatives with BACE1 inhibitory activity (Garino et al., 2006).   

 

 



 Chapter 2 – Literature Overview  

23 
 

Index: X = 

O OO

N
H

O

N

X  

(7 - 9) 

7 N-Boc 

8 NH TFA 

 

9 SS

O

O

N

 

Figure 2.13:  BACE1 inhibitory activities of 4,7-Substituted coumarin derivatives (Garino et al., 2006).   

The coumarinyl compounds 2 and 3 revealed IC50 of 0.76 µM and 0.67 µM respectively, with 

the most potent inhibitor, compound 7 (IC50 = 0.093 µM).  Compound 7, (linked to the amide 

function via a methylene spacer) is of interest in the design of analogues with various lengths 

of linkers introduced between the heterocycles and the carbonyl of the amide group.  

Coumarins substituted in position 3 and containing the N-Boc group on the piperazine ring (1 

and 4) (IC50 = 1 µM and 2.4 µM respectively) has slightly decreased BACE1 inhibitory activity.   

2.2.2.3.  γ-Secretase.   

Aβ40 and Aβ42 are the main sites of γ-secretase cleavage.  More than 90 % of Aβ secreted is 

Aβ40, while Aβ42 is less than 10 %.  In addition, γ-secretase cleavage also liberates APP 

intracellular domain (AICD).   

2.2.2.  Presenilin (PS).   

Presenilins (PS1 and PS2) are highly hydrophobic proteins, consist of 467 and 448 amino acid 

residues, respectively (Sherrington et al., 1995).  Apart from its essential role in the proteolytic 

function of the γ-secretase, also participate in calcium homeostasis, neuronal signalling and 

trafficking, protein degradation, neurite outgrowth, apoptosis, memory and synaptic plasticity 

(Sisodia et al., 1999; Koo et al., 2004; Thinakaran et al., 2004).  Support that PS were 

catalytically active proteases originated from studies revealing that several γ-secretase 

inhibitors bound to PS (Esler et al., 2000; Li et al., 2000; Seiffert et al., 2000).   

Labelled inhibitors of γ-secretase specifically bound to the N-terminal fragment (NTF) and C-

terminal fragment (CTF) of presenilins, while full-length PS was not labelled, further 

suggesting that full length PS is an inactive precursor for the active dimeric form of PS (Figure 

2.14).  Thus, the catalytic centre of γ-secretase resides at the heterodimeric interface of PS 

fragments (Tomita et al., 2001; Wang et al., 2004).  Down regulation of Nicastrin (Nct) resulted 

in a loss of γ-secretase activity (Edbauer et al., 2000; Francis et al., 2002).  Nct comprises in 

Notch signalling pathway and Aβ generation in both fly and mouse (Chung et al., 2001; 

Edbauer et al., 2002; Hu et al., 2002; Li et al., 2003; Lopez-Schier et al., 2002).  

Downregulation of Aph-1 or Pen-2 levels causes a decrease in γ-secretase activity.(Francis 

et al., 2002; Lee et al., 2002; Tagasuki et al., 2003).  Thus, PS, Nct, Aph-1 and Pen-2 are the 
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essential components that constitute the γ-secretase complex and are vital for APP and Notch 

processing.   

 

Figure 2.14:  Components of γ-Secretase, the assembly and activation of the γ-secretase complex.  
Presenilin holoprotein (full-length) is rapidly degraded, whereas a fraction of presenilin 
is stabilised by binding to Nicastrin and Aph-1 (subcomplex).  Subsequent binding of 
Pen-2 to the ternary complex induces the endoproteolysis of presenilin and confers γ-
secretase activity.  Cylindrical colums represent the putative transmembrane domains of 
each component (Adapted from Sisodia, 2007).   

The dipeptide type γ-secretase inhibitor, DAPT (N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-

phenylglycine t-butyl ester) (Dovey et al., 2001) revealed decreases in cortical Aβ after acute 

administration of DAPT in mutant APP transgenic mice.   

2.2.3.  Inflammatory enzymes.   

Cell-based studies have demonstrated that non-steroidal anti-inflammatory drugs (NSAIDs) 

can alter γ-secretase (Weggen et al., 2001).  Some commonly used NSAIDs selectively inhibit 

Aβ42 generation, and consequently increase Aβ38 production (a less fibrillogenic species).  

Based on epidemiological evidence in arthritis patients, NSAID treatment reduced incidence 

and slowed AD progression, thus making NSAIDs prospective anti-AD candidates.  It is 

postulated that Aβ42-lowering NSAIDs bind to PS, changing its conformation and method of 

binding to APP (Lleό et al., 2004).   
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2.2.3.1.  Relevance to coumarin.   

7-hydroxycoumarin derivatives (Figure 2.15) were synthesised and investigated for their anti-

inflammatory effects on the expression of inflammatory enzymes, inducible nitric oxide 

synthase (iNOS) and cyclooxygenase-2 (COX-2) (Timonen et al., 2011).   
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Figure 2.15:  Derivatives of 7-hydroxycoumarin evaluated for effects on inflammatory enzymes 
(Timonen et al., 2011).   

 

The 7-hydroxycoumarins were exposed to the inflammatory stimulus lipopolysaccharide 

(LPS), which induced production of the pro inflammatory cytokine interleukin-6 (IL-6) that was 

monitored via concentration measurement in the cell culture medium by immunoassay.  In 

resting cells the IL-6 production was low, but this was significantly enhanced when cells were 

activated by LPS addition.  At a 100 µM concentration, compounds 10, and 16 inhibited IL-6 

production by more than 80 %, while compound 15 had an inhibitory effect of less than 30 %.  

Sandhya and co-workers (2011) synthesised coumarin derivatives using various aromatic and 

heterocyclic amines (Figure 2.16) and assayed these compound for anti-inflammatory COX-

2 inhibition (Sanhya et al., 2011).   
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24 o-OCH3-C6H5NH 31 1,3-thiazol-2-amino 

Figure 2.16:  Coumarin derivatives with anti-inflammatory activity (Sandhya et al., 2011).   

Compounds 29 to 31 revealed moderate anti-inflammatory and analgesic activities.  The 

activity of compound 30 started to decrease after 1 h, (probably due to metabolic instability), 

while compounds 21 and 26 revealed moderate activity and a decrease in activity after 3 h.  

Compound 31 was the most active among the series with good anti-inflammatory and 

analgesic activity that could be ascribed to the presence of heterocyclic substituent.  This SAR 

was confirmed by replacement of the heterocyclic ring with a substituted phenyl group, which 

resulted in a decrease in activity (Sandhya et al., 2011).   

 

A set of novel biscoumarin–chalcone hybrids was synthesised and evaluated for both their 

anti-inflammatory and anti-oxidant activity (Figure 2.17).  The tested compounds exhibited 

significant scavenging activities, thus revealing a template for the design of new anti-

inflammatory agents (Sashidhara et al., 2011).   
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Figure 2.17:  Biscoumarin–chalcone hybrids as anti-oxidants (Sashidhara et al., 2011).   

At 100 mg/kg, compounds 32, 33 and 34 (Figure 2.17) demonstrated 29 %, 26 %, and 33 % 

anti-inflammatory activity respectively, in comparison with 59.5 % with Ibuprofen as reference 

drug at the equivalent dose (Sashidhara et al., 2011).   

Compounds 37, 35 and 36 (Figure 2.17) illustrated weak anti-inflammatory activities of 8.77 

%, 3.5 % and 13 % respectively.  Compounds 37, 36 and 34 showed mild anti-oxidant activity 

and significant superoxide anion inhibition of 24 %, 30 % and 29 %, hydroxyl radical inhibition 

by 26 %, 21 % and 27 % and microsomal lipid peroxidation inhibition by 27 %, 24 % and 23 

%, respectively, (in contrast with Allupurinol as reference drug with 42 % inhibition in 

superoxide anions at 20 µg/mL, Manitol and α-Tocopherol with 40 % and 41 % inhibition of 

hydroxyl ions and microsomal lipid peroxidation at 100 µg/mL, respectively).  The most active 

anti-inflammatory agent was compound 37, which in addition had potent antioxidant activity, 

suggesting that the anti-inflammatory property of the compound might be partly due to its 

radical scavenging activity (Sashidhara et al., 2011).   

Tumour necrosis factor-alpha (TNF-α) and IL-6 are two major multifunctional pro-inflammatory 

mediators involved in a variety of autoimmune conditions such as pain and joint destruction, 

characteristics of rheumatoid arthritis (RA) (Josef et al., 2003).  TNF-α and IL-6 inhibitors may 

thus be of interest in AD (Figure 2.18), psychiatric disorders, cancer, diabetes, and depression 

(Handraskar et al., 2005; Rosler et al., 2001; Jahromi et al., 2000).   
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Figure 2.18:  4-styrylcoumarin derivatives as inhibitors of TNF-α and IL-6 with anti-tubercular activity 
(Upadhyay et al., 2011).   

A methoxy group on phenyl ring at m-position (e.g. compound 59) revealed promising TNF-α 

inhibitory activity, while substitution with a phenyl ring containing an electron withdrawing 

group resulted in molecules devoid of activity (compound 39 - 45).  An unsubstituted phenyl 

group (compound 38) retains good inhibitory activity of IL-6, while substitution weakens the 

inhibitory activity.  Compound 47, which contains a hydroxyl group at the p-position of the 

phenyl ring, had increased potency while bulky moieties results in inactive molecules 

(Upadhyay et al., 2011).  In contrast, molecules having bulky groups revealed good anti-

tubercular activity, as observed for compound 51 and 55 and electron withdrawing groups at 

the m-position of the phenyl ring (compounds 41 - 45) demonstrated increased activity.   

Promising activity against IL-6 was noted with compounds 38, 45 and 47 (72–87 % inhibition) 

while compound 59 exhibited significant TNF-α inhibitory activity (73 % inhibition at 10 µM).  

Compounds 51, 52, 55 and 58, on the other hand revealed 87 %, 72 %, 81 % and 79 % 

inhibition respectively against M. Tuberculosis H37Rv strain at <6.25 µM. These SAR might 

provide a potentially suitable tool for designing new molecules having selectivity and inhibitory 

activity towards TNF-α and IL-6.  Furthermore, the 4-styrylcoumarin moiety can be altered as 

a lead compound for anti-inflammatory or anti-tubercular agents (Upadhyay et al., 2011).   
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Eclipta alba Hassk (Asteraceae) have in important role in traditional Ayurvedic (native to India) 

and Unani (the middle-east and south-asia) systems of holistic health and herbal medicine.  

Its main constituents are wedelolactone and demethylwedelolactone (Figure 2.19).  Both 

these coumarins analogues reported to possess anti-inflammatory activities (Leal et al., 2000). 

O O

O

OH

OH

O  

Wedelolactone 

O O

O

OH

OHOH

OH  

Demethylwedelolactone 

Figure 2.19:  Structures of Wedelolactone and Demethylwedelolactone (Leal et al., 2000).   

2.2.4.  Protein kinases.   

Several systems have been observed to be abnormal in AD such as calpains which cleave 

p35 to p25 and could promote increased activity of kinases such as cyclin dependent kinase-

5 (cdk5) and glycogen synthase kinase 3 (GSK-3) (Grynspan et al., 1997; Grynspan et al., 

1997).  As mentioned earlier, one of the hallmarks of AD is the neurofibrillary tangles that 

consist of tau (see section 2.2.4.2).  Tau serve as a substrate for several kinases in vivo and 

in vitro and a large quantity of kinases have been reported to be associated with neurofibrillarly 

tangles in AD brains (Buee et al., 2001).  In cultured neurons or in normal animal brain, the 

two major kinases involved in abnormal tau phosphorylation appear to be GSK3 and cdk5 

(Planel et al., 2002; Maccioni et al., 2001).   

2.2.4.1.  Glycogen synthase kinase 3 (GSK-3).   

Glycogen synthase kinase 3 (GSK-3) is a serine/threonine protein kinase that mediates the 

incorporation of phosphate molecules onto serine and threonine amino acid residues.  In 

mammals, GSK-3 is encoded by two known genes, namely GSK-3α and GSK-3β.  The 

importance of GSK on tauopathy has also been supported following the observation that PS1 

can activate P13K/Akt signalling leading to inactivation of GSK-3, and that pathogenetic PS1 

mutations inhibit the PS1-dependent PI3K/Akt activation (Baki et al., 2004).  GSK-3 plays a 

pivotal role in AD, because it has been evident that it can be activated by Aβ and 

hyperphosphorylated tau protein (Avila et al., 2007).   

It’s hypothesised that altered ionic homeostasis and oxidative stress following Aβ 

accumulation change the balance between the phosphatases and kinases that regulate the 

level of phosphorylation of tau protein, leading to its hyperphosphorylation, separation from 

microtubules, abnormal accumulation and polymerisation with tangle formation, thus 
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ultimately causing synaptic dysfunction and axonal loss (Brion et al., 1998; Sorrentino et al., 

2007).   

Frost et al., (2009) confirmed that extracellular tau aggregates are absorbed by cultured cells.  

Internalised tau aggregates displace tubulin, induce fibrillisation of intracellular full-length tau 

and the ability to increase fibril formation of recombinant tau monomer in vitro.  Newly 

aggregated intracellular tau transfers between co-cultured cells and that tau aggregates can 

propagate a fibrillar, misfolded state (Figure 2.20) from the outside to the inside of a cell (Frost 

et al., 2009).   

Active GSK-3β Inactive GSK-3β 

 
 

Figure 2.20:  The effect of active and inactive GSK-3β on neurons (Frost et al., 2009).   

Relevance of GSK-3β in AD can be summarised as follows: 

1. Studies in rodent revealed that memory impairments in AD might be the consequence from 

increased GSK-3 signalling, which in turn impairs hippocampal memory formation and 

blocks synaptic long-term potentiation (LTP).   

2.  Increased GSK-3 signalling contributes to the formation of neurofibrillary tangles (NFTs) 

and amyloid plaques.   

3.  Increased GSK-3 signalling in AD mice caused abnormal APP processing, thus Aβ 

production is increased and neurotoxicity is induced (Giese, 2009).   

Notably, in addition to potentiating α-secretase, some muscarinic agonists seem to inhibit 

GSK-3 (Forlenza et al., 2000).  Limited information exists about the degradation of tau in vivo, 

but it is evident that inhibition of proteasome activity through injection of Epoxomicin negates 

the clearance of tau, supporting the concept that tau is, in part, cleared by proteasome (Oddo 

et al., 2004).   

Lithium has been illustrated to reduce tau hyperphosphorylation via inhibiting GSK-3β in cell 

culture (Lovestone et al., 1999) and in transgenic mice (Noble et al., 2005).  Through its 

inhibitory GSK-3α actions, lithium additionally prevents Aβ peptide accumulation in the brains 

of mice that overproduce APP (Phiel et al., 2003) thus providing beneficial neuroprotection 

from both NFTs and amyloid plaque formation.  Valproatic acid acts in a similar way.  

Application of GSK-3 inhibitors stimulates axon formation and elongation of mature neurons 

whether in presence or absence of inhibitory substrates (Dill et al, 2008).   
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2.2.4.2.  Cyclin dependent kinase-5 (Cdk5).   

Neurodegeneration has been strongly associated with cdk5 activity through elevation of its 

activator, p25 (Patrick et al., 1999; Patrick et al., 2001).  Cell based studies have suggested a 

link between Aβ, cdk4 and tau (Town et al., 2002; Rank et al., 2002; Otth et al., 2002).  Cdk5 

- induced tau hyperphosphorylation has been illustrated in APP transgenic mouse models 

while increased tau phosphorylation by cdk5 is sufficient to directly destabilise microtubules 

(MTs) and contribute to Aβ toxicity (Evans et al., 2000).   

 

2.2.5.  Acetylcholineterase (AChE).   

Cholinesterase inhibitors (ChEIs) reduces the acetylcholinesterase (AChE)-induced 

metabolism of acetylcholine (ACh) in the synaptic cleft, increases the intrasynaptic residence 

time of ACh and facilitates interaction between ACh and the postsynaptic cholinergic receptor.  

ChEIs have been reported to be effective on cognitive performance in both AD and diffuse 

Lewy body disease (DLBD) as well as on cognitive and behavioural symptoms in PD 

(Parkinson’s Disease) associated dementia (Weber et al., 2001; Aarsland et al., 2002, 2003; 

Giladi et al., 2003; Pakrasi et al., 2003; Leroi et al., 2004; Emre et al., 2004).  Studies also 

suggest that ChEIs might reduce APP processing and provide some degree of neuroprotection 

(Francis et al., 2005; Mori et al., 2006; Sabbagh et al., 2006; Nordberg et al., 2006).   

 

Three inhibitors of cholinesterase are currently available for treatment of AD, namely 

galantamine, donepezil, and rivastigmine (Figure 2.5).  Galantamine and donepezil selectively 

inhibit AChE, while rivastigmine additionally inhibits butyrylcholinesterase (BuChe) (Rogers et 

al., 1998; Rosler et al., 1999; Raskind et al., 2000).   

 

Aβ aggregation can be induced by AChE through the direct interaction of its peripheral anionic 

site (PAS) with fibrils of the peptide (Alvarez et al., 1995).  Ligands having affinity for both the 

catalytic site and PAS of AChE would inhibit this process.  Antagonism of the M2 autoreceptors 

in combination with AChE inhibition, facilitate the release of Ach and prevent ACh breakdown 

and AChE mediated Aβ fibrils formation (Melchiorre et al., 1993; Melchiorre et al., 2003).  AP 

2238 (Figure 2.21) is one such compound that illustrated AChE inhibition and suppression of 

Aβ aggregation (Piazzi et al., 2003).   
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Peripheral binding site (PAS)    Spacer Catalytic binding site  

     

AChE inhibition:  
IC50 = 44.5 nM 

Aβ aggregation 
inhibition:  35 % 
at 100 μM 

Figure 2.21:  Structure of AP 2238 designed to bind both the AChE peripheral catalytic site (green 
dashed line) and the catalytic binding site (blue dashed line) in order to counteract AChE 
induced Aβ aggregation as well as increasing ACh concentration (Piazzi et al., 2003).   

2.2.5.1.  Relevance to coumarin.   
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Figure 2.22:  Coumarins with both hAChE and BACE1 inhibitory activities (Piazzi et al., 2007).   

Due to the multifactorial nature of AD, molecules that modulate the activity of a single protein 

target are unable to significantly modify the progression of the disease.  Following a MTDL 
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(multi-targeted drug ligand) paradigm, authors reported the first dual AChE/BACE1 inhibitors 

(Piazzi et al., 2007).  The designed MTDLs coumarin derivatives (inhibitors of both hAChE 

and BACE1), with substitution on both the 6 and 7 position of the coumarin moiety (Figure 

2.21) were synthesised and biologically evaluated.  Although 10-fold less potent than 

compound 61 (Piazzi et al., 2007), compounds 62, 66 and 68 still maintained a fairly good 

activity.  Compound 65 (IC50 = 267 µM), with a trans-3,4-dichlorocinnamic substituent revealed 

a decrease in activity, leading to the conclusion that molecules containing bulky groups are 

not favourable to penetrate the hAChE gorge to establish proper interactions (as the 

substituent in that position might detrimentally interact with the surrounding hAChE PAS 

residues).   

 

All compounds showed activity toward BACE1, while activity does not seemed be influenced 

either by the position of the substituent on the coumarin nucleus, or by the different electron 

withdrawing group on the phenyl ring.  Compound 63 (IC50 = 99 nM) was the most potent 

inhibitor of the series, while compounds 62, 66 and 68 seemed to be promising hits and are 

able to inhibit both enzymes with sub-micromolar affinity, an essential characteristic for MTDLs 

candidates (Piazzi et al., 2007).   

 

DCM (dichloromethane) extracts of Ferulago campestris roots were used in a bioassay-guided 

fractionation in the search of AChE inhibitors.  Three coumarin derivatives (umbelliprenin, 

coladonin and coladin), were isolated (Figure 2.23) and were shown to inhibit AChE 

(Dall’Acqua et al., 2010).  e 
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Umbelliprenin 

H
OH

O

O
O

 

Coladonin 

H
O

O

O
O

 

Coladin 

Figure 2.23: Structures of coumarins isolated from Ferulago campestris roots (Dall’Acqua et al., 2010).   

Coumarins have also been isolated from the rhizomes of Peucedanum ostruthium (Figures 

2.24 and 2.25) and that may potentially inhibit AChE (Joa et al., 2011).   
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Figure 2.24:  Isolated furanocoumarin from the rhizomes of Peucedanum ostruthium (Joa et al., 
2011).   
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Figure 2.25:  Simple coumarin analogues isolated from the rhizomes of Peucedanum ostruthium 
(Joa et al., 2011).   

 

Three similar coumarin derivates (Figure 2.26) were isolated from the roots and stem bark of 

Clausena pentaphylla and analysis of their spectral data confirmed their structures as 3, 10-

bis (1, 1-dimethyl prop-2-en-1-yl)-5, 6, 7-trihydroxy-8, 8-dimethyl-7, 8-dihydro pyranochromen-

2- one, bergapten and xanthotoxin (Intekhab et al., 2008).   
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3, 10-bis (1, 1-dimethyl prop-2-en-1-yl) -
5, 6, 7-trihydroxy-8, 8-dimethyl-7, 8-

dihydro pyranochromen-2- one 

Figure 2.26:  Structures of coumarins isolated from the roots and stem bark of Clausena pentaphylla 
(Intekhab et al., 2008).   

Fallarero and co-workers (2012) tested natural and synthesised coumarins against AChE 

(Figures 2.27 - 2.28).   
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Figure 2.27:  Simple coumarins with AChE inhibitory activity (Fallarero et al., 2012).   
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95 H H H H OCH3 H 

96 COOH H H Br Br H 

97 H H H C6H1206 OH H 
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Figure 2.27:  Simple coumarins with AChE inhibitory activity - continue (Fallarero et al., 2012).   
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Figure 2.28:  Fused coumarins anti-AChE activity (Fallarero et al., 2012).   
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Figure 2.29:  Coumarins that inhibits AChE (Fallarero et al., 2012).   

Compound 103 revealed the highest activity (Ki = 2.36 ± 0.17 µM) and the occurrence of a 

mixed-type ChE (cholinesterase) inhibition.  Activity was also detected in compounds 101, 

102, 104 and 105 (the only tetracyclic coumarin derivatives present in the library).  Compounds 

89 and 90 (6 - and 7-methoxy derivatives of the 4-methylated coumarin, respectively) 

displayed slight AChE inhibition (4.7 % and 4.9 % respectively) while none of the other 4-

methylated coumarins substituted with hydroxyl groups in positions 5, 6 or 7 (compounds 92 

- 94) were found active.  Compounds 101 - 105 showed a concentration-dependent inhibitory 

effect.  In silico studies reveals H-bondi interaction between the carbonyl group of compound 

103 and the hydroxyl group of Ser 200, together with π–π stacking interaction between 

compound 103 and Phe 330.  These interactions are proposed to occur as the primary binding 

to the active site while a secondary interaction within the PAS is possible.   
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Interaction seems to occur between the carbonyl group of compound 103 and the amide group 

of Arg 289 (Fallarero et al., 2012).  Various authors have previously described that some 

coumarins, particularly those derived from umbelliferone, can act as AChEI and reported IC50 

values of  moderate to low activity, e.g. 29 µM for Umbelliferone (85) (Kang et al., 2001) and 

168 µM for Scopoletin (84) (Rollinger et al., 2004).  To confirm the effect of substituents on 

the coumarin pharmacophore, Brühlmann and authors (Brühlmann et al., 2001), have 

established that substitutions in position C-7 of the coumarin nucleus by small groups (e.g. 

hydroxyl, methoxy) revealed IC50 values ranging from 28 to100 µM and generally have a lower 

inhibiting effect when compared to substitutions at C-7 with larger groups (e.g. bzloxy, O–

CH2–C6H5) where IC50 values ranging from 3.4 to 31 µM were observed (Fallarero et al., 2012).   

 

The presence of a cyclised isoprenoid moiety at C-6 favour AChE inhibition for example in the 

case of the furano or pyranocoumarins vs. simple coumarins, without a cyclised unit at C-6 

(Kang et al., 2001).  The inclusion of the furano moiety however does not necessary increase 

the AChE inhibitory activity in furanocoumarins when compared to simple coumarins, as can 

be seen from the results obtained in screening with Bergapten (99) or Xanthotoxin (101) which 

only displayed inhibitory activity at 30 µM.   

 

IC50 values registered for furanocoumarins show moderate to low activity in the micromolar 

range, e.g. xanthotoxin with IC50 ranging from 54 to 580 µM (Kang et al., 2001; Miyazawa et 

al., 2004).  The inhibitory activity of natural furanocoumarins can be significantly increased 

when larger substituents in positions 5 or 8 are present (Di Giovanni et al. 2008).   

These authors reported a high AChE inhibitory activity (IC50 = 15.8 and 9.3 µM) in 

furanocoumarins containing O–CH2–CH=C–(CH3)2 substitutions on positions 5 and 8, 

respectively, instead of OCH3, as in compound 99 and 100.  The calculated pIC50 for 

compound 103 is in the same range of values determined for other active synthetic coumarins 

(pIC50 = 4.83–4.96 µM) (Di Giovanni et al., 2008).   
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Figure 2.30:  Coumarin-derivatives with AChE inhibition (Zhou et al., 2008).   

Compounds with phenylpiperazine moieties on positions 3 and/or 4 of the coumarin ring 

revealed better AChE inhibition than that of the 6-substituted coumarins while most of the 6-

substituted coumarins did not reveal any inhibition.  The 4-phenylpiperazine substituted 

coumarins 106 and 107 (Figure 2.30) showed significant activities with IC50 values of 4.5 

µmol/L and 5.3 µmol/L, respectively.  In agreement with donepezil, (which has two carbons 

between the carbonyl-carbon atom and piperazine ring) this suggests that the distance 

between carbonyl-carbon atom and nitrogen atom of piperazine ring is important for the AChE 

inhibitory activities.  Compounds with benzoylpiperazine groups as substitutions, 110 - 115 

and 107 - 110 (Figure 2.30), revealed some AChE inhibitory activity, which concludes that 

benzoylpiperazine groups support AChE inhibitory activity.   

 

2.2.6.  Carbonic Anhydrase (CA) and Zn2+ homeostasis.   

The early stages of AD that is characterised by memory abnormalities involves multiple 

neurotransmitter deficits in the hippocampal formation (Hyman et al., 1984).  Changes in the 

synaptic spine as well as dendrite loss during aging significantly decreases brain carbonic 
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anhydrase (CA) (Meier-Ruge et al., 1980) and is more noticeable in AD patients (Meier-Ruge 

et al., 1984).   

CA is inactive without zinc (co-factor in its active site), causing it and other zinc-containing 

proteins to function abnormally in dementia associated with AD and aging.  At 1 μm or lower, 

zinc induces immediate aggregation of the N-terminal fragment of Aβ40 (Huang et al., 2000), 

and in AD plaques, Zn2+ it’s concentrated to ~ 1 mM (Lovell et al., 1998; Racchi et al., 1999).  

Aβ binds to zinc and deposits at sites that contain high concentrations of zinc (Racchi et al., 

1999; Bush et al., 1994; Brown et al., 1997; Cuajungco et al., 2000).  The hippocampus 

contains the highest concentration of Zn2+ in the brain, which plays an essential role Aβ 

formation and might clarify why Aβ deposits are often concentrated in the hippocampus region 

(Suh et al., 2000).   

Decreasing Aβ formation reduces behavioural impairment in transgenic mice (Schenk et al., 

1999; Janus et al., 2000; Morgan et al., 2000) and copper-zinc chelators solubilise Aβ plaques 

(Cherny et al., 1999) and reduce Aβ accumulation in AD transgenic mice (Cherny et al., 2001; 

Gouras et al., 2001).   

Two findings suggest that Aβ deposition might produce a functional zinc deficiency.  Firstly, in 

the hippocampal culture neurons, low zinc concentration significantly protect against Aβ 

toxicity (Lovell et al., 1999).  Secondly, several groups report that zinc supplements either 

preserve cognitive functions significantly or slow the cognitive decline in AD patients (Huang 

et al., 2000).   

If zinc deficiency does contribute to AD, not only CA but numerous proteins would be  affected 

(McCall et al., 2000) and Zn2+ supplements, although reported to protect cognition significantly 

in AD patients (Huang et al., 2000), might also controversially destabilise soluble Aβ, thereby 

worsening cognition.  Modulation or attenuation of the zinc-Aβ interaction and protection of 

zinc-containing proteins still remains an interesting therapeutic strategy.   

2.2.6.1.  Relevance to coumarin.   

A natural derivative of coumarin: 6-(1S-hydroxy-3-methylbutyl)-7-methoxy-2H-chromen-2-one 

(Figure 2.31), isolated from Leionemaellipticum, was proven to possess significant CA 

inhibitory activity (Vu et al., 2009). 

For the isomeric 7,8-disubstituted - and 6,7-disubstituted coumarins (Figure 2.31), only the 

first substitution pattern resulted in highly effective CA IX/XII inhibitors, whereas the 

corresponding isomers (6-7-disubstituted coumarins) were ineffective as CA I,II and XII 

inhibitors (Maresca et al., 2010).   
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Figure 2.31:  Structure of 6-(1S-hydroxy-3-methylbutyl)-7-methoxy-2H-chromen-2-one, 7,8-
disubstituted coumarin and 6-7-disubstituted coumarin (Maresca et al., 2010; Vu et 
al., 2010).   

Carta and authors (2012), synthesised a series of coumarins incorporating tert-butyl-

dimethylsilyloxy - or allyoxy- moieties on positions 4,6 or 7 of the heterocyclic ring and 

converted it to their corresponding 2-thioxo-coumarins.   
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Figure 2.32:  Coumarins with hCA inhibitory activity (Carta et al., 2012).   

Other derivatives incorporating hydroxyethyloxy-, tosylethoxy- and 2 fluro-ethyloxy-moieties in 

position 7 were synthesised together with derivatives of 4-methyl-7-amino coumarin 

incorporating acetamido, 3,5-dimethylphenylureido- and tert-butyloxycarbonylamido 

functionalities (Figure 2.32).  These compounds were assayed against human carbonic 

anhydrase (hCA I,II,IX,XII) (Carta et al., 2012).   
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2.2.7.  Monoamine oxidase B (MAO-B).   

Monoamine oxidase (MAO) is a ~ 60-kDa outer mitochondrial membrane flavin adenine 

dinucleotide (FAD) co-factor containing the class of enzymes that's located in neuronal, glial 

and other cells (Bach et al., 1988; Hubálek et al., 2005).  According to substrate and inhibitor 

specificities, and structural differnces, it exists as two isoforms, namely MAO-A and MAO-B 

(Grimsby et al., 1990).   
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Figure 2.33:  Chemical structures of MAO substrates and inhibitors.   

MAO-A catalyses the deamination of serotonin (5-HT), norephinephrine and epinephrine 

(Figure 2.33) and inhibition (e.g. by Clorgyline) of this enzyme results in an anti-depressant 

and anti-anxiety effect.  MAO-B catalyses the deamination of Dopamine, ß-phenylethylamine 

and benzylamine (Figure 2.33) and irreversible inhibition (e.g. by (R)-Deprenyl) results in anti-
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Parkinson’s and anti-Alzheimer’s effects, thus emphasising its relevance in neuroprotective 

studies (Ooms et al., 2003).   

Although MAO-A and MAO-B are different with regards to substrate specifities, they are similar 

in that both have the same type of covalent flavin (8α-S-cysteinyl FAD) and share a ~ 70 % 

sequence identity (Edmondson et al., 2004).  A common characteristic of MAO’s not found in 

other outer membrane mitochondrial proteins is the presence of a C terminal non-cleavable 

targeting signal sequence which is inserted in the membrane without proteolitic maturation 

(Binda et al., 2004).   

MAO-B is a FAD co-factor containing enzyme, consisting of 520 amino acids and is located in 

the outer mitochondrial membranes of neuronal, glial and other cells.  It exists as a dimer in 

its membrane bound form and the membrane binding site of each monomer faces the 

membrane surface (Figure 2.34) and partly interacts with it (Binda et al., 2004).  MAO-B 

constitutes about 80 % of the total MAO activity in the human brain (Riederer et al., 1978; 

Sonsalla et al., 1988) and is the predominant form of the enzyme in the striatum (Riederer et 

al., 1989).  The crystal structure of human MAO-B at 3 Ǻ reveals that this dimeric enzyme has 

a C-terminal transmembrane helix protruding from each monomer that anchors it to the 

membrane (Binda et al., 2004).   

 

Figure 2.34:  Three-dimensional structure of human MAO-B with the dimer bound to the phospholipid 
bilayer.  Each monomer has a two-domain overall topology, consisting of the FAD binding 
domain in blue and the substrate-binding domain in red. The amino and carboxy termini 
of each monomer are highlighted as N and C, respectively.  The FAD co-factor is 
represented in yellow ball-and-stick. The C-terminal membrane-binding region is 
depicted in green.  In each monomer the active site cavity is coloured in light blue (Binda 
et al., 2004).   

The entrance from the surface to the active site of the enzyme consists of two cavities (Figures 

2.34 and 2.35) namely the entrance cavity and the substrate cavity (Hubálek et al., 2005).  

The entrance cavity occupies a volume of 290 Ǻ3 whilst the hydrophobic substrate cavity is 

larger and a have a volume of 420 Ǻ3 (Edmonson et al., 2004).  The combined 700 Ǻ3 large 

cavity originates from one side of the protein surface and stretch deep into the protein till it 
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reaches the FAD co-factor.  It is this entity that forms the active site of the enzyme (Binda et 

al., 2004).   

The Connolly channel surface in translucent yellow (Figure 2.35) illustrates these two distinct 

cavities inside the binding site; the entrance cavity, which is connected to the outside of the 

protein, and the substrate cavity, located in the vicinity of the FAD.  Ile199 and Tyr326 (Figure 

2.35; carbon atoms in magenta) separates these two cavities (Novaroli et al., 2006).   

 

Figure 2.35:  Binding site of MAO-B.  The Connolly channel surface of the cavities is displayed in 
translucent yellow.  The coloured dots describing the lipophilicity inside the pockets are 
colour-coded according to their MLP (polar values in red, magenta, orange, and yellow; 
hydrophobic values in blue, cyan, green-blue and green).  The amino acids potentially 
interacting with the ligands are color-coded following their localisation around the binding 
site.  The FAD co-factor and the three selected water molecules (WATX) are represented 
as an integral part of the MAO-B structure model (Novaroli et al., 2006).   

The substrate cavity is mainly polar and is evident by a number of polar side chains (Figure 

2.35) and accessible H-bonding groups as well as the presence of the flavin nucleus and the 

three buried water molecules in the vicinity of this cavity.  The substrate cavity is also more 

sterically constrained than the entrance cavity (Novaroli et al., 2006).  It is shaped like a flat, 

elongated disc with the longer axis perpendicular to the flavin ring (Edmondson et al., 2004).  

The active site cavity gating loop, residues 99-112, is believed to be partly embedded in the 

membrane, suggesting that the membrane have a controlling function over this gating loop.   

An inhibitor must traverse the entrance cavity in order to gain access to the substrate cavity 

(Figure 2.35).  This is true for small molecule inhibitors such as isatin (Figure 2.33) that has 

been shown to bind within the substrate cavity of the enzyme (Binda et al., 2003).  Larger 

inhibitors, such as 1,4-diphenyl-2-butene and trans, trans-farnesol (Figure 2.33), appears to 

exhibit a dual binding mode that involves traversing both the entrance and substrate cavities 
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(Binda et al., 2003).  When larger inhibitors occupy the active site, Ile199 is rotated (Figures 

2.35 and 2.36) out of its normal conformation (Edmondson et al., 2004).  Ile199 therefore 

serves as a ‘gating switch/guard’, separating the two cavities in order to accommodate these 

larger inhibitors (Hubálek et al., 2005).   

 

Figure 2.36:  The substrate path from the protein surface to the FAD in the MAO-B monomer.  Adjacent 
to the active site cavity (cyan) is the entrance cavity (blue), which is underneath loop 99-
112.  The FAD is in yellow and the covalent pargyline is in black (Binda et al., 2001).   

MAO-B oxidises exogenous amines, whereas MAO-A carries out the degradation of bulkier 

endogenous amine neurotransmitters, such as serotonin (Binda et al., 2001).  Both enzymes’ 

active site consists of covalent FAD as well as two tyrosines constituting the aromatic cage 

(Binda et al., 2002), thus, revealing the same catalytic mechanism (Edmonson et al., 2004).  

In contrast, the surface area of the active sites opposite to the FAD shows major differences 

(Figure 2.37).   

 

The differences between human MAO-B and MAO-A in respect to substrate cavity residues 

include Leu171 (MAO-B)/Ile180 (MAO-A), Cys172/Asn181, Ile199/Phe208 and Tyr326/Ile335 

(Table 2.4).  These amino acids are located in the substrate cavity [Figure 2.37 (A)] and are 

in Van der Waals contact with the phenyl ring of Chlorgyline.  Three residues (Leu171/Ile199 

and Tyr326) separate the substrate cavity from the entrance cavity.  Side chain changes affect 

accommodation of the substrate but seperates these two cavities (Wu et al., 1993; Geha et 

al., 2001; Binda et al., 2001).   
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(A) 

 

(B) 

 

Figure 2.37:  The active site cavities in hMAO-A (A) and hMAO-B (B) in complex with clorgyline and 
(R) deprenyl respectively.  Active site comparison of hMAO-A and hMAO-B with the 
crucial Phe208 and Ile335 (A) residues of hMAO-A superimposed to the corresponding 
Ile199 and Tyr326 (B) residues of hMAO-B (DeColibus et al., 2005).   

Table 2.4:  Comparison of the active site residues in hMAO-A and hMAO-B (deColibus et al., 2005).   

hMAO A hMAO B hMAO A hMAO B 

Tyr-69 Tyr-60 Gln-74 Gln-65 

Val-91 Val-82 Val-93 Glu-84 

Leu-97 Leu-88 Ile-180 Leu-171 

Asn-181 Cys-172 Ile-207 Ile-198 

Phe-208 Ile-199 Ser-209 Ser-200 

Val-210 Thr-201 Glu-216 Glu-207 

Cys-323 Thr-314 Ile-325 Ile-316 

Ile-335 Tyr-326 Leu-337 Leu-328 

Met-350 Met-341 Phe-352 Phe-343 

Tyr-407 Tyr-398 Tyr-444 Tyr-435 

 

The active site cavities of the enzymes (Figure 2.37) are thus different with regards to shape 

and size.  hMAO-A’s active site consist of a single hydrophobic cavity of ~ 550 Ǻ3, much 

shorter in length and wider than that of the longer and narrower ~700 Ǻ3 hMAO-B site 

(deColibus et al., 2005).  hMAO-B substrate entry therefore requires the entrance and 

substrate cavities fused for certain inhibitors, where hMAO-A lacks this particular 

characteristic.   

Catecholamines, (dopamine in particular), are either metabolised by MAO-B or spontaneously 

degraded by auto oxidation to yield hydrogen peroxide (H2O2) and dopamine–quinones 



 Chapter 2 – Literature Overview  

46 
 

(Sulzer & Xecca, 2000; Graham et al., 1978).  The H2O2 is fed into the reactive oxygen species 

(ROS) cycle (Figure 2.38) and the dopamine–quinone can modify protein sulfhydryl groups 

via nucleophilic additions.  This leads to exacerbation of inflammation and tissue damage 

(Graham et al., 1978; Stokes et al., 1999; Tse et al., 1976).   

Reversibly inhibiting MAO-B increases dopamine levels (reduction of dopamine catabolism) 

and in turn the generation of ROS (Knoll & Magyar, 1972; Laux et al., 1995).  The ideal would 

be to develop safer inhibitors, designed to be reversible while retaining selectivity towards 

MAO-B and exhibiting a dual mechanism of action (AChE inhibition in this study) for AD 

neuroprotection.   

 

Figure 2.38:  MAO-B biochemistry and production of free radicals causing oxidative stress (Riederer 
et. al., 2004).   

2.2.7.1.  Relevance to coumarin.   

A series of 6-substituted:  3-aryl,3-carbonyl, 3-acyl and 3-carboxyhydrazido coumarins 

(Figures 2.39 and 2.40) with several alkyl, hydroxyl, halogen, and alkoxy groups in the two 

benzene rings were synthesised and evaluated in vitro against human monoamine oxidase B 

(hMAO-B) (Matos et al., 2011; Secci et al., 2011).   

 



 Chapter 2 – Literature Overview  

47 
 

 

O O

R2

R3

R4

R5

R

 

(138 - 159) 

Index: R = R2 = R3 = R4 = R5 = 

138 OCH3 H CH3 H H 

139 OCH3 H H CH3 H 

140 OH H H CH3 H 

141 C3H5O2 H H CH3 H 

142 C5H9O H H CH3 H 

143 CH3 H H H H 

144 CH3 H H CH3 H 
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147 CH3 H OCH3 H H 

148 CH3 OCH3 H H H 

149 CH3 H OCH3 H OCH3 

150 CH3 H OCH3 OCH3 H 

151 CH3 H OCH3 OCH3 OCH3 

152 CH3 H Br OCH3 H 

153 CH3 H OCH3 Br H 

154 CH3 Br OCH3 H OCH3 

155 CH3 Br OCH3 OCH3 OCH3 

156 CH3 H H OH H 

157 CH3 H OH H H 

158 CH3 OH H H H 

159 CH3 H C3H5O2 H H 

Figure 2.39:  Structure of 6-substituted-3-arylcoumarin derivatives (Matos et al., 2011).   
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188 OEt H H OH H 

Figure 2.40:  Structures of 3-carbonyl, 3-acyl, and 3-carboxyhydrazido coumarin conjugates inhibiting 
hMAO-B (Secci et al., 2011).   
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190 OEt H H OCH3 H 
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192 OEt Br H Cl H 
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194 OEt I H I H 

195 OEt H OCH2(3-Cl-Ph) H H 

196 OEt H OCH2(4-t-butil-Ph) H H 

197 OEt H OCH2(3,4-Cl-Ph) H H 

198 OEt H O-cyclophenyl H H 

199 OEt H H H H 

200 OH OH H H H 

201 OH H OCH3 OH H 

202 OH H H H H 

203 OH H N(Et)2 OCH3 H 

204 OH H H H H 

205 OH Br H Cl H 

206 OH Br H Br H 

207 OH I OCH2(3-Cl-Ph) I H 

208 OH H OCH2(4-t-butil-Ph) H H 

209 OH H OCH2(3,4-Cl-Ph) H H 

210 OH H O-cyclophenyl H H 

211 OH H H H H 

212 NHNH2 H H H H 

213 NHNH-Ph H H H H 

214 NHNH-(2-NO2-Ph) H H H H 

215 NHNH-(4-CH3-Ph) H H H H 

216 NHNH-(4-Cl-Ph) H H H H 

217 NHNH-(2,4-NO2-
Ph) 

H H H H 

Figure 2.40:  Structures of 3-carbonyl, 3-acyl, and 3-carboxyhydrazido coumarin conjugates inhibiting 
hMAO-B - continue (Secci et al., 2011)  

Compounds 160 - 172 (3-methylketone coumarin derivatives) revealed an increase in both 

inhibitory activity and selectivity towards hMAO-B compared to their corresponding 

arylketones (173 - 185).  The presence of hydroxyl groups at position R, R1, or R2 (161 - 163) 

slightly reduced activity compared to OCH3 and N(Et)2 at position R1 (164 and 165).  Hydroxyl 

groups at R2 resulted in poor inhibition of both MAO-A and MAO-B, while a fused ring at R2-
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R3 (169) increased the activity.  Dihalo-substitution (compounds 170 and 171), displayed the 

best IC50 values in the nanomolar range.  Substitution with an arylketone (compounds 173 - 

185) limited the biological activity, probably due to the steric hindrance of the aromatic ring.  

On the contrary, a COOEt moiety at C3 position (compounds 186 - 199), improved the 

inhibitory activity and selectivity towards hMAO-B, especially with the presence of a bzloxy 

group (compounds 195 - 197), e.g. compounds 195 (IC50 hMAO-B = 7.01 ± 0.21 nM; Ratio > 

14,265) and 197, bearing two chlorine atoms on the aryl ring (IC50 hMAO-B = 9.47 ± 0.39 nM; 

ratio >10,560).  Both the selectivity and hMAO-B inhibition was decreased with the hydrolysis 

of ethyl esters to their corresponding carboxylic acids, except for compound 210 (R1 = 3’,4’-

dichloro-bzleoxy group), which is still active in the nanomolar range.  Compounds that contain 

a hydrazido moiety (213 - 217) revealed promising results in terms of inhibitory activity and 

selectivity towards hMAO-B (Secci et al., 2011).   

3-Aryl4-hydroxycoumarin substituted derivatives with methoxy and/or substituents introduced 

in the 3-phenyl ring, with position 6 in the coumarin moiety unsubstituted or substituted with a 

methyl/chloro moiety (Figure 2.41) were synthesised and evaluated for MAO-B inhibitory 

activity.  The presence of a methyl group slighty improved activity (218 vs. 219), whereas a 

chloro atom as a substituent (220 and 221) considerably improves both MAO-B inhibition and 

selectivity (Serra et al., 2012).   

 

Index: R1 = R2 = R3 = 

O O

R1

OH

R3

R2

 

(218 - 221) 

218 H OMe H 

219 Me OMe H 

220 H OMe Cl 

221 Cl OMe Cl 

Figure 2.41:  Structures of 3-aryl-4-hydroxycoumarin derivatives inhibiting hMAO-B (Serra et al., 2012).   

 

2.2.8.  Nitric Oxide Synthase (NOS).   

Nitric oxide synthase (NOS) catalyses the conversion of L-arginine to yield L-citrulline and 

nitric oxide (NO) (Knowles et al., 1994).  Co-factors involved are NADPH, FMN and 

tetrahydrobiopterin (BH4) (Knowles et al., 1994).  Three isoforms of NOS exist (named by the 

tissue they were first cloned from) namely: neuronal NOS (nNOS/NOS1); inducible NOS 

(iNOS/NOS2) and endothelial NOS (eNOS/NOS2) (Knowles et al., 1994).  Via a Ca2+ 

dependent manner in neurons, nNOS are activated to produce NO (Knowles et al., 1994), 

while in a Ca2+-independent manner, NOS in glial cells (iNOS) produce NO (Bolaiños et al., 

1994).   
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Total and serum NO levels were found to be elevated in AD patients compared to controls 

(Vural et al., 2009).  In addition, an increase in leukocyte NOS activity in AD patients were 

also observed (De Servi et al., 1999).  Excessive NO production (Klinge et al., 2008) together 

with upregulated expression of iNOS (Wang et al., 2004) was also noted in AD patients.   

eNOS gene expression and eNOS protein phosphorylation are stimulated through resveratol 

leading to a neuroprotective, vasorelaxent effect (Klinge et al., 2008; Li et al., 2009).  

Additionally, resveratol demonstrated to suppress iNOS activity (through inhibiting NF-kβ), 

thus protect neurons from Aβ-induced neurotoxicity (Chen et al., 2005).  As mentioned, chronic 

inflammatory and oxidative stress processes are present in AD patients (Galimberti et al., 

2011).  The toxicity of Aβ32, the toxic domain of Aβ42 (Maurice et al., 1996; Delobbette et al., 

1997), could be due to NO production via iNOS that consequently produce spatial memory 

deficits (Diaz et al., 2011).   

 

The liberation of NO through the stimulation of the iNOS cascade, together with the the 

synthesis of pro-inflammatory cytokines (eg. IL-1β and TNF-α) was shown to play a crucial 

role in Aβ35 cell death and spatial memory neurotoxity and accelerated cell death (Akama et 

al., 1998; Diaz et al., 2012).   

 

Thus, it would be functional to inhibit the iNOS blockade which may subsequently prevent: 

1. Aβ32 nitrosative stress and an inflammatory response, and 

2. Neurodegeneration coupled with cognitive decline.   

 

2.2.8.1.  Relevance to coumarin.   

Various coumarins have been reported to inhibit NO production (Motai et al., 2004; 

Kontogiorgis et al., 2006).  Further studies revealed some plant derived coumarins to inhibit 

the activation of NF-кB (Pande et al., 2005), which is known to bind to the promoter region of 

iNOS gene and plays a pivotal role in LPS mediated iNOS expression in macrophages and 

other cells.  Various 7-methoxycoumarins have also been reported to inhibit the iNOS–NO 

pathway (Nakamura et al., 2009).   

 

The Sesquiterpene coumarin derivatives, fukanemarin B, fukanefuromarin E, fukanefuromarin 

F and fukanefuromarin G (Figure 2.42) was isolated from the roots of Ferula fukanensis and 

exhibited NO production inhibition and iNOS gene expression (Motai et al., 2010).   
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Figure 2.42:  Structure of sesquiterpene coumarin derivatives (Motai et al., 2010).   

7-Hydroxycoumarin derivatives (Figure 2.43) were investigated for their anti-inflammatory 

effects on the expression of inflammatory enzymes iNOS and COX-2 (Timonen et al., 2011).   

O O

R3

R4

OH

R8

R5

 

(222 - 229) 

Index: R3= R4= R5= R8= 

222 Et Me H Me 

223 H Pr Me H 

224 Me Me H OMe 

225 F Me H OMe 

226 H Pr H OMe 

227 H Ph H H 

228 H 2-F C6H4 H H 

229 H Ph H OMe 

Figure 2.43:  7-hydroxycoumarin derivatives endowed with NOS inhibitory activity (Timonen et al., 
2011).   

All three compounds containing a phenyl ring at position 4 were highly active in inhibiting NO 

production and iNOS expression.  Only compound 225 (7-hydroxy-8-methoxy-3,4-

dimethylcoumarin) lacked high iNOS, NO and IL-6 inhibition activity.  3-Alkyl substitution is a 

requirement as indicated by high activities (Timonen et al., 2011).   

At 100 µM concentrations, compounds 222, 226 - 229 significantly inhibited LPS-induced NO 

production by more than 80 % as compared to cells treated with LPS alone, while compounds 
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226 - 228, also inhibited LPS-induced NO production by more than 50 % at 10 µM.  

Compounds 223, 225, 227 - 229 inhibited iNOS protein expression by more than 80 % at 100 

µM concentration and compounds 227 - 229 inhibited iNOS expression by more than 45 % at 

a 10 µM concentration (Timinonen et al., 2011).   

2.2.9.  Histone acetyltransferase (HAT) and Histone deacetylase 

(HDAC).   

Histone acetyltransferase (HATs) catalyses the acetylation of lysine residues of histone 

proteins, relaxing chromatin structure and promotes gene transcription (Berger, 2007; 

Jenuwein et al., 2001; Kouzarides, 2007).  This post-translational modification is reversed by 

histone deacetylases (HDACs) (Levenson et al., 2004) and reducing the levels of histone 

acetylation by preventing HAT activity promotes amnesia and interferes with the association 

of hippocampus-dependent memories (Alarcon et al., 2004; Korzus et al., 2004; Wood et al., 

2006).  Inhibiting HDACs, will increase the acetylation and gene transcription and 

consequently enhance hippocampus-dependent memory formation (Guan et al., 2009; 

Levenson et al., 2004; Vecsey et al., 2007; Wood et al., 2006).  Inhibitors of histone 

deacetylases (HDACi’s) revealed to repair cognitive function in an inducible model of 

neurodegeneration (Fischer et al., 2007).   

2.2.9.1.  Relevance to coumarin.   

Huang and co-workers synthesised and evaluated coumarin based compounds (Figure 2.44) 

against histone deacetylase.  All compounds (230 – 233) revealed relative HDAC inhibitory 

activity, with 232 as the most potent compound (Huang et al., 2011).   
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O OO
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Figure 2.44:  Coumarin compounds with activity against HDAC (Huang et al., 2011).   

 

2.2.10.  Oxidative stress.   

There’s evidence of the presence of oxidative stress in both AD and amyloid-bearing 

transgenic mice (Smith et al., 1996; Smith et al., 1998).  The neurotoxicity of Aβ has been 

linked to H2O2 liberation in cell cultures by a mechanism that is likely to be ascribed to Aβ 

coordinating redox active metal ions (Barnham et al., 2004).   
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Spectrophotometry revealed that the Aβ reduced Fe3+ to Fe2+ and Cu2+ to Cu+ while molecular 

oxygen was then trapped by Aβ and reduced to H2O2 (Huang et al., 1999; Huang et al., 1999).  

In the presence of Cu2+ or Fe3+, Aβ produced a thiobarbituric-reactive substance that in turn 

generates the hydroxyl radical.  Tabner (2002), used spin-trapping to identify the radical 

produced by Aβ in the presence of Fe2+, concluding that it was OH (Tabner et al., 2002).   

Free radicals include ROS [e.g. superoxide (O2-), hydroxyl radicals (OH-), peroxyl radicals 

(ROO-) and hydrogen peroxide (H2O2)], and reactive nitrogen species (RNS) [e.g. nitric oxide 

(NO) and peroxynitrite (ONOO-)].  Reactive chlorine species (RCS), such as hypochlorous 

acid (Figure 2.38) can also be included (Wallace, 1999; Vertuani et al., 2004; Ischiropoulos & 

Beckman 2003; Klebanoff et al., 2005).   

2.2.10.1.  Relevance to coumarin.   

Index: R = R’ = R1 = R2 = R3 =  

 

 

 

O O

R'

R

R1

R2

R3

 

(234 - 245) 

234 H H H OCH3 OCH3 

235 CH3 Cl H OCH3 OCH3 

236 CH3 H H OCH3 OCH3 
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Figure 2.45:  3-Aryl coumarins with antioxidant and lipoxygenase inhibitory activity (Roussaki et al., 
2010).   

A series of coumarin derivatives substituted with a phenyl ring on position 3 were synthesised 

(Figure 2.45) and in vitro antioxidant activity was evaluated using two different antioxidant 

assays namely radical scavenging ability via di-(phenyl)-2,4,6-trinitrophenyl) iminoazanium 

(DPPH) stable free radical and inhibition of lipid peroxidation induced by the thermal free 

radical 2,2’-azobis(2-amidinopropane)dihydrochloride (AAPH)].  Moreover, the compounds’ 

ability to inhibit soybean lipoxygenase was determined as an indication of potential anti-

inflammatory activity (Roussaki et al., 2010).   

The antioxidant activity of the coumarin derivatives xanthotoxol and methyl substituted xanthol 

(Figure 2.46) has also been reported (Xiao et al., 2010).   
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Figure 2.46:  Xanthotoxol and methyl substituted xanthotoxol conjugates (Xiao et al., 2010).   

 

Apart from similar biological activities as coumarins, 4-methylated coumarins are known to be 

less toxic and have been studied as novel antioxidants (Natella et al., 2010; Pandaey et al., 

2007; Tyagi et al., 2005; Yu et al., 1999; Raj et al., 1998).  A series of 4-methylated coumarin 

derivatives containing the 4, 5-dihydropyrazole moiety (Figure 2.47) were examined for their 

antioxidant activities (Xiao et al., 2012).   
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Figure 2.47:  Structures of 4-methylated coumarin derivatives containing 4,5-dihydropyrazole moiety 
(Xiao et al., 2012).   

Novel 4-hydroxy-bis-coumarins (Figure 2.48) were synthesised and evaluated as 

antioxidants.  It was discovered that substitution in the aromatic nucleus of the 4-hydroxy-

biscoumarins contributed to antioxidant activity (Kancheva et al., 2010).   
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Figure 2.48:  4-Hydroxy bis-coumarins as radical scavengers and antioxidants (Kancheva et al., 
2010).   
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Derivatives of 4-Schiff base-7-bzloxy-coumarins (Figure 2.49) were synthesised based on the 

7-bzloxy-coumarin structure as novel antioxidants (Zhang et al., 2011).   

In vitro antioxidant results revealed that 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical 

scavenging activities of some compounds’ antioxidant activity are superior to that of ascorbic 

acid, therefore making 4-Schiff base-7-bzloxy-coumarin derivatives efficient as antioxidants 

(Zhang et al., 2011).   
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Figure 2.49:  Novel 4-Schiff base-7-bzloxy-coumarin derivatives as antioxidant (Zhang et al., 2011).   

2.3.  TAU.   

The purpose of tau is to bind to, stabilise, and promote the polymerisation of microtubules 

(MTs), the support structure that allows the flow of nutrients through the neurons (Cleveland 

et al., 1997; Weingarten et al., 1975).  However, during the pathogenic cascade that leads to 

tauopathy, tau detaches from these MTs, becomes hyperphosphorylated and aggregates in 

filaments that eventually accumulate and bundles into the large somatodendritic 

neurofibrillarly tangles that represent the histological hallmarks of this group of diseases, also 

known as tauopathies.  Neurofibrillary tangles (NFTs) are thus the damaged remains of these 

nerve cell MTs.  It’s assumed that this change in properties leads to two major consequences, 

the destabilisation of transport tracks and the pathological aggregation of tau in the cytosol 

(Braak et al., 1991).  This is due to its anomalous aggregation in the form of AD neurofibrillary 
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tangles and neurophil threads which consists of filaments of polymerised tau protein named 

paired helical filaments (PHFs) and a minority of straight filaments (Crowther et al., 2000).   

 

Figure 2.50:  The Aβ and tau hypotheses of memory impairment in AD.  Models summarising the 
relationship between memory impairment and Aβ in plaque-forming APP transgenic mice 
and tangle-forming transgenic mice.  (A) The hypothetical amyloid cascade involves the 
conversion of monomeric Aβ (Circles) to Aβ*, which are as yet unidentified soluble Aβ 
assemblies in the brain that disrupt cognitive function independently of amyloidosis or 
neurodegeneration.  There may be a dynamic equilibrium between Aβ*, Aβ monomers 
and amyloid plaques.  Amyloid plaques have not been shown to induce cognitive 
dysfunction directly and may be cleared by cells and molecules involved in the 
inflammatory system.  (B) The hypothetical NFTs cascade entails the conversion of 
monomeric tau (squares) to tau*, which are as yet unidentified tau species in the brain 
that disrupt cognitive function independently of tangle formation or neurodegeneration.  
NTs contain a form of tau that appears to be a stable protein fate, as it accumulates even 
when tau protein production is greatly reduced.  NFTs do not appear to impair memory 
function (Adapted from Sisodia, 2007).   

This anomalous tau is highly phosphorylated, is redistributed into the “incorrect” compartment 

(from axonal to somatodendritic), and it is in part truncated by caspases and other proteases 

(Figure 2.50).  Tau phosphorylation is a normal physiological process which decreases tau’s 

binding affinity for MTs and regulates MTs polymerisation (Biernat et al., 1993; Bramblett et 

al., 1993; Drechsel et al., 1992; Yoshiba et al., 1993).  Thus phosphorylation sites can be sub-

divided into two groups according to the manner in which residues are phosphorylated:  

proline-directed kinases and non-prolinedirected kinases (Billlingsley et al., 1997; Buee et al., 

2000).  Tau serves as the substrate for several kinases in vivo and in vitro while a large number 

of kinases have been reported to be associated with NFTs in AD brains (Buee et al., 2001).   
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In cultured neurons and in normal animal brain, the two major kinases involved in abnormal 

tau phosphorylation is GSK-3 specifically GSK3-β and cdk5 (Planel et al., 2002; Maccioni et 

al., 2001).   

Schachter and authors (2007), evaluated the relative roles of cdk5 and GSK3β in regulating 

the phosphorylation of tau at various sites in cellular and neuronal systems and concluded 

that GSK-3 plays more dominant role than cdk5 in the regulation of tau phosphorylation (refer 

to section 2.2.4.1).  The imbalance of the kinases and phosphatases that regulate tau 

phosphorylation is evident in the lithium-induced inhibition of GSK-3 and resulting reduction in 

phosphorylation, aggregation of tau and tauopathy, and thus neurodegeneration (Noble et al., 

2005).   

Lithium has been illustrated to reduce hyperphosphorylation of tau proteins via inhibiting GSK-

3β in both cell culture (Lovestone et al., 1999) and in transgenic mice (Noble et al., 2005).  

Through its inhibitory actions on GSK-3α, lithium additionally prevents Aβ plaque accumulation 

in the brains of mice that overproduce APP (Phiel et al., 2003) thus providing beneficial 

neuroptotection via both NFTs and Aβ plaques formation.  Another such agent is valproic acid.  

Dill, (2008) investigated the role of GSK-3 inactivation on neurite and axon growth from adult 

concluded that GSK-3β inhibitors stimulates axon formation and elongation of mature neurons 

(Dill et al, 2008).   

2.4.  SIGNALLING MECHANISMS (RECEPTORS).   

In AD, cognitive decline appears to precede Aβ plaque deposition and neurodegeneration 

(Morris et al., 1996; Hsia et al., 1999; Lue et al., 1999; Naslund et al., 2000) thus, not only Aβ 

contributes to brain dysfunction but, additional mechanisms comprises neuronal function.  Aβ 

adopts diverse aggregated conformations in vivo (e.g. oligomers, protofibrils and fibrils which 

alters neuronal homeostasis (Kayed et al., 2003; Lacor et al., 2004).   

Aβ may affect critical signal transduction processes that facilitates plastic neuronal learning 

and memory and utilises two prominent signalling pathways:   

i.  NMDA receptor activation and regulation of downstream signal transduction 

pathways, and 

ii. Brain-derived neurotrophic factor (BDNF) signalling, BDNF receptor (TrkB) activation 

and the regulation of downstream pathways. 

2.4.1.  N-methyl-Daspartate (NMDA).   

NMDA antagonists blocks the induction LTP while defects in NMDA receptor activation 

compromise these defects. (Balazs, 2005).   
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Mice deficient in BDNF or TrkB, exhibited impaired dendritic and axonal arborisation, synaptic 

activity and neuronal plasticity, impairment in LTP and learning and memory (Korte et al., 

1995; Patterson et al., 1996; Causing et al., 1997; Martinez et al., 1998; Minichiello et al., 

1999).   

CREB, [which regulates expression of cAMP response element (CRE)-containing genes], 

plays a pivotal part in cognitive processes (Bourtchuladze et al., 1994; Yin et al., 1994; Tully 

1997; Abel et al., 1998).  NMDA induced a marked increase in cAMP response element-

binding protein (P-CREB) levels, while this effect was suppressed to approximately one half 

by sub lethal concentrations of Aβ42.  Depolarisation-induced promotion of P-CREB was also 

suppressed via a high Ki 40 ± 2.0 µM compared to untreated controls after Aβ42 (Tong et al., 

2001).   

2.4.2.  Brain-Derived neurotrophic factor (BDNF).   

BDNF signals cells via a receptor Tyrosine kinase (RTK, TrkB), which in turn triggers (either 

directly or through binding of adapter proteins) the activation of signal transduction pathways 

e.g. the Ras/MAPK, akt/PI 3-K and phospholipase C (PLCγ) pathways, thereby delivering the 

pleiotropic effects of BDNF (Figure 2.51).   

 

Figure 2.51:  The receptor tyrosine kinase (TrkB) activates three major transduction pathways:  
phosphatidylinositol-3-kinase (PI3-K)/AKT, Ras/MAPK and PLCγ/PKC pathways 
(Sisodia, 2007).   

Neuronal protection is one of the important purposes of BDNF and abstraction of trophic 

support results in significant cell loss.  This protective effect of BDNF is severely compromised 

by sub-lethal concentrations of Aβ42.  Camptothecin (an DNA topoiomerase-1 inhibitor that 

causes DNA damage) treatment causes massive cell loss and was noticeably reduced by 

BDNF treatment.  This was also observed in cortical neurons where BDNF provided protection 

from apoptosis induced by Camptothecin, (Morris et al., 1996).   
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2.4.3.  Nicotinic Acetylcholine receptors.   

Scopolamine (SCT) was earlier identified as an inhibitor of AChE while Ensaculin, a 

synthetically modified derivative (Figure 2.52), also showed anti-dementia activity (Hoer et al., 

2002).   

O OOH

O

 O OO

O

N

N

O

 

Scopoletin Ensaculin 

Figure 2.52:  Structures of Scopoletin and Ensaculin (Hoer et al., 2002).   

SCT potentiated the K+-evoked release of ACh from superfused frontal cortex synaptosomes 

while this effect was abolished by mecamulaminn (MEC), a nAChR antagonist and mimicked 

by galantamine.  It could be concluded that SCT amplifies presynaptic activity-dependent ACh 

release, enhances LTP in the hippocampal CA1 area of the hippocampus, and exerts 

cognition-improving properties in cholinergically and in age-impaired mice. It’s assumed that 

SCT’s main mechanism of action is the agonism of the nAChRs while additionally enhancing 

NMDA-dependent LTP, thus ameliorating memory impairments (Hornick et al., 2011).   

2.5.  A GENERATION.   

2.5.1.  Cholesterol.   

The CNS accounts for only ~2 % of whole body mass but contains ~ 25 % of the total 

cholesterol.  The average cholesterol concentration of fresh tissue is ~2.2 mg/g but in the brain 

it ranges between 15-20 mg/g (Dietschy et al., 2001; Dietschy et al., 2004).  About 70-80 % of 

cholesterol in the adult brain is located in glial cells’ specialised membranes while neurons 

contain only a small fraction (Vance et al., 2005).  Because of cholesterol’s central role in 

determining the physical properties of cellular membranes, even small changes in cholesterol 

homeostasis will consequently affect numerous cellular events.  Research indicates that the 

rate of CNS sterol flux is elevated and proportional to the stage of dementia (Lutjohann et al., 

2000).   

Cholesterol depletion by Lovastatin treatment and Methyl-B-cyclodextrin extraction inhibits 

APP processing via BACE1 and lowers Aβ production (Simons et al., 1998; Ehehalt et al., 

2003).  This treatment also stimulate non-amyloidogenic processing of APP via α-secretase 

ADAM10 (Kojro et al., 2001).   
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Amyloidogenic processing of APP depends on cholesterol rich membrane domains whereas 

non-amyloidogenic α-cleavage in the phospholipid-rich domain of plasma membrane (Ehehalt 

et al., 2003).  Localisation of APP to the the plasma membrane might directly regulate APP 

processing (non-amyloidgenic or amyloidgenic) (Abad-Rodriguez et al., 2004).   

2.5.2.  Neprilysin (NEP).   

Reduced levels of NEP mRNA and protein have been observed in brain regions vulnerable to 

Aβ deposition (Carpentier et al., 2002; Iwata et al., 2002; Iwata et al., 2004; Mohajeri et al., 

2004; Caccamo et al., 2005), and in AD patients (Yasojima et al., 2001).  Additionally, NEP 

levels consistently declines with aging (Yasojima et al., 2001; Carpentier et al., 2002; Iwata et 

al., 2002; Caccamo et al., 2005; Hama et al., 2005; Saito et al., 2005), which support the 

notion that reduction of NEP activity play a role in the development of idiopathic AD.   

It has also been reported that NEP has also been shown to both induce local reductions in 

steady-state Aβ levels and delay plaque deposition (Marr et al., 2003; Iwata et al., 2004).   

2.6.  A AGGREGATION.   

2.6.1.  Metal ions.   

Both non-metal Aβ and metal-associated Aβ aggregates are present in AD patients and Aβ 

has been described to form aggregates through two types of reactions:  

i. A non-metal dependent association (“apo-Aβ) where non-metallated aggregates of 

apo-Aβ form amyloid fibrils and soluble oligomers (via intermolecular H-bonding and 

hydrophobic interactions).   

ii. A metal dependent association where metalleted Aβ (usually binding Cu2+, Zn2+ or 

Fe3+) forms ionically bridged aggregates, covalently crosslinked oligomers (when 

bound to Cu2+).   

In vitro studies revealed that Zn2+, Cu2+ and Fe3+ have the cability of Aβ aggregation and 

precipitation (Bush et al., 1994; Huang et al., 1997; Atwood et al., 1998; Atwood et al., 2000).  

The ionic assembly of Aβ aggregates (via Cu2+ and Zn2+) is reversible with chelation (Huang 

et al., 1997; Atwood et al., 1998; Atwood et al., 2000) (Cherny et al., 1999; Cherny et al., 2001; 

Ritchie et al., 2003).   

Metals are present in relative high concentrations in the neocortical regions (the brain region 

most susceptible to AD).  During neurotransmission, high concentrations of Zn (300 μM) 

(Frederickson, 1989) and Cu (30 μM) are released (Schlief et al., 2005), which may elucidate 

why Aβ precipitation accumulates in the synapses (Terri et al., 1991).   
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Figure 2.53:  The primary amino acid sequence of Aβ.  The key residues involved in transition metal 
binding are indicated in bold.  The 42 residue form is enriched in plaque pathology.  The 
rat sequence is the same as the mouse sequence, with two of the substitutions involving 
metal coordinates.  The sole methionine at residue 35, which plays important roles in 
membrane insertion, redox activity and toxicity is highlighted (Adapted from Sisodia, 
2007).   

The histidine residues of Aβ (position 6, 13 and 14; Figure 2.53) in the N-terminus enables 

Aβ to coordinate up to 3.5 moles of Cu or Zn (Atwood et al., 2000).   

2.6.2.  Apolipoprotein E (APOE).   

After the finding that Aβ was able to bind apolipoprotein E (APOE) the functional involvement 

of APOE in AD, a common polymorphism in APOE that maps near the 19q linkage region, 

was confirmed to be associated with an increased risk of AD (Saunders et al., 1993; 

Strittmatter et al., 1993).   

Three major alleles occur at the APOE locus – ε2, ε3 and ε4.  The ε4 allele has been revealed 

to increase the risk for AD, while ε2 has been associated with a decreased risk for AD (Corder 

et al., 1994).   

The most widely used hypothesis assumes that the different polymorphic variants of APOE 

directly influence Aβ-accumulation (Strittmatter et al., 1993), and supported by several facts:   

i. Elevated quantities of Aβ plaques in the brain of ε4-alelle carriers vs. non-carriers; 

ii. The presence or absence of human APOE markedly effects the Aβ deposition, and 

iii. APOE ε4 decreases the onset age in EOFAD (section 2.1.2) caused by PSEN1 

mutations (Nacmias et al., 1995).   

Aβ clearance via low-density lipoprotein receptor (LRP), or via a systematic dysfunction in lipid 

transport indicated that high plasma cholesterol levels are associated with increased Aβ 

plaques (Poirrier 2000).  When lipid-free and lipid-associated APOE are in conjuction, it can 

bind Aβ (Strittmatter et al., 1993; LaDu et al., 1994; LaDu et al., 1995; Aleshkov et al., 1997; 

Yang et al., 1997; Morikawa et al., 2005).   

APOE is involved in the γ-secretase cleavage of APP (Irizarry et al., 2004).  It was observed 

that in a control population, the ε4 allele had a frequency of ~0.15, but ~0.50 in LOAD (section 

2.1.2) patients (Strittmatter et al., 1993).  Numerous reports confirmed that the ε4 allele was 

an AD risk factor while the ε2 allele seems to be protective.  (Corder et al., 1993; Mayeux et 

al., 1993; Corder et al., 1994; Poirer, 1994; Strittmatter et al., 1996).   
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2.6.2.3.  Relevance to coumarin.   

Novel benzocoumarin derivatives were synthesised and evaluated for their in vivo 

antidyslipidemic activity (Figures 2.54 and 2.55).  These compounds inhibited cholesterol 

biosynthesis and additionally potentiated the activity of lipolytic enzymes to promote early 

clearance of circulated lipids (Sasidhara et al., 2010).   
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Figure 2.54:  Novel coumarin derivatives as potential antidyslipidemic agents (Sasidhara et al., 2010).   
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Figure 2.55:  Novel antidyslipidemic coumarin derivatives (Sasidhara et al., 2010).   

Compound 282, was the most potent with 27 %, 26 % and 26 % lowering in TC (total 

cholesterol), PL (plasma lipids) and TG (total triglyceride), respectively, while compounds 276, 

277, 281 - 285 revealed mild activity (comparable with standard drug 100 mg/kg Gemfibrozil 

which decreased levels of TC, PL and TG in plasma by 34 %, 38 % and 35%, respectively).  

Compound 278 revealed significant reversal of plasma PHLA in hyperlipidemic rats by 25 % 

(comparable to Gemfibrozil, with 28 % reversal of activity).   

At 200 µg/mL, compound 278 showed significant superoxide anions inhibition (32 %), hydroxyl 

radical inhibition (49 %) and microsomal lipid peroxidation inhibition (38 %) (comparable to the 

standard drug, 20 µg/mL Alloperinol with 80 % inhibition in superoxide anions and 100 µg/mL 

Manitol and α-Tocopherol with 52 % and 47 % inhibition of hydroxyl ions and microsomal lipid 

peroxidation, respectively).   

Regarding SAR, the minimum structural requirement for binding of the derivatives to the target 

includes an aromatic or heteroaromatic ring at the 7th and 8th position, which is hypothesised 

to participate in π–π stacking with aromatic amino acid residues of the receptor.  In the lactam 

ring either an acid or ester group at position 3 is required for in vivo dyslipidemic activity.  

Although an electron withdrawing entity at position 3 is desired, the lack of activity for 

compound 278 (containing a –CN group) might be ascribed to its reversible conversion to –C
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≡N.  Increased activity and selectivity may also be due to substitution of Cl for CN (Sasidhara 

et al., 2010).   

2.6.3.  Inhibition of nucleation (Aβ aggregation inhibitors).   

Researchers identified analogues of naturally occurring coumarin (Figure 2.56) as novel 

inhibitors of Aβ aggregation (Soto-Ortega et al., 2011).   
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Figure 2.56:  Coumarin analogues with Aβ aggregation inhibitory activity (Soto-Ortego et al., 2011).   

 

Derivatisation of the coumarin nucleus (Figure 2.56) resulted in inhibitory capabilities and 

where an inhibitor intervenes within the nucleation dependent Aβ aggregation pathway (Soto-

Ortega et al., 2011).   

2.7.  A DEGREDATION.   

Aβ production is normally eliminated via numerous processes, which includes:   

i. proteolytic degradation, 
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ii. cell-mediated clearance,  

iii. active transport out of the brain, and  

iv. deposition into insoluble aggregates.   

2.7.1.  Angiotensin-converting enzyme (ACE).   

Angiotensin-converting enzyme (ACE) is a metalloprotease that degrades Aβ in vitro (Hu et 

al., 2001).  An association between ACE and the risk of LOAD exists, therefore making ACE 

is an interesting target for AD drug design (Kehoe et al., 2004).   

2.7.1.1.  Relevance to coumarin.   

In order to create some novel antihypertensive candidates, authors prepared hybrids of the 

coumarin moiety and pyrimidine ring scaffold (Figures 2.57 - 2.59) with known potential 

cardiovascular activity.  The result indicated that an increase in aqueous solubility and a 

hydrophobic character is the main stay for high relaxation activity (Kamilia et al., 2011).  These 

compounds could prove beneficial in Aβ degradation.   
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Figure 2.57:  Vasorelaxant novel coumarin - pyrimidine hybrids (Kamilia et al., 2011).   
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Figure 2.58:  Coumarin–pyrimidine hybrids with vasorelaxant activity (Kamilia et al., 2011).   
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Figure 2.59:  Novel coumarin - pyrimidine vasorelaxant hybrids (Kamilia et al., 2011).   

 

2.7.2.  Receptor for advanced glycation end products (RAGE).   

RAGE binds a broad repertoire of ligands including products of non-enzymatic such as AGE, 

Aβ, the S100/calgranulin family of pro-inflammatory cytokines-like mediators, and group 1 

DNA binding protein Ampotherin (Hori et al., 1995; Yan et al., 1996; Hoffman et al., 1999; 

Kislinger et al., 1999; Stern et al., 2002).  RAGE biology is dictated through the accumulation 

of its ligands, thus deposition of ligands activates receptor expression (Stern et al., 2002).  It 

has also been evident that treatment with sRAGE significantly reduces Aβ accumulation 

(Deane et al., 2003).   

2.7.2.1.  Relevance to coumarin.   
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 Figure 2.60:  Structure of Nicousamide.   

Nicousamide, a novel coumarin - aspirin derivative (Figure 2.60), revealed to inhibit AGE-

induced transforming growth factor (TGF-β1) and connective tissue growth factor (CTGF).  

Nicousamide blocked AGE-induced G1-arrest in mesangial cells and tubular epithelia while 

suppresses the AGE matrix metalloproteinase (Li et al., 2012).   
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5,6,7-trimethoxy-coumarin 

Figure 2.61:  Structure of 5,6,7-trimethoxy-coumarin.   

Eremurus persicus (Liliaceae) locally called "Serish", is traditionally used for the treatment of 

liver and stomach disorders, constipation and diabetes.  Authors investigated the antiglycation 

activity of E. persicus.  It was reported that 5,6,7-trimethoxy-coumarin (Figure 2.61) is the 

active compound responsible for the antiglycation property of this plant (Asgarpanah et al., 

2011).   

 

2.7.3.  Insulin degrading enzyme (IDE).   

Insulin-degrading enzyme (IDE) was shown to degrade Aβ within crude brain homogenates 

(Kurochkin et al., 1994), and was later independently identified capable of major A-degrading 

activity (Qiu et al., 1997; Qiu et al., 1998).  Neurons from IDE knockout mice revealed > 90 % 

reduction of extracellular Aβ degradation (Farris et al., 2003).   

 

2.7.4.  Plasmin.   

Plasmin was identified to degrade and reduce the toxicity of both monomeric and fibrillar Aβ.  

This was fuelled by the discovery of genetic linkage between LOAD and a region of Chr.10 

containing the gene for urokinase olasminogen (uPA), (Tucker et al., 2000; Bertram et al., 

2000; Ertekin-Taner et al., 2000; Myers et al., 2000).   

2.7.3.1.  Relevance to coumarin.   

Compounds (Figure 2.62) that activate plasmin could thus increase Aβ clearance.  In this 

regard, administration of plasmin activation inhibitor-1 (PAI-1) to APP transgenic mice was 

reported to lower both plasma and brain Aβ levels (Pangalos et al., 2005).   
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Figure 2.62:  Structure of Umbelliferone, Fraxetin and Scoparone.   

2.8.  CONCLUSION.   

Taken all the ‘targets’ of the pathogenesis in AD described in this chapter into account, it is 

clear that selective substitution on different positions of the coumarin moiety could result in 

compounds with pronounced activity and selectivity towards specific targets in the treatment 

of AD.  Understanding and employing these SAR concepts is crucial in the design for novel 

MTDLs.  The next chapter will discuss the synthesis of coumarin derivatives as MTDLs 

followed by biological evaluation results, focusing on AChE and MAO-B inhibition.   
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Chemistry 
Chapter 

3 

3.1.  INTRODUCTION.   

 

Coumarins originated from ‘Coumarou’ which is the vernacular name of the tonka bean 

(Dipteryx odorata Willd., Fabaceae), and was first isolated in 1820 (Bruneton, 1999).  They 

are widely available in nature (Egan et al., 1990; Egan et al., 1992; Fin et al., 2002; Lake et 

al., 1999) eg. in oils such as cinnamon bark oil (7,000 ppm), cassia leaf oil (up to 87,300 ppm) 

and even lavender oil.  Coumarins are  not restricted to oils, but are also found in fruits 

(bilberry, cloudberry), green tea and other foods such as chicory other foods (Lake et al., 

1999).   

It belongs to the benzopyrone compound family, consists of a benzene ring conjugated to a 

pyrone ring (Ojala, 2001) and includes α - benzopyrones (the coumarins) and the γ - 

benzopyrones (mainly the flavonoids; Figure 3.1).   
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Figure 3.1:  Benzopyrone subclasses, with the basic coumarin structure [(α - benzopyrone) (A)], as 
well as the flavonoid [(γ - benzopyrone) structure (B)].   

 

The α-benzopyrones can further be sub-divided (Table 3.1) into four main coumarin types 

(according to the position and type of substition) namely:  the simple coumarins, 

furanocoumarins, pyranocoumarins and the pyrone-substituted coumarins (Keating et al., 

1997).   
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Table 3.1:  The four main coumarin subtypes including structural features and examples.   

Classification Characteristics Example(s) 

Simple 
Coumarins 

Hydroxylated, 
aloxylated or 

alkylated benzene 
ring 

O OOH  

7-hydroxycoumarin 

 

Furanocoumarin 

A 5 – membered 
furan ring attached 
to the benzene ring 
(Linear or Angular). 

OO O  

Psolaren 

O OO

 

Angelicin 

 

Pyranocoumarin 
A 6 – membered 

Pyran ring attached 
to the benzene ring 
(Linear or Angular). 

O O

CH3

CH3  

Seselin 

O O
CH3

CH3  

Xanthyletin 

 

Pyrone – 
substituted 
coumarins.   

 

Substition on the 
pyrone ring (often 
C3 or C4 position). 

O

OH

O

CH3

O

 

Warfarin 

3.2. Absorption and Distribution 

Coumarin and the 7-hydroxycoumarin both have low water solubility (0.22 % and 0.031 %, 

respectively) resulting in low in vivo bioavailability and exhibits high partition coefficients, 

octanol/water (21.5 and 10.4 respectively), resulting in rapid absorption once they are in 

aqueous solution.  Together with their non-polarity, this means that they should cross lipid 

bilayers easily by means of passive diffusion (Cooke, 1999).   

3.3.  Microwave-assisted synthesis 

Microwave energy (radiation) is applicable in chemistry to accelerate charged particles 

(electrons and protons) to high energies thus causing them to collide and form covalent bonds 

(de la Hoz et al., 2005).   

This radiation causes an abrupt increase in temperature known as a microwave-induced 

thermal effect (increase in temperature).   
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The microwave reactor is equipped with an integrated equilibrium system and as the 

temperature rises, the radiation will decrease to compensate for the selected settings.  This 

microwave–induced thermal effect together with the contributing exothermal reaction, it is 

critical to keep the temperature as low as possible (which in turns means an increase in 

radiation)l.  Cooling of the reaction mixture with nitrogen has its own benefits, but has a 

financial disadvantage.  In this study we used an adapted cooling system with the microwave 

reactor (refer to section 3.5 and Figure 3.2).   

 

Advantages of microwave-assisted synthesis:   

i. Extreme reaction rate acceleration that is associated with uncomplicated 

purification/isolation;  

ii. Enhanced physicochemical properties;   

iii. Yield improvement;  

iv. Generation of new ‘’potential products’’ and 

v. Financial benefits e.g. less solvent(s) is used, absence of expensive catalyst etc. 

(Cecilia et al., 2007).   

 

Disadvantages of microwave-assisted synthesis:   

i. Limitation of solvent (because of the microwave – induced thermal effect).  Solvents 

with a low boiling point are excited much easier which makes cooling/reflux much more 

uncontrollable, therefore we only choose solvents with a boiling point of 60 °C and 

above;   

ii. The generation of new product(s)/by - product(s) can complicate the isolation of the 

desired products;   

iii. Temperature regulation (sometimes cooling with nitrogen is required) and   

iv. High investment costs (Nuchter et al., 2004).   
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3.4.  SYNTHESIS.   
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Scheme 3.1:  The synthesis of erucic acid - coumarin conjugates synthesis (BPR1, BPR2, BPR3).   

Erucic acid was first converted to its corresponding acyl chloride by means of oxacyl chloride 

in dry DCM to provide a more efficient nucleofillic attack on the respective coumarins (Scheme 

3.4 and section 3.5.1 – section 3.5.3).  Note that the resulting products are waxes with 

relative low melting points, which have numerous advantages such as possible pro drug 

benefits and transdermal properties.   
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Scheme 3.2:  Synthesis of coumarin dimer derivatives.   

Synthesis of dimers invoked widespread attention (Chapter 1 - section 1.2).  The classical 

Williamson etherfication was followed where the different coumarins 7C (7-hydroxycoumarin); 

4MC (7-Hydroxy-4-methyl coumarin) and 4C (4-hydroxycoumarin) behave as nucleophiles 
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and displace the appropiate halide (1,3 dibromo-propane and 1,4 dibromo-ethane) via an SN2 

reaction to produce the corresponding coumarin dimer.  A basic salt (K2CO3) and a spatula 

point of KI where used as suitable ‘’catalysts’’ in Acetonitrile (scheme 3.1 and section 3.5.4 

– 3.5.7).  With microwave-assisted synthesis an increase in product yield as well as a 

decrease in reaction time was achieved.   
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Scheme 3.3:  Synthesis of coumarin - thiophene conjugate (BPR8).   

Activating die thiophene acid in situ using CDI in dry DCM provides the appropriate conditions 

for nucleophillic attack by the coumarin (7-hydroxycoumarin, 4-methylated-7hydroxycoumarin 

and 4-hydroxycoumarin) the produce the coumarin–thiophene conjugate (Scheme 3.3 and 

section 3.5.8).   
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Scheme 3.4:  Synthetic route of coumarin derivates conjugated with piperidine and morpholine (BPR10, 
BPR11, BPR12, BPR13. BPR14).   
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Following the aboved mentioned method, etherfication of the coumarin derivatives with chloro-

ethanepiperidine and chloro-ethanemorpholine through conventional heating produced the 

respective coumarin conjugates (Scheme 3.2 and sections 3.5.9 – 3.5.14).   

 

3.5.  MATERIALS, METHODS AND INSTRUMENTATION.   

Materials: Starting materials were obtained from Sigma-Aldrich and Merck and was used 

without further purification or converted to intermediate (more reactive) derivatives.  All 

solvents used were anhydrous.  Drying after extraction of the organig fractions  was achieved 

using Magnesium sulphate (MgSO4).   

 

Thin layer chromatography (TLC):  TLC was carried out to determine the completeness of the 

reaction. Silica gel 60 sheets (Merck) containing UV254 fluorescent indicator were employed 

with the appropriate mobile phase for each reaction.  The developed TLC sheets were 

observed under an UV at a wavelength of 354 nm and the Rf values noted.   

 

Melting points (Mp):  A Büchi B-545 melting point apparatus was used to measure the Mp of 

all synthesised compounds.   

 

Mass spectra (MS):  High resolution mass spectra (HRMS) and nominal mass spectra (MS) 

were obtained with a Bruker micrOTOF-Q II mass spectrometer in atmospheric-pressure 

chemical ionization (APCI) mode.   

Nuclear magnetic resonance (NMR):  A Bruker Avance III 600 spectrometer, at frequencies of 

600 MHz and 150 MHz, were used to record proton (1H) and carbon (13C) NMR spectra, 

respectively.  NMR experiments were conducted in CDCl3 and the chemical shifts reported in 

parts per million (δ) downfield.  Spin multiplicities are given as s (singlet), bs (broad singlet), d 

(doublet), dd (doublet of doublets), t (triplet), q (quartet) or m (multiplet).  The coupling 

constants (J) of the molecule’s atoms involved are given in Hz.   

 

Microwave-assisted synthesis:  A CEM Discovery® microwave reactor fitted with a cooler, a 

100 mL flask with the suitable volume solvent together with the adapted cooling system (as 

discussed below) was implemented.  The air was cooled by using a length of silicon tube (inlet 

tube) that increases the surface flow area exposed to the cooler environment.  The cooler 

environment was achieved by merely packing ice and salt layer upon layer in a 5L container 

which contains the above mentioned in lead tube in a spiral formation (Figure 3.2).  This 

shifted the inlet temperature from room temperature up to -9 °C, causing the integrated system 
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to compensate for a cooler environment (although the reactions was exothermic) and 

consequently increasing radiation.  Another technique applied was to radiate the reaction for 

a smaller period of time, cool it down and then repeat the reaction.   

 

Figure 3.2:  Schematic outlay of the modified microwave reactor used in this study.   

 

3.5.1.  2-Oxo-2H-chromen-7-yl docos-24-enoate  (BPR1).   
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A mixture of 3.36 mmol, 1139 mg, 1 mol eqv. Erucic acid and 3.36 mmol, 427 mg. / 289 µL 

oxacyl chloride was suspended in 30 mL dry Dichloromethane (DCM) and stirred for 2 hours 

at room temperature (rt).  The reaction turned yellowish and the corresponding erucyl chloride 

was formed.  The excess oxacyl chloride as well as the DCM was removed under vacuum (60 

°C).  The remaining erucyl chloride was suspended in 30 mL Tetrahydrofuran (THF) and, on 

an ice bath, 3.70 mmol, 600 mg, 1.1 mol eqv. 7-hydroxycoumarin and 7.40 mmol, 1022 mg, 

2.2 mol eqv. K2CO3 was added.  The suspension was stirred for another 3 - 4 hours at room 

temperature (rt)., filtered and purified using column chromatography with DCM:Cyclohexane 

(3:1).  It was dried, filtered and concentrated, a white wax with a sweet odour formed.  

Rf:  0.491.  Mp:  53.8 - 54.5 °C.  1H NMR (600 MHz, CDCl3, Annexure A - Spectrum 1):  δ 

7.67 (d, J = 9.5 Hz, 1H, H4); 7.46 (d, J = 8.4 Hz, 1H, H5); 7.08 (d, J = 2.1 Hz, 1H, H6); 7.04 – 

6.99 (m, 1H, H8); 6.37 (d, J = 9.5 Hz, 1H, H3); 5.32 (t, J = 4.7 Hz, 2H, H24, 25); 2.56 (t, J = 7.5 
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Hz, 2H, H13); 1.99 (m, 4H, H23, 26); 1.77 – 1.70 (m, 4H, H14); 1.35 – 1.19 (m, 28H, H15 - 22, 27 - 32); 

0.85 (t, J = 7.0 Hz, 3H, H33).  
13C NMR (151 MHz, CDCl3. Annexure A - Spectrum 2):  δ 

171.61 (C12); 160.35 (C2); 154.68 (C9); 153.29 (C7); 142.84 (C4); 129.91 (C24); 129.85 (C25); 

118.43 (C5); 116.56 (C6); 116.00 (C10); 110.43 (C3); 34.32 (C8); 31.89 (C13); 30.92 (C31); 29.75 

- 29.05(C15 – 23, 26 - 29); 27.19(C30); 24.77(C14); 22.67(C32); 14.18 (C33).  MS: EIMS 315; EI-HRMS 

m/z: calculated for C31H46O4, 482.6945, found 481.3297 (Annexure B - Spectrum 29).  Yield:  

860 mg, 1.78 mmol, 48.11 %.   

 

3.5.2.  2-Oxo-2H-chromen-4-yl docos-24-enoate (BPR 2).   

O
1

9

2

10

3

4

8

7

6

5

O

O
11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

O

31

32

CH3
33

Molecular Formula  = C
31

H
46

O
4

Formula Weight  = 482.69454

 

 

A mixture of 3.36 mmol, 1139 mg, 1 mol eqv. Erucic acid and 3.36 mmol, 427 mg. / 289 µL 

oxacyl chloride was suspended in 30 mL dry DCM and stirred for 2 hours at rt. to form the 

corresponding erucyl chloride.  The reaction turned yellowish.  The excess oxacyl chloride as 

well as the DCM were removed under vacuum (60 °C).  The remaining residue was suspended 

in 30 mL THF and, on an ice bath, 3.70 mmol, 600 mg, 1.1 mol eqv. 4-hydroxycoumarin and 

7.40 mmol, 1022 mg, 2.2 mol eqv. K2CO3 were added and stirred for another 3 - 4 hours at rt., 

then filtered.  The filtrate was purified using column chromatography with DCM:Cyclohexane 

(8:2) and concentrated to yield a white wax with a sweet odour developed.   

Rf:  0.585.  Mp:  77 – 79 °C.  1H NMR (600 MHz, CDCl3, Annexure A - Spectrum 3):  δ 7.60 

(dd, J = 7.9, 1.5 Hz, 1H, H5); 7.56 (m, 1H, H7); 7.34 (dd, J = 1, 0.6 Hz, 1H, H6); 7.30 – 7.26 (m, 

1H, H8); 6.50 (s, 1H, H3), 5.33 (m, 2H, H26,27); 2.68 (t, J = 7.5 Hz, 2H, H13); 1.77 (m, 4H, H25,28); 

1.39 – 1.17 (m, 28H, H15 - 24,29 - 32); 0.85 (t, J = 7.0 Hz, 3H, H33).  
13C NMR (151 MHz, CDCl3, 

Annexure A - Spectrum 4):  δ 169.53 (C12); 161.50 (C4); 158.34 (C2); 153.65 (C9); 132.71 

(C7); 129.92 (C26); 129.83 (C27); 124.26 (C5); 122.66 (C6); 117.09 (C8); 115.53 (C10); 105.06 

(C3); 34.55 (C13); 30.92 (C31); 29.75 - 29.16 (C15 - 25); 29.00 (C28); 27.19 (C29); 26.89 (C30); 
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24.65 (C14); 22.67 (C32); 14.10  (C33).  MS: EIMS 315; EI-HRMS m/z: calculated for C31H46O4, 

482.6945, found 481.303 (Annexure B - Spectrum 30).  Yield:  710 mg, 1.47 mmol, 39.73 %.   

 

3.5.3.  4-Methyl-2-oxo-2H-chromen-7-yl docos-25-enoate (BPR 3).   
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Erucic acid (3.78 mmol, 1281 mg, 1mol eqv) and 3.78 mmol, 482 mg. / 325 µL, 1 mol eqv. 

oxacyl chloride were suspended in 30 mL dry DCM and stirred for 2 hours at rt.  The 

corresponding erucyl chloride was formed and the excess oxacyl chloride and DCM removed 

under vacuum (60 °C).  To the above residue, on an ice bath, 3.40 mmol, 600 mg, 0.9 eqv. 4-

methylated-7-hydroxycoumarin and 3.78 mmol, 1023 mg, 1.8 mol eqv. K2CO3. was added, 

stirred for 14 hours at rt. and filtered.  The filtrate was purified using column chromatography 

with DCM:Cyclohexane (7:1) and then concentrated to leave a white wax with a sweet odour 

formed.   

Rf:  0.528.  Mp:  49 - 51.2 °C.  1H NMR (600 MHz, CDCl3, Annexure A - Spectrum 5):  δ 7.58 

(d, J = 8.6 Hz, 1H, H5); 7.08 (d, J = 2.2 Hz, 1H, H6); 7.04 (dd, J = 8.6, 2.3 Hz, 1H, H8); 6.24 (s, 

1H, H3); 5.37 – 5.29 (m, 2H, H25,26); 2.56 (t, J = 7.5 Hz, 2H, H14); 2.41 (s, 3H, H11); 2.03 – 1.95 

(m, 4H, H24,27); 1.77 – 1.70 (m, 2H, H15); 1.33 - 1.21 (m, 28H, H16 – 13,28 - 33); 0.85 (t, J = 7.0 Hz, 

3H, H34).  
13C NMR (151 MHz, CDCl3, Annexure A - Spectrum 6):  δ 171.64 (C13); 160.51 

(C2); 154.17 (C7); 153.18 (C9); 151.87 (C4); 129.90 (C25); 125.30 (C26); 118.11 (C5); 117.73 

(C6); 114.45 (C10); 110.44 (C3); 34.32 (C8); 31.89 (C14); 30.92 (C32); 29.75 - 27.19 (C27 - 31, 16 - 

24); 24.77 (C15); 22.67 (C33); 18.71 (C11); 14.10 (C34).  MS:  EIMS 315; EI-HRMS m/z: calculated 

for C32H48O4, 496.721, found 497.3558 (Annexure B - Spectrum 31).  Yield:  685 mg, 1.38 

mmol, 40.59 %.   
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3.5.4.  4,4'-[Butane-1,4-diylbis(oxy)]bis(2H-chromen-2-one) 

(BPR4) 
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In a 50 mL flask, 3.08 mmol, 500 mg, 1 mol eqv. 4-hydroxycoumarin; 6.16 mmol, 852 mg, 2 

mol eqv. K2CO3 and 3.08 mmol, 123 mg, 1 mol eqv. NaH (60 % dispersed in oil) were 

suspended in 6 - 8 mL DMF.  It was stirred for 30 minutes at rt and to this stirred solution, 1.54 

mmol, 333. mg / 184 µL, 0.5 mol eqv. 1,4-dibromobutane was slowly added and it was stirred 

for a further 20 hours at 50 °C (don’t exceed 60 °C).  The mixture was feiltrated and 40 - 50 

mL water was added to the suspension until a white precipitate formed.  It was washed with 

cyclohexane to dispose of the excess DMF.  Yield:  195 mg, 0.52 mmol, 16.88 %.   

Alternative method:   

In a 50 mL flask, 3.08 mmol, 500 mg, 1 mol eqv. 4-hydroxycoumarin; 6.16 mmol, 852 mg, 2 

mol eqv. K2CO3 and 3.08 mmol, 123 mg, 1 mol eqv. NaH (60 % dispersed in oil) were 

suspended in 30 mL anhydrous acetonitrile and stirred for 30 minutes at rt.  1.54 mmol, 333 

mg. / 184 µL, 0.5 mol eqv. 1,4-dibromobutane was slowly added.  Using the microwave 

reactor, the solution was irradiated according the following preferences:  Open vessel with 

cooling on; Power 200 Watt; Temperature 45 °C; Run Time 1:30 min; Hold Time 1:30 min.  It 

was cooled down between sessions and radiation repeated for another 3 times.  The reaction 

mixture was filtered, concentrated and recrystallised to yield white crystals.   

Rf:  0.282.  Mp:  173.2 - 175.2 °C.  1H NMR (600 MHz, CDCl3, Annexure A - Spectrum 7):  δ 

7.77 (dd, J = 7.9, 1.4 Hz, 2H, H5,21); 7.56 – 7.49 (m, 2H, H7,23); 7.28 - 7.20 (m, 4H, H8,24,6,22); 

5.66 (s, 2H, H3,19); 4.29 (bs, 2H, H12,15); 2.23 (bs, 2H, H13,14); 1.63 (s, 2H, H2O; CDCL3).  
13C 

NMR (151 MHz, CDCl3, Annexure A - Spectrum 8):  δ 165.37 (C4,20); 162.77 (C2,18); 153.26 

(C9,25); 132.53 (C7,23); 123.90 (C5,21); 122.71 (C6,22); 116.82 (C8,24); 115.47 (C10,26); 90.66 (C3,19); 

68.66 (C12,15); 25.38 (C13,14).  MS: EIMS 315; EI-HRMS m/z: calculated for C22H18O6, 378.3747, 

found 379.1206 (Annexure B - Spectrum 32).  Yield:  418 mg, 1.10 mmol, 35.71 %. (211.552 

% increase in yield).   
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3.5.5.  4,4'-[Propane-1,3-diylbis(oxy)]bis(2H-chromen-2-one)  

(BPR 5).   
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In a 50 mL flask, 3.08 mmol, 500 mg, 1 mol eqv. 4-hydroxycoumarin; 6.16 mmol, 852 mg, 2 

mol eqv. K2CO3 and 3.08 mmol, 123 mg, 1 mol eqv. NaH (60 % dispersed in oil) were 

suspended in 6 - 8 mL DMF and stirred for 30 minutes at rt.  Next, 1.54 mmol, 311 mg. / 157 

µL, 0.5 mol eqv. 1,3-dibromopropane was slowly added and it was stirred for 18 hours at 50 

°C.  The solution was filtered and 25 mL water was added until a precipitate formed.  The 

white precipitate was washed with cyclohexane to remove the excess DMF.  Yield:  186 mg, 

0.51 mmol, 16.56 %.   

Alternative method:   

In a 50 mL flask, 3.08 mmol, 500 mg, 1 mol eqv. 4-hydroxycoumarin; 6.16 mmol, 852 mg, 2 

mol eqv. K2CO3 and 3.08 mmol, 123 mg, 1 mol eqv. NaH (60 % dispersed in oil) were 

combined in 30 mL anhydrous acetonitrile and stirred for 30 minutes at rt.  To the solution, 

1.54 mmol, 311 mg. / 157 µL, 0.5 mol eqv. 1,3-dibromopropane was slowly added.  Using the 

microwave reactor, the mixture was irradiated with the following preferences:  Open vessel 

with cooling on; Power 200 Watt; Temperature 45 °C; Run Time 1:30 min; Hold Time 1:30 

min.  The suspension was cooled down between sessions and radiation repeated for another 

3 times.  It was filtered, concentrated and recrystallised - white crystals formed.   

Rf:  0.378.  Mp:  203.7 – 205 °C.  1H NMR (600 MHz, CDCl3, Annexure A - Spectrum 9):  δ 

7.77 (dd, J = 7.9, 1.3 Hz, 2H, H5,18); 7.56 – 7.48 (m, 2H, H7,20); 7.30 (m, 2H, H6,19), 7.25 (dd, J 

= 10.1, 5.0 Hz, 2H, H8,21); 5.72 (s, 2H, H3,24); 4.38 (t, J = 5.9 Hz, 2H, H13,15); 2.54 (m, 1H, H14); 

1.63 (s, 2H, H2O; CDCL3).  
13C NMR (151 MHz, CDCl3, Annexure A - Spectrum 10):  δ 165.22 

(C4,17); 162.66 (C2,23); 153.29 (C9,25); 132.62 (C7,20); 124.03 (C5,18); 122.73 (C6,19); 116.89 

(C8,21); 115.37 (C10,26); 90.87 (C3,24); 65.34 (C13,15); 27.95 (C14).  MS: EIMS 315; EI-HRMS m/z: 

calculated for C21H16O6, 364.348, found 365.1034 (Annexure B - Spectrum 33).  Yield:  510 

mg, 1.40 mmol, 45.45 %.  (274.456 % increase in yield).   
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3.5.6.  7,7'-[Propane-1,3-diylbis(oxy)]bis(2H-chromen-2-one) 

(BPR6).   
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In a 50 mL flask, 3.08 mmol, 500 mg, 1 mol eqv. 7-hydroxycoumarin; 6.16 mmol, 852 mg, 2 

mol eqv. K2CO3 and 3.08 mmol, 123 mg, 1 mol eqv. NaH (60 % dispersed in oil) was 

suspended in 6 – 8 mL DMF and stirred for 30 minutes at rt.  Portion-wise, 1.54 mmol, 311 

mg. / 157 µL, 0.5 mol eqv. 1,3-dibromopropane was added and stirred for 18 hours at 50 °C.  

The solution was filtered and 25 mL of water was added until a precipitate formed.  The 

precipitate was washed with cyclohexane to dispose of the excess DMF.  Yield:  186 mg, 0.52 

mmol, 16.88 %.   

Alternative method:   

In a 50 mL flask, 3.08 mmol, 500 mg, 1 mol eqv. 7-hydroxycoumarin; 6.16 mmol, 852 mg, 2 

mol eqv. K2CO3 and 3.08 mmol, 123 mg, 1mol eqv. NaH (60% dispersed in oil) in 30 mL 

anhydrous acetonitrile were combined and stirred for 30 minutes at rt.  To this solution, 1.54 

mmol, 311 mg. / 157 µL, 0.5 mol eqv. 1,3-dibromopropane was added.  Implementing the 

microwave reactor, the suspension was irradiated according the following preferences:  Open 

vessel with cooling on; Power 200 Watt; Temperature 45 °C; Run Time 1:30 min; Hold Time 

1:30 min.  The reaction was cooled down between sessions and radiation repeated for an 

additional 3 times.  It was then filtered and concentrated - a white precipitate formed.   

Rf:  0.359.  Mp:  177 – 180 °C.  1H NMR (600 MHz, CDCl3, Annexure A - Spectrum 11):  δ 

7.61 (d, J = 9.5 Hz, 2H,H4, 22); 7.35 (d, J = 8.6 Hz, 2H,H5, 23); 6.88 (dd, J = 8.6, 2.4 Hz, 2H, H6, 

24); 6.73 (s, 2H8, 18); 6.23 (d, J = 9.5 Hz, 2H,H3, 21); 4.21 (t, J = 6.0 Hz, 4H, H13, 15); 2.32 (m, 2H, 

H14); 1.64 (s, 2H, H2O; CDCL3).  
13C NMR (151 MHz, CDCl3, Annexure A - Spectrum 12):  δ 

161.89 (C7,17); 161.15 (C2,20); 155.82 (C9,25); 143.36 (C4,22), 128.80 (C5,23), 113.19 (C6,21); 

112.87 (C3,24), 112.36 (C10.26), 101.37 (C8,18), 64.66 (C13, 15), 28.77 (C14).  MS:  EIMS 315; EI-

HRMS m/z: calculated for C21H16O6, 364.3481, found 365.1042 (Annexure B - Spectrum 34).  

Yield:  405 mg, 1.11 mmol, 36.04 % (213.351 % increase in yield).   
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3.5.7.  7,7'-[Propane-1,3-diylbis(oxy)]bis(4-methyl-2H-chromen-2-

one) (BPR7).   

3

2

O
1

4

10

9

8

7

6

5

O
12

13

14O
28

15

O
16

23

24

21

22 26

25

O
17

18

19

20

O
29

CH3
27

CH3
11

Formula Weight  = 392.4013 Molecular Formula  = C23H20O6

  

A mixture of 3.41 mmol, 600 mg, 1 mol eqv. 4-methylated-7-hydroxycoumarin; 6.82 mmol, 941 

mg, 2 mol eqv. K2CO3 and 3.08 mmol, 136 mg, 1 mol eqv. NaH (60 % dispersed in oil) was 

suspended in 10 mL DMF and stirred for 30 min at rt.  To the solution, 1.70 mmol, 344 mg. / 

173 µL, 0.5 mol eqv. 1,3-dibromopropane was added and it was stirred for 20 hours at 50 °C. 

The reaction mixture was purified using column chromatography DCM:Cyclohexane (9:1).  

After completion, it was concentrate and recrystallised, a white crystalline solid formed.   

Yield:  197 mg, 0.50 mmol, 14.66 %.   

Alternative method:   

In 30 mL anhydrous acetonitrile, 3.41 mmol, 600 mg, 1 mol eqv. 4-methylated-7-

hydroxycoumarin; 6.82 mmol, 941 mg, 2 mol eqv. K2CO3 and 3.08 mmol, 136 mg, 1 mol eqv. 

NaH (60 % dispersed in oil) were suspended and stirred for 30 min at rt.  Afterwards, 1.70 

mmol, 344 mg. / 173 µL, 0.5 mol eqv. 1,3-dibromobutane was slowly added.  The suspension 

was irradiated according the following preferences:  Open vessel with cooling on; Power 200 

Watt; Temperature 45 °C; Run Time 1:30 min; Hold Time 1:30 min.  The reaction was cooled 

down between sessions and radiation repeated for an additional 3 times.  It was then filtered, 

concentrated and recrystallised - white crystals formed.   

Rf:  0.208.  Mp:  183.5 – 186 °C.  1H NMR (600 MHz, CDCl3, Annexure A - Spectrum 13):  δ 

7.47 (d, J = 7.0 Hz, 2H, H5, 21); 6.86 (dd, J = 8.8. 2.5 Hz, 2H, H6,22); 6.80 (d, J = 2.5 Hz, 2H,H8,24) 

6.11 (s, 2H,H3, 19); 4.58 (m, 4H, H13,15); 5.42 (dd, J = 17.3, 1.4 Hz, 2H, H14); 2.37 (s, 6H, H11,27); 

1.26 (s, 2H, H2O; CDCL3).  
13C NMR (151 MHz, CDCl3, Annexure A - Spectrum 14):  δ 161.54 

(C2, 18); 161.29 (C7, 23); 155.18 (C9, 25); 152.52 (C4, 20); 132.15 (C5, 21); 125.51 (C10, 

26); 118.52 (C6, 22); 112.78 (C3, 19); 112.00 (C8, 24); 101.70 (C13, 15); 69.20 (C14); 18.67 

(C11, 27).  MS:  EIMS 315; EI-HRMS m/z: calculated for C23H20O6, 392.4013, found 391.2808 

(Annexure B - Spectrum 35).  Yield:  495 mg, 1.26 mmol, 36.95 % (252.046 % increase in 

yield).   
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3.5.8.  2-Oxo-2H-chromen-7-yl thiophene-2-carboxylate. (BPR8).    
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First off, activation chemistry was implemented by suspending 3.90 mmol, 500mg, 1 mol eqv 

2-thiophenecarboxylic acid (TP) and 5.07 mmol, 822 mg, 1.3 mol eqv. N.N’-

carbonyldiimidazole (CDI) in 30 mL dry DCM.  The solution was stirred for 2 - 4 hours at rt. 

and the solvent removed in vacuo.  To the residue obtained, 3.90 mmol, 632 mg, 1 mol eqv 

7-hydroxycoumarin and 7.80 mmol 1078 mg, 2 mol eqv. K2CO3.in 40 mL THF was added and 

it was stirred for an additional 20 hours at 40 °C.  The reaction was cooled down, extracted 

with 2 X 60 mL ethyl acetate and dried using magnesium sulphate.  The solution was filtered, 

dried and purified with column chromatography using DCM:Cyclohexane (9:1).  It was further 

concentrated and recrystallised – a white crystalline solid formed.   

Rf:  0.358.  Mp:  145 - 146.2 °C.  1H NMR (600 MHz, Acetone; Annexure A - Spectrum 15):  

δ 8.04 (dd, J = 3.8, 1.2 Hz, 1H, H14); 8.03 – 8.01 (m, 1H, H4); 8.01 (d, J = 1.1 Hz, 1H, H16); 

7.78 (d, J = 6.6 Hz, 1H, H5); 7.36 (m, 1H, H15); 7.31 (dd, J = 3.4, 2.1 Hz, 1H, H6); 7.30 (dd, J = 

6.9, 1.4 Hz, 1H, H8); 6.42 (dd, J = 9.6, 3.9 Hz, 1H, H3); 2.12 – 1.96 (m, 2H, H2O; Acetone).  

13C NMR (151 MHz, DMSO, Annexure A - Spectrum 16):  δ159.61 (C2); 154.11 (C7); 152.51 

(C12); 143.82 (C9); 135.82 (C4); 135.65 (C13); 131.31 (C16); 129.45 (C5); 128.83 (C15); 118.72 

(C6); 116.97 (C10); 115.74 (C3); 110.35 (C8).  MS:  EIMS 315; EI-HRMS m/z: calculated for 

C16H18SO4, 272.2759, found 273.0218 (Annexure B - Spectrum 36).  Yield:  402 mg, 1.48 

mmol, 37.95 %.   

 

3.5.9.  4-[2-(Piperidin-1-yl)ethoxy]-2H-chromen-2-one. (BPR9) 
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In a 100 mL flask equipped with a cooler, 7.40 mmol, 1362 mg, 1.2 mol eqv. 1-(2-chloroethyl) 

piperidine hydrochloride; 6.17 mmol, 1000 mg, 1 mol eqv. 4-hydroxycoumarin and 12.33 

mmol, 1700 mg, 2 mol eqv. K2CO3 were suspended in 75 mL dry Acetonitrile.  The reaction 

was refluxed for 10 hours at 80 °C, cooled down, filtered and evaporated under vacuum.  The 

filtrate was then extracted with 100 mL water and 2 x 30 mL ethyl acetate.  The combined 

organic fractions were collected, dried, filtered and concentrated to a volume of ~ 5 mL.  

Following recrystallision at rt., bulky, yellow crystals formed.   

Rf:  0.548.  Mp:  117 – 118 °C.  1H NMR (600 MHz, CDCl3, Annexure A - Spectrum 17):  δ 

7.78 (dd, J = 7.9, 1.5 Hz, 1H, H5); 7.54 - 7.50 (m, 1H, H7); 7.29 (dd, J = 8.3, 0.6 Hz, 1H, H6); 

7.24 (m, 1H, H8); 5.66 (s, 1H, H3); 4.23 (t, J = 5.8 Hz, 2H, H12); 2.86 (t, J = 5.8 Hz, 2H, H13); 

2.51 (s, 4H, H15,16); 1.61 - 1.55 (m, 4H, H17,18); 1.46 – 1.39 (m, 2H, H19).  
13C NMR (151 MHz, 

CDCl3, Annexure A - Spectrum 18):  δ 165.51 (C4); 162.88 (C2); 153.30 (C9); 132.34 (C7); 

123.84 (C5); 123.04 (C6); 116.74 (C8); 115.69 (C10); 90.57 (C3); 67.70 (C12); 57.01 (C13); 55.01 

(C16,15); 25.95 (C17,18); 24.01(C19).  MS:  EIMS 315; EI-HRMS m/z:  calculated for C16H19NO3, 

273.3270, found 274.1429 (Annexure B - Spectrum 37).  Yield: 635 mg, 2.32 mmol, 31.35 

%.   

 

3.5.10.  4-[2-(Morpholin-4-yl)ethoxy]-2H-chromen-2-one. (BPR10).   
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Using a 100 mL flask, 7.40 mmol, 1378 mg, 1.2 mol eqv. 4-(2-chloroethyl) morpholine 

hydrochloride; 6.17 mmol, 1000 mg, 1 mol eqv. 4-hydroxycoumarin and 12.33 mmol, 1.70 mg, 

2 mol eqv. K2CO3 were combined with a mixture of 75 mL anhydrous acetonitrile and 5 mL 

acetone.  The reaction was refluxed for at 80 °C for 5 hours, cooled down, filtered and 

evaporated to dryness.  The filtrate was extracted with 100 mL water and 2 x 30 mL ethyl 

acetate.  The organic fractions were combined, dried and filtered.  The filtrate was 

concentrated and recrystallised at 5 °C.  Dark, yellow needles formed.   

Rf:  0.622.  Mp:  121.3 – 122 °C.  1H NMR (600 MHz, CDCl3. Annexure A - Spectrum 19):  δ 

7.76 (dd, J = 7.9, 1.5 Hz, 1H, H5); 7.54 – 7.50 (m, 1H, H7); 7.29 (d, J = 8.3 Hz, 1H, H6); 7.27 – 

7.23 (m, 1H, H8); 5.66 (s, 1H, H3); 4.24 (t, J = 5.5 Hz, 2H, H12); 3.72 – 3.69 (m, 4H, H17,18); 2.89 

(t, J = 5.5 Hz, 2H, H13); 2.60 – 2.56 (m, 4H, H15,16).  
13C NMR (151 MHz, CDCl3, Annexure A 

- Spectrum 20):  δ 165.38 (C4); 162.75 (C2); 153.28 (C9); 132.48 (C7); 123.86 (C5); 122.92 
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(C6); 116.78 (C8); 115.57 (C10); 90.63 (C3); 67.45 (C17,18); 66.86 (C12); 56.69 (C13); 53.99 

(C15,16).  MS: EIMS 315; EI-HRMS m/z: calculated for C15H17NO4, 275.2998, found 278.1229 

(Annexure B - Spectrum 38).  Yield:  583 mg, 2.18 mmol, 29.46 % 

 

3.5.11.  7-[2-(Morpholin-4-yl)ethoxy]-2H-chromen-2-one (BPR 11).   
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In a 100 mL flask, 6.16 mmol, 1705 mg, 1 mol eqv. 4-(2-chloroethyl) morpholine hydrochloride; 

6.17 mmol, 1000 mg, 1 mol eqv. 7-hydroxycoumarin and 12.33 mmol, 1170 mg, 2 mol eqv. 

K2CO3 were suspended in 50 mL anhydrous acetonitrile.  The solution was refluxed for 5 hours 

at 80 °C, cooled down, filtered and evaporated to dryness.  The remaining emulsion was 

extracted with 100 mL brine and 2 x 30 mL ethyl acetate.  The combined organic fractions 

were collected, dried, filtered, concentrated and recrystallised.  Dark, yellow needles 

appeared.   

Rf:  0.216.  Mp:  118.6 - 119.1 °C.  1H NMR (600 MHz, CDCl3, Annexure A - Spectrum 21):  

δ 7.61 (d, J = 9.5 Hz, 1H, H4); 7.34 (d, J = 8.6 Hz, 1H, H5); 6.83 (dd, J = 8.6, 2.4 Hz, 1H, H6); 

6.79 (d, J = 2.4 Hz, 1H, H8); 6.23 (d, J = 9.5 Hz, 1H, H3); 4.13 (t, J = 5.6 Hz, 2H, H12); 3.74 – 

3.68 (m, 4H, H17,18); 2.81 (t, J = 5.6 Hz, 2H, H13); 2.56 (s, 4H, H15,16).  
13C NMR (151 MHz, 

CDCl3, Annexure A - Spectrum 22):  δ 161.87 (C7); 161.14 (C2); 155.81 (C9); 143.34 (C4); 

128.74 (C5); 113.19 (C10); 112.97 (C6); 112.63 (C3); 101.43 (C8); 66.85 (C17,18); 66.40 (C12); 

57.28 (C13); 54.07 (C15,16).  MS: EIMS 315; EI-HRMS m/z: calculated for C15H17NO4, 275.2999, 

found 276.1217 (Annexure B - Spectrum 39).  Yield:  709 mg, 2.58 mmol, 41.88 %.   

3.5.12.  7-[2-(Piperidin-1-yl)ethoxy]-2H-chromen-2-one (BPR 12).   
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In a 100 mL flask equipped with a cooler, 6.17 mmol, 1135 mg, 1 mol eqv. 1-(2-chloroethyl) 

piperidine hydrochloride; 6.17 mmol, 1000 mg, 1 mol eqv. 7-hydroxycoumarin and 12.33 

mmol, 1705 mg, 2 mol eqv. K2CO3 were suspended in 50 mL anhydrous acetonitrile.  The 

reaction was refluxed at 80 °C for 3 hours, cooled down, filtered and evaporated to dryness.  

The remaining residue was extracted with 100 mL brine and 2 x 30 mL ethyl acetate.  The 

collected combined organic fractions were dried, filtered and concentrated to a volume of ~ 5 

mL.  It was recrystallised and bulky, yellow crystals were produced.   

Rf:  0.164.  Mp:  89.4 - 90.5 °C.  1H NMR (600 MHz, CDCl3, Annexure A - Spectrum 23):  δ 

7.60 (d, J = 9.5 Hz, 1H, H4); 7.33 (d, J = 8.6 Hz, 1H, H5); 6.82 (dd, J = 8.6, 2.4 Hz, 1H, H6); 

6.79 (d, J = 2.4 Hz, 1H, H8); 6.21 (d, J = 9.5 Hz, 1H, H3); 4.12 (t, J = 6.0 Hz, 2H, H12); 2.76 (t, 

J = 6.0 Hz, 2H, H13); 2.47 (bs, 4H, H15,16); 1.60 – 1.55 (m, 4H, H17,18); 1.42 (bs, 2H, H19).  
13C 

NMR (151 MHz, CDCl3, Annexure A - Spectrum 24):  δ 162.05 (C7); 161.21 (C2); 155.81 

(C9); 143.38 (C4); 128.67 (C5); 113.03 (C3); 112.98 (C6); 112.50 (C10); 101.48 (C8); 66.63 (C12); 

57.58 (C13); 55.06 (C15, 16); 25.88 (C17, 18); 24.09 (C19).  MS: EIMS 315; EI-HRMS m/z: 

calculated for C16H19NO3, 273.3267, found 274.1434 (Anneture B - Spectrum 40).  Yield:  

307 mg, 1.12 mmol, 18.15 %.   

 

3.5.13.  4-Methyl-7-[2-(Piperidin-1-yl)ethoxy]-2H-chromen-2-one 

(BPR 13).   
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A combination of 3.41 mmol, 1600 mg, 1 mol eqv. 4-methylated-7-hydroxycoumarin and 6.81 

mmol, 941 mg, 2 mol eqv. K2CO3 was suspended in 30 mL Acetonitrile in a 50 mL flask 

equipped with a cooler, and stirred for 30 minutes at rt.  To this solution, 4.09 mmol, 752 mg, 

1.2 mol eqv. 1-(2-chloroethyl) piperidine hydrochloride; was added portion-wise.  Next, it was 

refluxed for 3 hours at 80 °C, cooled down, filtered and evaporated to dryness.  The remaining 

residue was extracted with 100 mL brine and 2 x 30 mL ethyl acetate.  The combined organic 

fractions were dried, filtered, concentrated and recrystallised.  Yellow crystals formed.   

Rf:  0.315.  Mp:  102 – 104 °C.  1H NMR (600 MHz, CDCl3, Annexure A - Spectrum 25):  δ 

7.44 (d, J = 8.8 Hz, 1H, H5), 6.82 (dd, J = 8.8, 2.4 Hz, 1H, H6), 6.76 (d, J = 2.4 Hz, 1H, H8), 

6.08 (d, J = 0.9 Hz, 1H, H3), 4.12 (t, J = 5.9 Hz, 2H, H13), 2.76 (t, J = 5.9 Hz, 2H, H14), 2.48 
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(bs, 4H, H16,17), 2.35 (d, J = 1.0 Hz, 3H, H11), 1.58 (m, 4H, H18,19), 1.41 (bs, 2H, H20).  
13C NMR 

(151 MHz, CDCl3, Annexure A - Spectrum 26):  δ 161.77 (C7); 161.23 (C2); 155.13 (C9); 

152.48 (C4), 125.42 (C5), 113.52 (C3), 112.56 (C6), 111.85 (C10), 101.48 (C8), 66.44 (C12), 

57.52 (C13), 55.00 (C16,17), 25.76 (C18, 19), 24.00 (C20), 18.60 (C11).  MS:  EIMS 315; EI-HRMS 

m/z: calculated for C17H21NO3, 287.353, found 288.1593 (Anneture B - Spectrum 41).  Yield:  

810 mg, 2.82 mmol, 82.70 %.   

 

3.5.14.  4-Methyl-7-[2-(morpholin-4-yl)ethoxy]-2H-chromen-2-one 

(BPR 14).   
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In a 50 mL flask, 4.09 mmol, 761 mg, 1.2 mol eqv. 4-(2-chloroethyl) morpholine hydrochloride; 

3.41 mmol, 600 mg, 1.2 eqv. 4-methylated-7-hydroxycoumarin and 6.81 mmol, 941 mg, 2 mol 

eqv. K2CO3 was mixed in 30 mL anhydrous acetonitrile.  The reaction was refluxed for 5 hours 

at 80 °C (the solution turns from white to light yellow), cooled down, filtered and evaporated 

to dryness.  Following extraction with 100 mL brine and 2 x 30 mL Ethyl Acetate, the combined 

organic fractions was dried and filtered.  The filtrate was concentrated and recrystallised at -2 

°C until dark yellow, bulky crystals appeared.   

Rf:  0.381.  Mp:  110.4 - 112.4 °C.  1H NMR (600 MHz, CDCl3, Annexure A - Spectrum 27):  

δ 7.45 (d, J = 8.8 Hz, 1H, H5), 6.82 (dd, J = 17.4, 8.7 Hz, 1H, H6), 6.76 (d, J = 7.5 Hz, 1H, H8), 

6.09 (d, J = 0.9 Hz, 1H, H3), 4.13 (t, J = 5.6 Hz, 2H, H13), 3.78 – 3.60 (m, 4H, H18,19), 2.80 (t, J 

= 5.6 Hz, 2H, H14), 2.56 (m, 4H, H16,17), 2.34 (dd, J = 16.2, 0.9 Hz, 3H, H11).  
13C NMR (151 

MHz, CDCl3, Annexure A - Spectrum 28):  δ 161.60 (C7), 161.20 (C2), 155.12 (C9), 152.49 

(C4), 125.49 (C5), 113.64 (C10), 112.58 (C6), 111.95 (C3), 101.40 (C8), 66.74 (C13), 66.20 

(C18,19), 57.23 (C14), 53.99 (C16,17), 18.60 (C11).  MS:  EIMS 315; EI-HRMS m/z: calculated for 

C16H19NO4, 289.3264, found 290.1380 (Annexure B - Spectrum 42).  Yield:  390 mg, 1.35 

mmol, 39.59 %.   
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3.6.  CONCLUSION.   

The synthesis of 14 novel coumarin conjugates [(coumarin(s) - esters and ethers were 

successfully accomplished.  The yields ranged from 18.83 % [(3.5.4.  4,4'-[Butane-1,4-

diylbis(oxy)]bis(2H-chromen-2-one)] to 28.89 % [(3.5.5.  4,4'-[Propane-1,3-diylbis(oxy)]bis(2H-

chromen-2-one).].  The lower yields were attributed to the formation of by-products, lack of 

activation energy during and/or degradation of the novel compounds during synthetic 

procedures as well as inadequate purification.  Optimisation of the various synthetic methods 

developed can further be advanced.   

The more economical modified microwave-assisted synthesis improved both time and yield, 

e.g. an improved feasibility of 28.89 % [(3.5.5 -. 4,4'-[propane-1,3-diylbis(oxy)]bis(2H-

chromen-2-one)].  This is also a positive factor concerning further possibly of 

industrialisation/marketing of the product(s).   

Structural confirmation was obtained using the analytical instrumentation and methods 

described in section 3.5 (TLC, Mp, MS, 1HNMR and 13CNMR).  The Rf value calculated using 

different concentrations of DCM:Cyclohexane as mobile phase, as well as the change in the 

7-hydroxycoumarin’s unique fluorescence that can clearly be observed on the TLC.  MS, 

1HNMR and 13CNMR presented characteristic signals for the specific compounds’ structural 

confirmation.  
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Biological Evaluation and 

Molecular Modelling. 

Chapter 

4 

4.1.  INTRODUCTION.   

In this chapter, an overview of the enzymes utilised in this study has been included, i.e. the 

enzyme kinetics; enzymology of both MAO-B and AChE.  The biostudies conducted on these 

enzymes using the newly synthesised compounds are presented in the chapter, describing 

the methodologies and the results.  Addtionally molecular modeling as an integral part of 

medicinal chemistry studies has been included.  The modeling studies included computational 

chemistry investigations on both enzymes and interaction docking studies with selected 

structures showing the most promising biological results in order gain insite into the inter – 

relationship between these rudiments of structure and activity.   

4.2  MONOAMINE OXIDASE.   

Monoamine oxidases (MAO) (EC 1.4.3.4) are a family of enzymes that catalyse the oxidation 

of monoamines (Tripton et al., 2004; Edmondson et al., 2004).  They are located bound to the 

mitochondria’s outer membrane in most cell types in the body and belong to the flavin-

containing amine oxidoreductases family of proteins.  In humans there can be distinguished 

between MAO-A and MAO-B (Grimsby et al., 1990; Shih et al., 2004) according to their 

structural differences (refer to chapter 2 - section 2.2.7, figure 2.36 and table 2.3) and 

substrate selectivity (refer to chapter 2 - section 2.2.7, figure 2.32):  MAO-A catalyses the 

deamination of serotonin (5-HT), norephinephrine and epinephrine (refer to chapter 2 - 

section 2.2.7; figure 2.32) and inhibition results in an anti-depressant and anti-anxiety effect 

while MAO-B catalyses the deamination of Dopamine, ß-phenylethylamine and benzylamine 

(refer to chapter 2 - section 2.2.7; figure 2.32) and inhibition results in anti-PD and anti-AD 

effects (Ooms et al., 2003).   

Beneficial properties of MAO-B inhibition include: 

i. Decreased ROS formation resulting from metabolism of the biogenic amines, primarily 

dopamine which generates H2O2 causing oxidative Stress. (Cohen et al., 1989);  

ii. Elevated MAO-B levels are present in the CSF, brain tissue and in the platelets of AD 

patients (Oreland et al., 1986 Riederer et al., 1982);  
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iii. MAO-B inhibtors (e.g. selegiline) prevent the consequent activation of the 

environmental pre-toxins  (Langston, 1990); and  

iv. Its ability of the protective effects against neuronal apoptosis in cell culture  (Suuronen 

et al., 2000).   

4.2.1.  Monoamine oxidase B (MAO-B).   

The active site of the MAO-B enzyme (Figure 4.1) comprises of two cavities (Chapter 2 - 

section 2.2.7) namely the entrance cavity and the substrate cavity (Hubálek et al., 2005).  The 

flavin adenine dinucleotide (FAD) coenzyme, which is covalently bound by an 8α-thioether 

linkage to CYS397, is at the end of the substrate cavity (Keraney et al., 1961).   

 

Figure 4:1:  Binding site of MAO-B.  The Connolly channel surface of the cavities is displayed in 
translucent yellow.  The coloured dots describing the lipophilicity inside the pockets are 
colour-coded according to their MLP (Molecular lipophilicity potential) values.  The amino 
acids potentially interacting with the ligands are color-coded following their localisation 
around the binding site.  The FAD cofactor and the three selected water molecules (WAT 
1, 2, 3; red arrows) are represented as an integral part of the MAO-B structure model 
(Novaroli et al., 2006).   

The active site is hydrophobic in nature and favourable for amine binding near the FAD.  

TYR398 and TYR435 forms an ‘aromatic cage’ (Figure 4.2) and has catalytic function as is  

described in section 4.2.1.2 (Edmonson et al., 2007).  For MAO inhibition, the proposed/novel 

inhibitor should occupy at least the substrate cavity of the enzyme.   
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Figure 4:2:  Molecular interaction fields, computed with an aromatic sp2 carbon probe (gray) and a 
neutral NH2 probe (cyan), of the coordinates represented by the fused entrance and 
substrate cavities in the human MAO-B complexed with 1,4-diphenyl-2-butene 
(Edmondson et al., 2007).   

4.2.1.1.  Mechanistic proposals for monoamine catalysed amine oxidation.   

The function of the monoamine oxidase enzyme is to catalyse the α-carbon oxidation of 

amines to imines and iminium ions with simultaneous reduction of the covalently bound FAD 

cofactor.  The enzyme is regenerated by re-oxidation of the reduced FAD with simultaneous 

reduction of molecular oxygen to liberate hydrogen peroxide (Figure 4.3).  One mole of 

hydrogen peroxide is produced for each mole of substrate being oxidised.   

 

Figure 4:3:  The kinetic mechanism of MAO-B.  (E-FAD:  monoamine oxidase, S:  amine, E-FADH2:  
reduced enzyme) (Edmondson et al., 2004).   

The catalytic mechanism of MAO-B have been proposed to follow one of two pathways, 

namely the single electron transfer (SET) or the polar nucleophilic mechanism (Edmondson 

et al., 2007).   
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 4.1.1.1.1.  Single Electron Transfer (SET).   

The first mechanism is through the single electron transfer (SET) pathway (Silverman, 1995).  

The mechanism is based on the foundation that one-electron oxidation of the substrate amine 

nitrogen results in labilisation of the α-CH bond to allow proton abstraction by a basic residue 

normally associated with proteins.  This explains the oxidation observed (Figure 4.4) with 

cyclopropylamine substrate analogues (Lu et al., 2002).   

 

Figure 4:4:  The proposed SET mechanism for MAO catalysis - oxidation of the substrate amine 
nitrogen results in labilisation of the α-CH bond (Lu et al., 2002).   

According to this mechanism, one electron is transferred from the nitrogen lone pair to the 

oxidised FAD of MAO and an aminyl radical is generated.  Following deprotonation of the α-

carbon, a second electron is displaced to the flavin to liberate an iminium ion.  Primary iminium 

ions are hydrolysed to the matching aldehyde (Figure 4.5), hence the terminology oxidative 

deamination.   
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Figure 4:5:  The proposed SET pathway - catalysed α-carbon oxidation of amines which produces (i) 
amine; (ii) aminyl radical; (iii) product after the loss of a proton; (iv) iminium ion; (v) 
corresponding aldehyde. (Lu et al., 2002).   

4.1.1.1.2  Polar Nucleophilic Mechanism.   

In the polar nucleophile or group transfer mechanism (Figure 4.6), MAO catalysis is postulated 

to occur via nucleophilic ‘‘attack’’ at the oxidised flavin 4α position by the amine.  It has been 

suggested that an amino acid base in the active site facilitates the proton abstraction from the 

α-carbon of the amine-flavin adduct.  The elimination of the reduced flavin results in the 

formation of the iminium product (Miller et al., 1999).   

   

Figure 4:6:  The proposed polar nucleophilic pathway for MAO catalysed α-carbon oxidation of amines 
to yield the corresponding iminium product (Miller et al., 1999).   

Evidence for the polar nucleophilic mechanism has been based on binding analyses of 

Farnesol (Hubalék et al., 2005).  Farnesol binds to MAO-B (Figure 4.7) with the OH group 

located at appropriate distance and angle with respect to the C4α position (3.4 Å and 23°) of 

the FAD while the α-CH2 is situated at appropriate distance and angle direction (also 3.4 Å 

and 24°) of the FAD N5 site (Akyüz et al., 2007; Edmondson et al., 2007)  Thus, Farnesol 

binds in a catalytically relevant conformation with turnover not being observed due to the lower 

nucleophilicity of the OH moiety relative to that of an amine group (Edmondson et al., 2007).   
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Figure 4:7:  The CH2-OH moiety of bound trans-trans Farnesol and the FAD of human MAO-B.  The 
indicated distances are between:  the oxygen (red) of Farnesol and the 4α-carbon (black) 
of the flavin ring, and the α-carbon (black) of Farnesol and the N5 position (blue) of the 
flavin ring (Edmondson et al., 2007).   

4.2.1.2  Functional Role of The Aromatic Cage In MAO Catalysis.   

Structural studies show that TYR398 and TYR435 in hMAO-B are located at appropriate 

distance and angle direction of the covalently bound flavin (Binda et al., 2002).  To investigate 

the functional roles of these tyrosyl residues in the active site, a number of site directed 

mutants of TYR435 were expressed in hMAO-B and their structural properties compared (Li 

et al., 2006).  These comparisons revealed a correlation exists between Kcat/Km and the 

interaction energy of the dipole of the substrate amine moiety and the dipole of the substituent 

at TYR435.  The ‘aromatic cage’ acts to polarise the substrate amine moiety to improve its 

efficiency (eg. BPR10 in Figure 4.18, section 4.6.3.1) as a nucleophile (Figure 4.8).  It also 

directs the navigation of the substrate amine towards the reactive positions on the FAD (Akyüz 

et al., 2007).   

 

Figure 4:8:  The effect of the dipole moments of TYR398 and TYR435 on the electron lone pair of the 
substrate amine moiety – which improves efficiency and navigates the substrate towards 
the FAD (Binda et al., 2002).   
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4.3  CHOLINESTERASE (ChE).   

Cholinesterase is an esterase enzyme responsible to catalyse the hydrolysis of choline-based 

esters.  Two types of cholinesterases can be distinguished namely, butyrylcholinesterase 

(BuChE) and acetylcholinesterase (AChE), the latter being the focus of this study.  AChE in 

particular, plays a pivotal role in die pathology of AD (refer to section 2.2.5).   

 

4.3.1.  Acetylcholinesterase (AChE).   

Acetylcholinesterase (AChE, E.C. 3.1.1.7) is the enzyme responsible for the termination of 

impulse transmission at cholinergic synapses through rapid hydrolysis of acetylcholine (ACh) 

into acetic acid and choline (Figure 4.9; Barnard 1974).   

O
N

+O

O
-

O
OH

N
++

Acetylcholine Acetate

AChE + H2O

Choline
 

Figure 4.9:  Enzymatic hydrolysis of ACh by AChE to yield acetate and choline.   

In turn, Acetylcholinesterase inhibitors (AChEIs) reduces AChE induced metabolism of ACh 

in the synaptic cleft, resulting in the increased intra synaptic residence time of ACh, and 

facilitates interaction between ACh and the postsynaptic cholinergic receptor, thus contributing 

to their clinical benefits.  AChEIs have also been reported to be beneficial not only on the 

cognitive performance in AD, but also in diffuse Lewy body disease (DLBD) as well as for the 

behavioural symptoms in dementia associated with PD (Aarsland et al., 2002, 2003; Werber 

et al., 2001; Giladi et al., 2003; Pakrasi et al., 2003; Leroi et al., 2004; Emre et al., 2004.).  

Fundamental studies further suggest that AChEIs might reduce APP (amyloid precursor 

protein) processing and provide some degree of neuroprotection (Mori et al., 2006).   

 

4.3.2.  Enzymology and catalytic mechanism.   

AChEIs can be categorised into two classes namely organophosphorus [organophosphonate 

(nerve agents) and organophosphate (insecticides) compounds (OPs)], and carbamates 

(Table 4.1).  The formers are generally insecticides, exhibiting higher toxicity (Marrs et al., 

2000), with longer duration of action and generally cause CNS toxicity (Tareg et al. 2001).   
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Table 4.1:  Classes of AChE inhibitors.  “R” = various moieties attached to the basic structure.  “P=S” 
of organophosphorus compounds can be substituted for “P=O.”.  “RL” oforganophosphates 
may attach via an “O” to “P.” (Ecobichon, 1996).   

Molecular structure of Organophosphorus compounds.   Carbamates.   

 

Organophosphonate 

(nerve agents) 

 

Organophospshate 

(insecticides)” 
 

OPs such as nerve agents interact with the serine hydroxyl residue in the esteratic site (Figure 

4.10) to block this hydrolysis.    

 

 

Figure 4.10:  Mechanism of action of nerve agents.  A nucleophillic attack by the free hydroxyl from the 
esteratic site’s serine residue on the OP, subsequently blocks the site from action on 
ACh.  If one of the R moieties disassociates, the enzyme has ‘‘aged’’ and inactivation is 
permanent (Wiener et al., 2004).   

Knowledge of AChE’s 3D structure is pivotal in recognising its unique catalytic mechanism, 

clarifying substrate – enzyme interactions and functional drug design.  The crystal structure of 

Torpedo californica acetylcholinesterase (TcAChE) was solved in 1991 (Sussman et al., 

1991).  A ribbon diagram of the catalytic subunit of TcAChE (Figure 4.11; left panel) is 

illustrated and it was revealed to belong to the α/β hydrolase family (Ollis et al., 1992; Cygler 

et al., 1993).   
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Figure 4.11:  Ribbon diagram of TcAChE with ACh docked in the active site (left panel).  Schematic 
cross-section of the active site gorge of TcAChE (right panel), with the principal catalytic 
acylation site (CAS) and peripheral anionic site (PAS) residues involved in the catalytic 
triad. (Silman et al., 2008).   

The active site of AChE consists of a catalytic anionic/acylation site (CAS) and a peripheral 

anionic site (PAS).  For its rapid catalytic activity, the active site is situated near the bottom of 

the deep, narrow gorge. (Figure. 4.11; right panel).  The active site is constructed by ~14 

conserved aromatic residues, which make up ∼70% of its surface, with W84 and F330 

contributing to the CAS, and TY70, TY121 and W279 to the PAS.  This exceptional localisation 

of the active site (Harel et al., 1996) allows ACh to be bordered almost 360° by the enzyme 

residues, allowing increased substrate/enzyme interactions thus creating a more effective 

transition state.   

 

Dual-site AChE inhibitors (molecules that interact simultaneously with both the CAS and PAS) 

appear to be a very promising therapeutic strategy as they not only stimulate the cholinergic 

system, but also inhibit the production and/or the aggregation of Aβ promoted by AChE 

(Munoz-Muriedas et al., 2004).  AChE can bind to the Aβ non-amyloidogenic form (refer to 

chapter 2 - section 2.2.2.1), inducing a conformational transition to the amyloidogenic 

conformation (refer to chapter 2 - section 2.2.2.1) with subsequent amyloid fibril aggregation 

(Inestrosa et al., 1996).   

 

The narrow gorge of TcAChE (Figure 4.12) is lined with aromatic residues and is about 20 Å 

deep, which allows ACh to penetrate nearly to the center of the 70 kDa catalytic subunit 

(Sussman et al., 1991).  The acylation site (CAS-site) is at the base of the gorge where residue 

S203 (hAChE numbering) is acylated and de-acylated during substrate turnover.  Residues 

H447 and E334 not only assist but participate with S203 in a catalytic triad (E–H–S), while 

W86 binds to the trimethylammonium moiety of ACh as acyl transfer to S203 is initiated 

(Schalk et al., 1992; Barak et al., 1994).   
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Ligands can also bind selectively either to the CAS or the PAS sites.  Disadvantages of 

substrates that merely bind to the PAS site is that it (Szegletes et al., 1998) sterically obstruct 

the entrance to the CAS, which in turn reduces the flow rate of other molecules and allosteric 

activation (Rosenberry et al., 2005).   

 

Figure 4.12:  hAChE’s active site.  Left panel: residues from crystal structure that line the active site 
gorge of hAChE.  Right panel: schematic representation of the two regions for ligand 
association within the AChE active site, the acylation and peripheral sites (Sussman et 
al., 1991).   

4.4.  ENZYME REACTIONS AND KINETICS :  GENERAL 

PRINCIPLES.   

Enzyme kinetics quantifies the rates of enzyme-catalysed reactions and the factors that 

influence it.  This allows scientists to understand the individual steps how enzymes transform 

substrates into products.  It also represents a critical part of drug discovery research to identify 

potential therapeutic agents.   

The Ki value for competitive MAO-B inhibition by test inhibitors can be determined by the 

extent to which various concentrations of the test compounds reduce substrate oxidation to 

the corresponding product.  The rates of enzyme-catalysed reactions are generally fast.  Only 

traces of product accumulate, thus making the reverse reaction negligible.  The reaction’s 

initial velocity (Vi) is essentially that of the rate of the forward reaction.  In enzyme assays a 

molar excess of substrate are used, making V i proportional to the enzyme concentration.  

Measurements of the Vi  allows researchers to quantity the enzyme present in a biologic 

sample.   
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Graph 4.1:  The substrate’s concentration effect on the Vi of an enzyme-catalysed reaction (Murray et 
al., 2003).   

As the concentration of the substrate ([S]) increases, Vi also esculates until a maximum value 

(Vmax) is reached (Graph 4.1).  The enzyme has reached a ‘‘saturated’’ point with the substrate 

and the curve of Vi vs. [S] (Graph 4.1) being hyperbolic.  At this stage only substrate molecules 

that are combined with the enzyme (enzyme-substrate or ES) complex can be converted into 

product.  Although the substrate is in excess, only the ES complex quantifies the enzyme 

present.   

At points A or B (Figure 4.13), altering the [S] have a direct proportional effect on the ES 

complexes with an equivalent alteration in Vi.  All the enzyme exist as an ES complex at higher 

[S] (C in Figure 4.13).   

 

Figure 4.13:  An enzyme at low (A), at high (C), and at [S] = Km (B).   (Murray et al., 2003).   

When no free enzyme is available to form ES, further [S] escalation will not increase the 

reaction rate.   

4.4.1  The Michaelis-Menten Equation   

The Michaelis-Menten equation (4.1) represents the relationship between Vi and [S], as 

depicted in Graph 4.1.   
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Equation 4.1:   

                                               (4.1) 

The Michaelis constant (Km) is the [S] at which Vi is half the maximal velocity (Vmax/2) 

achievable at a particular concentration of enzyme.  Vi relies on [S] and Km can be clarified 

under three conditions: 

 
(1) When [S] < Km (A in Figure 4.13 and Graph 4.1), Km. = Km + [S].  Substition produces 

equation 4.2.  When [S] < Km, the Vi are directly proportional to [S].   

Equation 4.2:   

                                (4.2) 

 
(2) If the [S] > Km (C in Figure 4.13 and Graph 4.1), [S] = Km + [S].  Substitution yields equation 

4.3.  The reaction velocity is maximal (Vmax) and is not affected by additional increases in [S].   

Equation 4.3:   

                                       (4.3) 

 
(3) When [S] = Km (B in Figure 4.13 and Graph 4.1), it is transformed to equation 4.4.  The Vi 

is now half-maximal (Vmax/2).   

Equation 4.4:   

                             (4.4) 

 

4.4.2.  Lineweaver-Burk plot.   

The Lineweaver-Burk plot is used to calculate Km and Vmax.  This linear form of the Michaelis-

Menten equation avoids high [S] for saturated conditions and Vmax and Km can be calculated 

from Vi in non – saturating conditions.   

Starting from Equation 4.1, Equation 4.5 can be derived by inverse, factorisation and 

simplification.   

Equation 4.5:   

                               (4.5) 

Equation 4.5 forms a straight line (y = ax + b), where y = 1/ Vi and x = 1/[S].  A plot of 1/Vi 

versus 1/[S] results in a straight line with y intercept 1/Vmax and slope Km/Vmax and is termed a 

double reciprocal / Lineweaver-Burk plot (Graph 4.2).  Km = the x intercept.  (Equation 4.6).   
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     therefore,   

       

Equation 4.6:   

                                      (4.6) 

 

Graph 4.2:  Double reciprocal / Lineweaver-Burk plot. (Murray et al., 2003).   

4.4.3.  Inhibitors   

Inhibitors can be categorised according to their:  

i.  Site of action on the enzyme,  

ii. potential to chemically modify the enzyme, or the 

iii. kinetic parameters they affect.   

Kinetically, three classes of inhibitors can be distinguished:  Competitive, non-competitive and 

irreversible.   

4.4.3.1.  Competitive inhibitors.   

By increasing the [S], this type of inhibitors’ effect will be cancelled.  It binds to the substrate-

binding portion in the active site and prevents  the substrate to interact with the enzyme.  The 

development and dissociation of the enzyme-inhibitor (EI) complex is defined by:   

Equation 4.7 where the free enzyme (Enz) and inhibitor (I):   

                                       (4.7) 

And the equilibrium constant (Ki) is:   

 

 

Equation 4.8:   

                                   (4.8) 
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The quantity of free enzyme to form the ES decreases and consequently product formation as 

well.  The Lineweaver-Burk plots differentiate between competitive and non - competitive 

inhibitors and reduce evaluation of inhibition constants (K i).  The Vi is calculated at several [S] 

both in the presence and in the absence of inhibitor (Graph 4.3).   

 

Graph 4.3:  Lineweaver-Burk plot of competitive inhibition.  No inhibition at high substrate concentration 
(Murray et al., 2003).   

The y intercept = 1/Vmax, when 1/[S] reaches 0, Vi is independent of the presence of inhibitor.  

The x intercept varies with inhibitor concentration, Km′ (the “apparent Km”) increases with 

increasing concentrations of inhibitor.  Vmax isn’t affected by competitive inhibition, but raises 

Km for the substrate.  The x intercept is:   

Equation 4.9:   

                                           (4.9) 

The Ki can be determined from Equation 4.9.  Ki values are used to compare different 

inhibitors of the same enzyme.  A lower Ki value reflects a more potent inhibitor.   

4.4.3.2.  Elementary non-competitive inhibitors   

In this case, substrate binding does not influence inhibitor binding and the development of EI 

(enzyme – inhibitor) and EIS (enzyme – inhibitor – substrate) complexes are achievable.  The 

EI complex decreases the enzyme’s ability to form the substrate product, and the Vmax, is 

reduced.  The E and EI retains the same affinity for substrate, and the EIS complex generates 

product at a minor rate (Graph 4.4).   
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Graph 4.4:  Lineweaver-Burk plot for simple non-competitive inhibition.  More complex non-competitive 
inhibition occurs when binding of the inhibitor does affect the apparent affinity of the 
enzyme for substrate (Murray et al., 2003).   

4.4.3.3.  Irreversible inhibitors   

This is where the inhibitor forms stable covalent bonds.  This consequently inactivates the 

enzyme and de novo enzyme synthesis is normally required (Murray et al., 2003).   

4.5.  INHIBITION STUDIES.   

The current study employed spectrophotometrical assays to determine the effect of the newly 

synthesised compounds on the MAO-B and AChE activity.   

4.5.1.  MAO-B Inhibition.   

In general, the activity of MAO-B was measured by adding an appropriate substrate (which 

depends on parameters of the synthesised test compounds and consequently determines the 

method and instrumentation used for measurement e.g.  UV, Fluorescent etc.) to the enzyme 

and then measuring the concentration of the product formed after a specified time.  

Recombinant human MAO-B was used in this study.  A fluorometric assay was used to 

measure the enzyme activities with Kynuramine as substrate.  Kynuramine were used as 

substrate and the assay is based on its MAO-B oxidisation to 4-hydroxyquinoline (Figure 4.14; 

Weissbach et al., 1960).   

The concentrations of the 4-hydroxyquinoline produced were measured with a fluorescent 

spectrophotometer (excitation wavelength of 310 nm and an emission wavelength of 400 nm).  

The fluorescence intensity decreased as 4-hydroxyquinoline production is reduced by the 

MAO-B test inhibitors.  The inhibition potencies were expressed as IC50 values.   
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CH2
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                               Kynuramine                                  4-Hydroxyquinoline 

Figure 4.14:  The MAO-B catalysed oxidation of Kynuramine (substrate) to yield 4-hydroxyquinoline 
(product).   

4.5.1.1.  Consumables and instrumentation.   

The following were obtained from Sigma Aldrich:  Kynuramine.2HBr, microsomes expressed 

in baculovirus infected BTI insects cells (Simon, S, 1997; Novaroli et al., 2005)) containing 

recombinant MAO-B (5 mg/mL), NaOH and DMSO.  A Varian Cary Eclipse fluorescence 

spectrophotometer was utlised for fluorescence spectrophotometry.   

4.5.1.2.  Data Processing 

GraphPad® Prism® V.5.03 software was utilised for data processing.  The non-paramedic test 

application was used for significance comparability.   

4.5.1.3.  Method.   

Recombinant hMAO-B (5 mg/mL) was pre-aliquoted and stored at -70 °C.  The incubations 

were prepared in 500 μl potassium phosphate buffer (pH 7.4).  Various concentrations of the 

test inhibitor (0 - 100 μM), in 4% DMSO as co-solvent was prepared.  Kynuramine (30 μM) 

served as substrate and was added to each incubation.  MAO-B (0.0075 mg/ml) was then 

added and the reactions were incubated for 20 min at 37 °C.  The reaction was terminated by 

adding 400 μL NaOH (2 N) and distilled water (1000 μL) was added to each reaction.  It was 

centrifugated (16000 g) for 10 minutes at room temperature to produce a supernatant.   

Concentration measurements of 4-hydroxyquinoline of each incubation was carried out using 

a Varian Cary Eclipse fluorescence spectrophotometer (settings:  medium PMT voltage with 

the excitation and emission slit widths set to 5 mm).  The supernatant’s fluorescence was 

measured at an excitation wavelength of 310 nm and an emission wavelength of 400 nm.   

The initial rate of oxidation was plotted against the Logarithm of the inhibitor concentration ([I]) 

and the IC50 values were determined from the sigmoidal dose-response curves (Graph 4.6).  

Different inhibitor concentrations spanning at least 3 orders of magnitude were used for each 

sigmoidal curve (0; 0.1, 0.3; 1; 3; 10; 30; 100 µM).  The inhibition data were fitted to the one 

site competition model (Legoabe et al., 2014) incorporated in the GraphPad® Prism® software 

package.  The IC50 values were determined in triplicate and are expressed as mean ± standard 

deviation (SD).  As a positive control, we used (R)-Deprenyl for its acknowledged MAO-B 
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selectivity of 0.020 µM (Matos et al., 2011) and parent compounds 7-hydroxycoumarin / 

umbelliferone because of its known MAO-B inhibitory activity of 28.583 µM (Kang et al., 2001).   

4.5.1.4:  Results: MOA-B inhibition activity 

The results of the MAO-B inhibition activity of the newly synthesised compounds are presented 

in Table 4.2 and Graph 4.5.   

 

Table 4.2:  Structures and MAO-B inhibition activity of synthesised compounds.   

COMPOUND IC50 (µM) SD 

(R)-Deprenyl  

N

H CH3

CH3

 

 

 

0.020 

 

 

0.009 

7C (7-Hydroxycoumarin) 

OOH O  

 

28.583 

 

2.519 

4MC (7-Hydroxy-4-methyl coumarin) 

OOH O

CH3

 

 

 

94.327 

 

 

3.889 

BPR 1 Oxo-2H-chromen-7-yl docos-24-enoate   

O OO

O

CH3  

 

3.680 

 

0.836 

BPR 9 (4-[2-(Piperidin-1-yl)ethoxy]-2H-chromen-2-one).   

O

O

O

N

 

 

 

21.720 

 

 

3.974 
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Table 4.2:  Structures and MAO-B inhibition activity of synthesised compounds (continue).   

BPR 10 (4-[2-(Morpholin-4-yl)ethoxy]-2H-chromen-2-one).   

O

O

O

N

O

 

 

 

0.372 

 

 

0.026 

BPR 11 (7-[2-(Morpholin-4-yl)ethoxy]-2H-chromen-2-one).   

OO O
N

O

 

 

9.758 

 

1.153 

BPR 12 (7-[2-(Piperidin-1-yl)ethoxy]-2H-chromen-2-one).   

OO O
N

 

 

9.209 

 

0.794 

BPR 13 (4-Methyl-7-[2-(Piperidin-1-yl)ethoxy]-2H-chromen-2-

one).   

O OO

CH3

N

 

 

3.093 

 

0.312 

BPR 14 (4-Methyl-7-[2-(morpholin-4-yl)ethoxy]-2H-chromen-2-

one).   

O OO

CH3

N

O

 

 

2.326 

 

0.131 

Note:  Experiments were conducted in triplicate with the mean as IC50 value.   

Compounds BPR 2 – 8 and 4C (4-Hydroxycoumarin) were devoid of MAO-B inhibitory activity 

and are not illustrated in the graph above.  MAO-B inhibition activity (Table 4.2; Graph 4.5) 

was enhanced by nearly one log scale by conjugation of 7-Hydroxycoumarin (7C; IC50 = 

28.583 µM) to erucic acid to form the coumarin ester, BPR 1 (IC50 = 3.680 µM; Table 4.2; 

Figure 4.5), and with the sp2 carbon ‘‘spacer’’ to yield coumarin ethers of morpholine (BPR 

11; IC50 = 9.758 µM) and piperidine (BPR 12; IC50 = 9.209 µM).  The 4-methylated-7-

Hydroxycoumarin (4MC; IC50 = 94.327 µM) conjugates also revealed a significant increase in 

activity with the sp2 carbon ‘‘linker’’ and coumarin ether conjugates of piperidine (BPR 13; IC50 

= 3.093 µM) and morpholine (BPR 14; IC50 = 2.326 µM).  Although 4-hydroxycoumarin 
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exhibited the lowest inhibition activity, its ether conjugate with piperidine (BPR 9; IC50 = 

21.720) showed activity and produced the most potent compound, this conjugate with 

morpholine (BPR 10; IC50 = 0.372 µM).   
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Graph 4.5:  The MAO-B inhibition activity of synthesised inhibitors.   

The 4-hydroxycoumarin - morpholine conjugate (BPR10; IC50 = 0.372 µM; Graph 4.5; green 

bar) revealed the most potent inhibitor, followed by BPR14 (IC50 = 2.326 µM; Graph 4.5; blue 

bar); BPR13 (IC50 = 3.093 µM; Graph 4.5; blue bar) and BPR1 (IC50 = 3.680 µM; Graph 4.5; 

blue bar).  BPR9 (IC50 = 21.720 µM; Graph 4.5; yellow bar); BPR11 (IC50 = 9.758 µM; Graph 

4.5; yellow bar) and BPR12 (IC50 = 9.209 µM; Graph 4.5; yellow bar) demonstrated moderate 

MAO-B activity as well as an increase in activity of their parent compounds.   
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Graph 4.6:  The sigmoidal curve of the most potent MAO-B inhibitor BPR 10.   

Previous work on these compounds on MAO-B proved that coumarin conjugates without an 

alkyne/propargyl amine moiety (Figure 4.15; B) exhibit a competitive mode of inhibition.  

When 1/V vs. 1/[S] was plotted, the lines converged at the y-axis(Figure 4.15; A).  The slope 

was obtained (Figure 4.15; C) and revealed a Ki of 0.688 µM and IC50 of 1.639 µM (Repsold, 

2008).  It is thus proposed that the newly synthesised compounds would exhibit the same 

mode of action (competitive inhibition).   

(A) (B) 

 

 

(C) 

 

Figure 4.15:  Lineweaver-Burk plot for simple competitive inhibition (Repsold, 2008).   
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4.5.2.  Acetylcholinesterase Inhibition.   

Employing an adapted version of the volumetric method using DTNB (Ellman et al., 1960), the 

test compound’s inhibitory activity against EE AChE (Acetylcholinesterase from Electrophorus 

electricus / electric eel) was spectrophotometrically evaluated.  It’s based on the rationale of 

EE AChE hydrolysis of DTNB which is measured at 405 nm.   

 

4.5.2.1.  Consumables and instrumentation:   

The following were purchased from Sigma Aldrich:  DTNB [5,5’dithiobis(2-nitrobenzoic acid, 

396.3g/mol)]; Acetylthiocholine iodide (289.18 g/mol); Acetylcholinesterase from 

Electrophorus electricus / EE AChE (electric eel, 500 UN); BSA (Albumin from Bovine serum); 

Trizma hydrochloride Reagent grade (157.60 g/mol); DMSO and NaOH.  The Corning 96-well 

flat transparent plates were acquired from BioRad and a Rayto 6100 microplate reader (filter 

for 405 nm) was utilised.   

4.5.2.2.  Method:   

Stock solutions of test compounds (1 µM and 100 µM) were prepared by dissolving it in DMSO 

and it was refrigerated until use.  Trizma-Hydrochloride buffer was prepared (pH adjusted to 

8 with diluted NaOH) and refrigerated until use.  EE AChE (500 UN) was dissolved in 22.727 

mL of Triz-buffer (38.43 nm) and pre-aliquoted (500 µL) and frozen.  Thus, the final 

concentration of the aliquots contains 22 UN/mL in 34.43 mM Tris.   

Acetylthiocholine iodide (15 mM - 5 mL, 21.69 mg), DTNB (1.5 mM – 10 mL, 5.94 g) and EE 

AChE (0.22 units/mL in 50 mM Tris-HCl and BSA 0.1%) were prepared directly preceding the 

assay and protected from light.  Continuous thawing and refreezing of the above is not 

advisable.   

148 µl DTNB and 50 µL of EE AChE solution was added to each of the required wells on the 

96-well plate.  DMSO (2 µL) was added to the control followed by the addition of 2 µL of the 

test compound stock solutions (Table 4.3) in consecutive wells to give test concentrations of 

100 µM and 1 µM.  The plate was incubated at 25 ˚C for 5 minutes.  Acetylthiocholine iodide 

(30 µL) solution was added to respective wells by means of a multipipet.  Absorbance was 

measured at 405 nm every 60 seconds for 20 minutes using the Rayto 6100 microplate reader.  

The activity (absorbance) were calculated and expressed in %. 

To obtain a volume of 2 000 µL of 0.22 units/mL, 50 mM Tris, 0.1 % BSA (sufficient for 40 x 

200 µL wells):  1 aliquot of EE AChE was thawed and 20 µL of the enzyme was used and 

1980 µL Tris (50.12 nM – 5 mL, 39.50 mg) and 0.002 g BSA were added.   



 Chapter 4 – Biological Evaluation and Molecular Modelling  

109 
 

To compensate for the DMSO effect on activity, the concentration of DMSO where kept at (1 

%) throughout the assays. This was achieved by the amount of DMSO added to a final volume 

of 200 µL in the wells, which was maintained at 2 µL (1 %).   

 

Table 4.3:  Preparation (Dilution) of novel compounds for EE AChE assay.   

Stock 
solution 
concentration 

Volume 
added to 
well 

Made up 
to 

Final concentration in 
well for incubation 
(before addition of 
ATCI) 

Final DMSO 
concentration 

10 mM 2 µL 200 µL 100 µM 1 % 

1 mM 2 µL 200 µL 10 µM 1 % 

0.1 mM 2 µL 200 µL 1 µM 1 % 

0.01 mM 2 µL 200 µL 0.1 µM 1 % 

 

% AchE inhibition =
Control absorbance –  Test compound absorbance

Control Absorbance
 X 100 

 

All data analysis and calculations were done using Prism 4.03® (GraphPhad, La Jolla, CA). 

Data analysis was carried out using the Student Newman Keuls multiple range tests and the 

level of significance was accepted at p < 0.05.  Tacrine [100 uM] was used as positive control.  

The data in the table below was obtained using the the equation above.   

 

4.5.2.3.  Results:  AChE inhibition activity 

The results of the AChE inhibitory activity and structures of the newly synthesised compounds 

are presented in Table 4.4, Graph 4.6 (100 µM) and Graph 4.7 (1µM).   

All of the synthesised compounds revealed weaker AChE potency than the positive control 

tacrine at both 100 µM  and 1 µM.   
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Table 4.4: Structures and EE AChE inhibition activity (100 µM and 1µM) of the synthesised inhibitors.   

COMPOUND 
%EE 
AChE 

Inhibition 
(100 uM) 

%EE AChE 
Inhibition [1 

uM]  

Tacrine 

N

NH
2

 

 

 

75.81± 

1.845*** 

 

 

61.52± 

5.369*** 

7C (7-Hydroxycoumarin).   

OOH O  

 

Insoluble 

 

9.585± 2.135 

4MC (7-Hydroxy-4-methyl coumarin) 

OOH O

CH3

 

 

11.04± 

6.362 

 

8.415± 6.231 

4C (4-Hydroxycoumarin).   

O O

OH

 

 

11.64± 

6.054 

 

12.910± 4.157 

BPR1 (Oxo-2H-chromen-7-yl docos-24-enoate).   

O OO

O

CH3  

Insoluble 13.530± 5.265 

BPR2 (2-Oxo-2H-chromen-4-yl docos-24-enoate).   

O

O

O

O

CH3

 

 

Insoluble 

 

22.460± 

6.959* 

BPR3 (4-Methyl-2-oxo-2H-chromen-7-yl docos-25-
enoate).   

O OO

O

CH3

CH3

 

 

Insoluble 

 

16.450± 8.583 
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BPR4 (4,4'-[Butane-1,4-diylbis(oxy)]bis(2H-chromen-2-

one)   

O

O
O

O

O

O  

 

 

Insoluble 

 

 

13.870± 4.875 

BPR5 (4,4'-[Propane-1,3-diylbis(oxy)]bis(2H-chromen-2-

one)   

O

O

O O

O

O  

 

Insoluble 

 

4.760± 7.258 

BPR6 (7,7'-[Propane-1,3-diylbis(oxy)]bis(2H-chromen-2-
one).   

O OO O O O 

 

Insoluble 

 

14.960± 4.512 

BPR7 (7,7'-[Propane-1,3-diylbis(oxy)]bis(4-methyl-2H-

chromen-2-one)   

O OO O O O

CH3CH3

 

 

Insoluble 

 

8.910± 3.265 

BPR8 (Oxo-2H-chromen-7-yl thiophene-2-carboxylate).   

S

O

O

O
O  

 

Insoluble 

 

12.090± 

3.257 

BPR9 (4-[2-(Piperidin-1-yl)ethoxy]-2H-chromen-2-one).   

O

O

O

N

 

 

27.77± 

8.243* 

 

9.780± 4.268 
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BPR10 (4-[2-(Morpholin-4-yl)ethoxy]-2H-chromen-2-

one).   

O

O

O

N

O

 

 

Insoluble 

 

14.610± 

4.568 

BPR11 (7-[2-(Morpholin-4-yl)ethoxy]-2H-chromen-2-

one).   

OO O
N

O

 

12.48± 

8.075 

6.750± 7.239 

BPR12 (7-[2-(Piperidin-1-yl)ethoxy]-2H-chromen-2-
one).   

OO O
N

 

 

52.90± 

2.621*** 

 

30.900± 

7.259** 

BPR13 (4-Methyl-7-[2-(Piperidin-1-yl)ethoxy]-2H-
chromen-2-one). 

O OO

CH3

N

 

 

57.43± 

2.743*** 

 

21.560± 

5.589* 

BPR14 (4-Methyl-7-[2-(morpholin-4-yl)ethoxy]-2H-

chromen-2-one).   

O OO

CH3

N

O

 

 

Insoluble 

 

16.170± 

11.250 

Signifficance:  p<0.05, **p<0.001, ***p<0.0001. All experiments were conducted in triplicate.   

 

Coumarin – Erucic acid conjugates.  BPR1, BPR3 (Graph 4.7; blue bars) and BPR2 (Graph 

4.7; green bar) showed activity at 1 µM of 13.53 %, 16.46 % and 22.460 % respectively.   

Coumarin Dimers.  BPR4, BPR6 (Graph 4.7; blue bars) and BPR7 (Graph 4.7; yellow bar) 

also displayed activity in the same range (13.870 %; 14.960 % and 8.910 % at 1 µM 

respectively).  BPR5 (Graph 4.7; black bar) had weak EE AChE inhibition activity (even 

weaker than its corresponding starting material) of 4.760 % at 1 µM.   

Coumarin – piperidine conjugates.  BPR12 (Graph 4.7; green bar) and BPR13 (Graph 4.7; 

green bar) showed relatively potent activity of 30.90 % and 21.56 % at 1 µM.  BPR9 (Graph 

4.7; yellow bar) revealed the weakest activity of this series with 9.780 % at 1 µM.   
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Coumarin – morpholine conjugates.  BPR11 (Graph 4.7; black bar) inhibited EE AChE 6.75 0 

% at 1 µM.  BPR14 (Graph 4.7; blue bar) and BPR10 (Graph 4.7; blue bar) exhibited activity 

in the same range of 14.61 % and 16.17 % at 1 µM.   
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Graph 4.7:  EE AChE inhibition activity (1 µM) in presence of synthesised inhibitors.  Tacrine (red bar) 
represents the positive control.  Green bars represent the most potent compounds, 
followed by compounds with moderate activity (blue bars) of the series.  Yellow bars 
indicate moderate to weak activity while black bars very weak inhibition.   

 

Positive control and parent compounds:  Tacrine (positive control) revealed EE AChE 

inhibition of 75.81 % at 100 µM (Graph 4.8; red bar), 4MC and 4C (Graph 4.8; yellow bars) 

inhibitory activity of 11.04 % and 11.64 at 100 µM respectively.   

Coumarin – piperidine conjugates.  BPR12 (Graph 4.8; green bar) had relatively potent activity 

of 52.90 % at 100 µM and BPR13 (Graph 4.8; green bar) activity of 57.43 % at 100 µM.  BPR9 

revealed the weakest activity of the piperidene series with 27.77 % at 100 µM (Graph 4.8; 

blue bar).   

Coumarin – morpholine conjugates.  BPR11 revealed activity of 12.48 % at 100 µM (Graph 

4.8; yellow bar).  The parent compound 7C, and compounds BPR1 – BPR8, BPR10 and 

BPR14 were devoid of EE AChE activity at 100 µM.   
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Graph 4.8:  EE AChE inhibition (100 µM) activity of synthesised inhibitors.  Tacrine (red bar) represents 
the positive control.  Green bars represent potent activity, blue bars moderate activity and 
yellow bars weak activity.   

 

In general, BPR13 (57.43 % at 100 µM and 21.56 % at 1µM), BPR12 (52.90 % at µM and 

30.90 % at 1µM) and BPR2 (22.46 % at 1 µM) were most promising coumarin hybrids.   

4.6.  MOLECULAR MODELLING.   

Molecular Modelling / In Silico high-thoughput screening is the field of study that implements 

molecular graphics and computational chemistry techniques to build, simulate and analyse 

potential drug candidates within their specific pharmacological target protein(s) and performs 

numerous quantum mechanical calculations (Vlok et al., 2005).   

4.6.1.  Background.   

Molecular Modelling enables the scientist to pre-select a large quantity of possible drug 

candidates (referred to as ligands) for a targeted protein(s).  This method not only accelerates 

the drug design process, but avoids costly synthesis and in vitro and in sito biological 

evaluations (Krammer et al., 2005).   

The Docking aspect includes docking and scoring.  During docking, the ligands (key) are fitted 

within certain sites [usually the active site(s)] of the appropriate protein model (lock), and can 

metaphorically be described as the ‘‘key’’ and ‘‘lock’’ process (Yakunin et al., 2003).  It views 

the ability of the 3D structure of the protein to accommodate / bind the ligands.  Scoring 



 Chapter 4 – Biological Evaluation and Molecular Modelling  

115 
 

evaluates and quantifies the interactions between the different ways / poses in which the 

ligand binds within the protein.  Numerous interactions (dispersion interactions, hydrogen 

bonding, ion-dipole, dipole-dipole, ion induced dipole interactions, charge transfer and 

covalent bonding) may occur between these two entities and determines therorectical binding 

affinities or interactions.  The software employed prioritises and correlates (score) these 

binding interactions (Krammer et al., 2005).   

4.6.2.  Method  

Material Studios Discovery Studios V3.1.1 software package (2012) with the CDOCKER 

application was used.  The method can be summarised in three parts namely: preparing the 

protein, preparing the ligands, docking and scoring.   

 

4.6.2.1.  Preparing the Protein 

From the Protein Data Bank (www.rcsb/pdb.org), the appropriate protein crystal structures:  

4EY7 (Crystal structure of recombinant human Acetylcholinesterase in complex with 

Donepezil) and 2V61 (Structure of human MAO-B in complex with the selective inhibitor 7-(3-

chlorobzloxy)-4-(methyl amino) methyl coumarin was downloaded.  The downloaded file was 

opened in the Discovery Studios® and the protein report was used to confirm and check for 

any irregularities (crystallographic data, missing regions, alternate conformations, ligand co-

crystallised, invalid residues, gaps in chains etc.).   

 

The Prepare Protein function was used to correct the irregularities mentioned above (when 

applicable).  The co-crystallised ligand was removed and the protein was then typed with 

CHARMm forcefield (Partial Charge:  Momany-Rone) which assigned partial charges to the 

structure and it was saved.  Subsequently, the ionisation and protonation state was optimised 

using ‘‘Protonate only the Protein and ‘‘Calculate Protein Ionisation and Residue pK’’ with 

settings: pH Range; From pH = 0; To pH = 14.  The protein was minimised (to correct for any 

potential steric overlap due to the structure’s van der Waals interactions).  Minimisation 

settings: Max Steps 5000, Implicit Solvent Model:  Distance-Dependent Dielectric for 4EY7 

and Generalised Born with Implicit Membrane for 2V61 was used since MAO-B is membrane 

bound.  After completion of these modeling setup preparations the structure saved.   

 

The active site (yellow sphere) of hMAO-B near the FAD (green ball-and-stick) co-crystallised 

with the selective inhibitor 7-(3-chlorobzloxy) 4-(methyl amino) methyl coumarin (gray ball-

and-stick) was selected for MAO-B docking (Figure 4.16) as described in section 4.6.1.1 

http://www.rcsb/pdb.org
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Figure 4.16:  Structure of hMAO-B in complex with the selective inhibitor 7-(3-chlorobzloxy) 4-(methyl 
amino) methyl coumarin in the active site (yellow sphere) next to the FAD (green ball-
and stick) – pdb file:2V61.   

 

4.6.2.2.  Prepare Ligands.   

In a new window, the sketching function was used to sketch the ligands.  Hydrogens were 

added, and the geometry ‘‘cleaned’’ (placing the structures in the correct and optimal 

conformation regarding their atomical angles).  The ‘‘Prepare Ligands’’ utility was used with 

settings to true change ionisation, generate tautomers and correct for valencies according to 

the accurate settings and the file saved.   

 

4.6.2.3.  Docking.   

The prepared protein was opened and typed with CHARMm forcefield.  The prepared ligand 

file was recalled.  In the CDOCKER®, the prepared protein and prepared ligand were loaded, 

and docked with random conformation set to 200, heating target temperature to 900 K and 

use full potential to true.  The best poses (selected according the highest CDocker energy) of 

the docked ligand within the active site of the protein and the prominent side chains was 

documented and interpreted (According to Accelrys Discovery Studios V3.1.1 protocols, 

2012).  The CDocker energy is a quantitive indication of the ligand pose best accepted by the 

protein and includes numerous mathametical models.   
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4.6.3.  Results:   

The most potent novel compounds were selected for docking studies into the respective 

enzyme.  BPR10 into hMAO-B (2V61); BPR2 and BPR13 into hAChE (4EY7) with key 

interaction, active site and conserved residues are outlined in the following section.   

4.6.3.1.  Monoamine oxidase B (MAO-B) 

The pyrone ring of the coumarin – morpholine conjugate (BPR10) revealed numerous 

interactions with pivotal residues in the substrate cavity.  Hydrogen binding (distance: 

2.015307 Å; angle:109.461123°) with CYS172 (dotted white line), PI interaction (distance: 

6.514040 Å; angle: 22.164892°) with TYR398 (orange line) and Pi-Sigma interaction 

(distance: 2.911005 Å; angle: 27.035908°) with LEU171 (orange line) (Figure 4.17).   

 

MAO-B IC50 = 0.372 µM CDocker Energy = 18.9546 

 

Figure 4.17:  BPR 10 (green ball-and-stick) docked in the hMAO-B protein (2V61).  Pi-Pi interactions 
(orange), Pi-Sigma bindings (orange) and hydrogen binding (white dotted line) are 
observed in the substrate cavity.   

 

Note the significance of TYR398 and TYR435 which directs a navigation path for the inhibitor 

towards the FAD (Figure 4.18 and Figure 4.19).  This corresponds to the observation by 

Edmondson et al., 2007 (refer to section 4.2.1.2).   
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Figure 4.18:  The active site (red sphere) of MAO-B near the FAD co-factor (yellow) with inhibitor 
BPR10/4-CLEM (green ball-and-stick).  Residues TYR435, TYR398 and ILE199 
(labelled in blue).   

ILE199 is affected by the ether (although no bonding was observed), and served as a gateway 

for the compound to transverse and occupy both the substrate cavity and entrance cavity 

(Figure 4.17 and Figure 4.18, refer to section 4.2.1.2). Similar binding conformations was 

observed for all the coumarin conjugates.   

 

Figure 4.19:  BPR10 docked into hMAO-B.   
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This increased inhibitory activity can also be attributed to its hydrogen donor capacity (Figure 

4.20; A) as well as its relative observed planarity (Figure 4.20; B and C).   

 

(A) 

 

(B) 

 

(C) 

  

Figure 4.20:  The hydrogen-donor capacity of BPR10 (A).  The conformations from different angles. 
Note: the relative observed planarity of the compound (panes B and C).   

 

4.6.3.2.  Acetylcholinesterase (AChE) 

BPR2 and BPR13 were docked into hAChE to elucidate the binding mode of these novel 

inhibitors.  The interactions with the protein’s residues for each compound were described.   

 

4.6.3.2.1.  BPR2 hAChE Modelling  

Since AChE’ contains a long narrow gorge that leads towards the CAS (refer to section 

4.3.1.1), the elongated fatty acid chain was preferred rather than a steric bulky conjugate.  

Thus, the coumarin entity of BPR2 occupied the PAS while the erucic acid enitity was pushed 

in through the gorge into the CAS (Figure 4.21 and Figure 4.22).  The rest of the elongated 

lipophillic entity was influenced by the neighbouring residues and fitted into the gorge to reach 

the CAS (although no further interactions was formed).   
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EE AChE Activity (1 µM):  22.460 % CDocker Energy = 29.1198 

 

Figure 4.21:  BPR 2 (blue ball-and-stick) docked in the hAChE protein with neighbouring atoms (line 
models). The coumarin entity (yellow arrow) inside the PAS with the elongated 
lipophillic entity (red arrow and white arrow) in the gorge and CAS.   

Two hydrogen bonds between the pyrone ring of BPR2 and HIS287 were observed (Figure 

4.24; yellow arrow; dotted orange and green line) with influencencial neighbouring and the 

lipophillic entity strentching towards the CAS (Figure 24; blue sphere) through the gorge.   

 

Figure 4.22:  BPR 2 (green ball-and-stick) located in the PAS site of the actives site illustrated in 
transparent cyan, including the CAS site in transparent blue.  Two hydrogen bonds 
between the pyrone ring of BPR2 and HIS287 (yellow arrow; dotted orange and green 
lines) with influencencial neighbouring atoms (line models) are illustrated.   
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The pyrone ring of the 4-Hydroxycoumarin - erucic acid ester conjugate (BPR2) was in the 

ideal conformation to firstly interact with the HIS287 (Figure 4.23) via two hydrogen bonds 

(Distance:1.986887 Å; angle 86.104311° and distance :2.053422 Å; angle:45.252811°).   

 

Figure 4.23:  Enlargement of the two hydrogen bonds (green dotted lines; yellow arrow) between 
the pyrone ring of BPR2 (blue ball-and-stick) and HIS287.   

4.6.3.2.2.  BPR13 hAChE Modelling 

BPR13 (Figure 4.24; blue ball-and-stick) were docked into hAChE.  Hydrogen bonds (Figure 

4.24; dotted green line) and Pi-interactions (Figure 4.24; orange lines) can be observed 

between the inhibitor and enzyme residues (Figure 4.24).   

EE AChE Activity (100 µM) 
= 57.43 % 

EE AChE Activity (1 µM) = 
21.560 % 

CDocker Energy = 13.4973 

 

Figure 4.24:  BPR13 (blue ball-and-stick) docked into the active site of hAChE including interactions 
between residues.   
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5 Pi-Pi interactions (noncovalent interactions between aromatic rings) occurs (violet, pink, 

yellow, orange green lines) between BPR13 and TYR283 and TRP341 and a H-bond (green 

dotted line) with TYR72 residues within the PAS (Figure 4.25).   

Pi-Pi interaction between TRP341 (Figure 4.25):  Orange Line between the phenol ring and 

TRP341 (Distance of 3.802244 Å and angle 19.229446 °); Violet Line between the pyrone ring 

and TRP341 (Distance of 4.869986 Å’ and angle of 7.121048 °).   

Pi-Pi interaction between TYR286 (Figure 4.25):  Yellow line between phenol ring en TYR286 

(Distance of 5.215086 Å and angle of 9.396214 °); Green Line (Figure 4.25) between the 

pyrone ring and TYR286 (Distance of 4.868339 Å and angle of 22.783676 °) and Pink line 

(Figure 4.25) between the pyrone ring and TYR286 (Distance of 4.040728 Å and angle of 

7.120387 °).   

Hydrogen Bonding:  Green dotted line between OH (white labelled) of the pyrone ring and 

TYR72 (Distance of 2.193334 Å and angle of 119.997215 °) depicted in Figure 4.25.   

 

 

Figure 4.25:  A detailed view of the 5 Pi-Pi interactions (violet, pink, yellow, orange and green lines) 
as well as the H-bond (dotted green line) between the compound and hAChE protein 
residues.   

 

The docking of BPR2 and BPR13 illustrated similarity, with the coumarin moiety located in the 

PAS and the pyridine (BPR13; Figure 4.24) and the elongated fatty chain (BPR2; Figures 

4.21 and 4.22) moiety in the gorge reaching towards the CAS of the enzyme.   
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4.7.  SUMMARY.   

4.7.1.  Inhibition Studies.   

The activities of the newly synthesised inhibitors were successfully evaluated against hMAO-

B and EE AChE.  The coumarin-morpholino ether conjugate, BPR 10 (4-[2-(Morpholin-4-

yl)ethoxy]-2H-chromen-2-one) was found be the most promising inhibitor of hMAO-B with an 

IC50 of 0.372 µM (Table 4.2; Graph 4.5 and Graph 4.6).  The coumarin-piperidine conjugates, 

BPR 13 (4-Methyl-7-[2-(Piperidin-1-yl)ethoxy]-2H-chromen-2-one), was the most promising 

inhibitor of EE AChE at 100 µM (Table 4.4; Graph 4.8) with activity of 57.43 %. (21.560 % at 

1µM).  BPR12 (7-[2-(Piperidin-1-yl)ethoxy]-2H-chromen-2-one) was the most potent at 1µM 

(Table 4.4; Graph 4.7) with inhibitory activity of 30.900 % (52.90 % at 100 µM).   

4.7.2.  Molecular Modelling.   

BPR 10 was illustrated to transverse both the entrance cavity and substrate cavity of MAO-B 

with the lactam of the coumarin’s pyrone ring forming hydrogen bonding  with LEU171, PI 

interaction with TYR398 and Pi-Sigma interaction with LEU171 in the substrate cavity while 

the morpholine moiety is situated in the entrance cavity (Figure 4.17).  Regarding AChE, the 

pyrone entity of BPR13 formed 3 Pi-Pi bond interactions with TRP286, 2 Pi-Pi bond 

interactions with TYR341 and a H-bond with TYR72 in the PAS (Figure 4.25), while the 

piperidine moiety is situated in the gorge reaching towords the CAS (Figure 4.24).   

The discussion and conclusion of the results are presented in Chapter 5.   
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Discussion and Conclusion 
Chapter 

5 

5.1.  INTRODUCTION.   

Alzheimer’s Disease (AD) is a multifaceted neurodegenerative disease characterised by a 

decline in cognitive abilities and non-cognitive abilities like anxiety, depression, apathy and 

psychosis (Assal et al., 2002).  It’s estimated that by the mid 21st century an individual in the 

United States will develop AD every 33 seconds (Alzheimer’s Association, facts and figures, 

2013), with a lifespan of 8 – 10 years (Small et al., 1997), placing a burden on the health 

sector.   

Late-onset AD (LOAD) and early-onset familial AD (EOFAD) are distinguished, with aging and 

gene mutations respectively the cause (Serretti et al., 2007).  It affects multiple 

neurotransmitter systems with atrophy of the cholinergic system in the hippocampus the most 

dominant (Perry, 1986; Fibiger, 1991), while the dopamine and serotoninergic systems 

attributes to the non-cognitive symptoms (Assal et al., 2002; Erkinjuntti, 2002).   

The hallmarks of AD (Chapter 1 - Figures 1.1 and 1.2;) include the presence of amyloid 

plaques (consisting of the Aβ protein), neurofibrillary tangles (composed of 

hyperphosphorylated tau) and neuro-inflammation caused by oxidative stress and numerous 

other factors (Saido T.C. 2003; Salloway et al., 2008).  Current treatment regimens (Chapter 

1 – section 1.1.4, Figure 1.3) involve AChE inhibitors (donepezil, rivastigmine, galanthamine) 

and the NMDA antagonist, memantine, which is only available in the US and Europa (Mobius, 

2008; Winblad et al., 2003; Rogawski et al., 2003; Reisberg et al., 2003).   

5.2. PROBLEM STATEMENT AND HYPOTHESIS.   

Current available drugs only provide symptomatic relieve, and because of the prevalence of 

parallel pathways (Frans et al., 2005; Mencher et al., 2005) do not address the multifactorial 

underlying AD neurodegeneration pathology (Kasa et al., 1997; Gualtieri et al., 1996).   

Thus, a new generation of drugs is required to treat the effects of the multifactorial underlying 

deficiency and a multi-target-directed (MTDLs) ligand approach could provide this (Chapter 1 

– section 1.2, Figure 1.4).  It can fundamentally be summarised as one compound that 

interacts with multiple targets (enzymes/receptors) to deliver a cumulative desired effect and 

addressing the multiple biological systems involved, where AChE and MAO-B are applicable 

in this study.   
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5.3.  AIMS AND OBJECTIVES.   

To achieve this, the coumarin chemical scaffold served as a nucleus/pharmacophore to 

synthesise novel compounds for MTDL activity. Molecular modelling studies were used to 

identify promising moieties to obtain the best biological activity.  Rational and beneficial 

neuroprotective moieties (Chapter 1 - Table 1.1; section 1.3) were conjugated in position 4 

and 7 of the coumarin (via ether and esterification) to yield potential novel coumarin conjugates 

(Table 5.1).   

Table 5.1:  Novel synthesised coumarin conjugates.   
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This first series of compounds consist of different coumarins conjugated to erucic acid, which 

has numerous AD advantages (Chapter 1 – section 1.3.5), and esters BPR1, BPR2 and 

BPR3 were synthesised (Chapter 3 – section 3.4; scheme 3.4).  Dimers has also been 

proven to be advantageous (Chapter 1 – section 1.3.1) and 4-hydroxycoumarin (4C) ester 

dimers were synthesised with 4 and 3 carbon spacers (BPR4 and BPR5) respectively 

(Chapter 3 – section 3.4; scheme 3.1).  The 7-hydroxycoumarin (7C) dimer containing a 3 

carbon spacer (BPR6) and a 7-Hydroxy-4-methyl coumarin (4MC) dimer (BPR7), were also 

synthesised (Chapter 3 – section 3.4; scheme 3.1).  The thiophene moiety, shown to exhibit 

a variety of neuroprotective properties (Chapter 1 – section 1.3.4) was conjugated to 7C to 

yield the BPR8 ester (Chapter 3 – section 3.4; scheme 3.3).  Piperidine, found in various 

compounds with anti-AD characteristics, was conjugated via a 2 carbon spacer to 7C, 4MC 

and 4C to yield the respective coumarin – piperidine esters (BPR12, BPR13, BPR9) (Chapter 

3 – section 3.4; scheme 3.2).  Similarly, the morpholine moiety (Chapter 1 – section 1.3.3) 

was conjugated to 7C; 4MC and 4C to produce the coumarin – morpholine esters (BPR11, 

BPR14, BPR10) respectively (Chapter 3 – section 3.4; scheme 3.3).   

 

5.3.1.  Outcomes:   

i. The desired compounds were successfully synthesised (Chapter 3) and their 

structures confirmed (1H and 13C NMR, MS Spectra and TLC was utilised).   

ii. AChE and MAO-B activities were determined (Chapter 4), and since MTDL design  is 

the essence of this study, only the synthesised inhibtors that interact with both these 

target proteins were further discussed.   

iii. Molecular modeling determined the binding mode and key protein amino acid 

residue(s) interactions of the most potent inhibitor of each enzyme (MAO-B – Figures 

2.3 – 5.4 and AChE – Figure 5.10).  Physical-chemical and qualitative properties were 

identified which plays a pivotal role in activity.   

5.4.  CHEMISTRY.   

For the purpose of the discussion of these compounds, a 7 substituted conjugate (BPR12) 

and a 7, 4 di-substituted conjugate (BPR13) were compared.  The characteristic 1H (Table 

5.2; green) and 13C NMR (Table 5.2; blue) signals of BPR12 (Spectra 5.1 and 5.2) and BPR13 

(Spectra 5.3 and 5.4) show little variation in the chemical shift values and are depicted in 

Table 5.2.  This can be utilised to accelerate the structure confirmation process for all 

compounds in this series.   
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1H NMR (600 MHz, CDCl3,):  δ 7.60 (d, J = 9.5 Hz, 1H, H4); 7.33 (d, J = 8.6 Hz, 1H, H5); 
6.82 (dd, J = 8.6, 2.4 Hz, 1H, H6); 6.79 (d, J = 2.4 Hz, 1H, H8); 6.21 (d, J = 9.5 Hz, 1H, 
H3); 4.12 (t, J = 6.0 Hz, 2H, H12); 2.76 (t, J = 6.0 Hz, 2H, H13); 2.47 (bs, 4H, H15,16); 1.60 
– 1.55 (m, 4H, H17,18); 1.42 (bs, 2H, H19).   

Spectrum 5.1:  Characteristic 1H NMR signals of BPR12.   

 
13C NMR (151 MHz, CDCl3,):  δ 162.05 (C7); 161.21 (C2); 155.81 (C9); 143.38 (C4); 
128.67 (C5); 113.03 (C3); 112.98 (C6); 112.50 (C10); 101.48 (C8); 66.63 (C12); 57.58 (C13); 
55.06 (C15, 16); 25.88 (C17, 18); 24.09 (C19).   

Spectrum 5.2:  Characteristic 1C NMR signals of (BPR 12).   
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1H NMR (600 MHz, CDCl3, ):  δ 7.44 (d, J = 8.8 Hz, 1H, H5), 6.82 (dd, J = 8.8, 2.4 Hz, 
1H, H6), 6.76 (d, J = 2.4 Hz, 1H, H8), 6.08 (d, J = 0.9 Hz, 1H, H3), 4.12 (t, J = 5.9 Hz, 2H, 
H13), 2.76 (t, J = 5.9 Hz, 2H, H14), 2.48 (bs, 4H, H16,17), 2.35 (d, J = 1.0 Hz, 3H, H11), 1.58 
(m, 4H, H18,19), 1.41 (bs, 2H, H20).   

Spectrum 5.3:  Characteristic 1H NMR signals of (BPR13).   

 

13C NMR (151 MHz, CDCl3,):  δ 161.77 (C7); 161.23 (C2); 155.13 (C9); 152.48 (C4), 
125.42 (C5), 113.52 (C3), 112.56 (C6), 111.85 (C10), 101.48 (C8), 66.44 (C12), 57.52 (C13), 
55.00 (C16,17), 25.76 (C18, 19), 24.00 (C20), 18.60 (C11).   

Spectrum 5.4:  Characteristic 13C NMR signals of (BPR 13).  
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H2, H4 if substituted and H7, H9 and H10, which are saturated, will not reflect any 1H NMR 

signals (ppm).  The H3 doublet (6.08 - 6.21) and the H4 (unsubstituted) doublet (≈ 7.60) are 

clearly distinguished.  The H5 doublet (7.33 – 7.44), H6 doublet of doublets (6.76 - 6.79) and 

the H8  doublets (≈ 6.82) are also characteristic for these compounds.   

The 13C NMR signals (Table 5.2; Figure 5.1) of the coumarin nucleus (ppm) – from high field 

to low field:  C7 substituted (161.77 - 162.05); C2 (161.21 - 161.23); C9 (155.81 - 155.13); 

C4 unsubstituted (≈ 143.38) but C4 substituted (≈ 152.48); C5 (125.42 - 128.67); C3 

(113.03 - 113.52); C6 (112.56 - 112.98); C10 (111.85 - 112.50) and C8 (≈ 101.48).   

 
Table 5.2:  Outlined characteristic 1H and 13C NMR signals of compounds BPR12 (Spectra 5.1 and 

5.2) and BPR13 (Spectra 5.3 and 5.4).   

BPR 12 BPR13 

1H NMR signals (δ;  ppm) 13C NMR signals 
(δ; ppm) 

1H NMR signals (δ; 
ppm) 

13C NMR signals 
(δ; ppm) 

7.60 (d, 1H, H4) 162.05 (C7) 7.44 (d, 1H, H5)  161.77 (C7) 

7.33 (d, 1H, H5) 161.21 (C2) 6.82 (dd, 1H, H6) 161.23 (C2) 

6.82 (dd, 1H, H6) 155.81 (C9) 6.76 (d, 1H, H8) 155.13 (C9) 

6.79 (d,  1H, H8) 143.38 (C4) 6.08 (d, 1H, H3) 152.48 (C4) 

6.21 (d, 1H, H3) 128.67 (C5) 4.12 (t, 2H, H13) 125.42 (C5) 

4.12 (t, 2H, H12)  113.03 (C3) 2.76 (t, 2H, H14) 113.52 (C3) 

2.76 (t, 2H, H13) 112.98 (C6) 2.48 (bs, 4H, H16,17) 112.56 (C6) 

2.47 (bs, 4H, H15,16) 112.50 (C10) 2.35 (d, 3H, H11) 111.85 (C10) 

1.60 – 1.55 (m, 4H, H17,18) 101.48 (C8) 1.58 (m, 4H, H18,19) 101.48 (C8) 

1.42 (bs, 2H, H19).   66.63 (C12) 1.41 (bs, 2H, H20)   66.44 (C12) 

 57.58 (C13)  57.52 (C13) 

55.06 (C15, 16) 55.00 (C16,17) 

25.88 (C17, 18) 25.76 (C18, 19) 

24.09 (C19) 24.00 (C20) 

 18.60 (C11) 

5.5.  BIOLOGICAL EVALUATION.   

The synthesised compounds were evaluated against recombinant hMAO-B (100 µM) and EE 

AChE (1 µM and 100 µM).  Compound BPR12 was the most effective AChE inhibitor at 100 

µM and BPR13 at 1 µM.  Compound BPR10 was the most potent MAO-B inhibitor.  MAO-B 

values (IC50 µM) and AChE inhibition (expressed in percentage), were obtained.  Due to the 

fact that both these enzymes do contribute to AD pathology, only compounds that interacts 

with both was further explored and discussed.   
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5.5.1.  MAO-B Inhibition  

All the novel synthesised compounds had lower MAO-B inhibitory activity than the reference 

compound (R)-Deprenyl as represented in table 5.3.  The indication of (R)-Deprenyl is 

Parkinson’s Disease, but its mechanism of action is highly selective, irreversible MAO-B 

inhibition.  This pharmacological action makes it a suitable reference drug as a MTDL for AD 

as the MAO-B element plays a critical role in the pathology of AD.   

MAO-B activity of the basic coumarinns were enhanced by nearly one log unit by conjugation 

of 7-hydroxycoumarin (7C; IC50 = 28.583 µM) to erucic acid to form the coumarin ester, BPR 

1 (IC50 = 3.680 µM).  Introducing the 2 carbon ‘‘spacer’’ (an ethyl chain between the two 

moieties) yielded coumarin ethers of morpholine (BPR 11; IC50 = 9.758 µM) and piperidine 

(BPR 12; IC50 = 9.209 µM).  This added distance between the coumarin and the entities 

endows the compounds the abiltiy to interact with more amino acid residues like ILE198 and 

ILE199, which consequently allows the compound to transverse the entrance cavity to access 

the substrate cavity of the active site of MAO-B e.g. which is also known as the “gating switch”.  

The 4-methylated-7-hydroxycoumarin (4MC; IC50 = 94.327 µM) conjugate also revealed a 

significant increase in activity with the 2 carbon ‘‘linker’’.  Both the piperidine coumarin ether 

(BPR 13; IC50 = 3.093 µM) and morpholine coumarin ether (BPR 14; IC50 = 2.326 µM) 

exhibited higher activity.  Although 4-hydroxycoumarin (4C) was devoid of activity, its ether 

conjugate with piperidine (BPR 9; IC50 = 21.720) showed activity and it produced the most 

potent compound, the conjugate with morpholine (BPR 10; IC50 = 0.372 µM).  With respect to 

the morpholine series:  BPR10 (0.372 ɥM) revealed a higher activity than BPR14 (2.326 ɥM) 

of 6.253 fold (p = 0.246).  BPR10 is only substituted on the 4 position, making the coumarin 

pharmacophore more polar and placing it in an angular position suitably close to the FAD of 

hMAO-B.  BPR14, on the other hand, is substituted on the 7 position and contains a methyl 

moiety on the 4 position.  The methyl substitution resulted in a less polar coumarin nucleus 

but “fills the space” in the substrate cavity of the hMAOB’s active site less optimally.  It does 

however allow for possible intermolecular interaction between the compound and the protein’s 

residues, resulting in a relatively low IC50.   

 

In the piperdine series; BPR13 (3.093 ɥM) revealed a slightly higher activity than BPR12 

(9.209 ɥM) of 2.977 fold (p = 0.0338).  BPR12 is only conjugated on the 7 position a sp2 

piperidine moiety, which makes the coumarin nucleus more polar.  BPR13 is conjugated both 

with a sp2 piperidine moiety on the 7 position and with a methyl group on the 4 position, 

resulting in a less polar coumarin nucleus.  The 4 methyl substitution allows for additional 

intermolecular bonds between the compound and the substrate cavity’s residues.  This 

possibly contributes to higher activity.   
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Table 5.3:  MAO-B inhibition values of the synthesised inhibitors including the relevant graphical 
representation.  Red bars indicates the reference drug and parent compounds, green bar 
the most potent compound, blue and yellow bars activity in the same range.   
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COMPOUND IC50 (µM) SD COMPOUND IC50 (µM) SD 

(R)-Deprenyl (control) 0.020 0.009 BPR10  0.372 0.026 

7C 28.583 2.519 BPR11  9.758 1.153 

4MC  94.327 3.889 BPR12   9.209 0.794 

BPR1 3.680 0.836 BPR13  3.093 0.312 

BPR9 21.720 3.974 BPR14  2.326 0.131 

4C (a parent compound) and BPR2 - BPR8 revealed no activity 

p<0.05, **p<0.001, ***p<0.0001.  All experiments were conducted in triplicate.   

 

The activity profile of the synthesised compounds can be divided into 3 groups: green bar 

(most potent), blue bars (relatively potent) and yellow bars (less potent).  The most potent 

compound BPR10 is indicated as the green bar relative to (R)-Deprenyl (Table 5.3 - insert).  

The blue bars presents compounds with relative activity (Table 5.3 – BPR1, BPR13 - 14) 

ranging from 2.326 µM to 3.680 µM.  Compounds that are less potent are presented in yellow 

bars and ranged from 9.209 µM to 21.720 µM (Table 5.3 – BPR9, BPR11 - 12).   



 Chapter 5 – Discussion and Conclusion  

132 
 

In order to assess the role of the lipophilicity of the test compounds - the Log P was calculated.  

BPR10 (Log P = 0.67+/- 0.75) revealed a 6.253 fold increase in contrast with BPR14 (Log P 

= 1.72+/- 0.45).  MAO-B inhibition favours conjugation on the 4 position and less lipophilicity.  

BPR13 (Log P = 3.38+/- 0.41) revealed a 2.977 fold increase to BPR12 (Log P = 1.13+/- 0.46) 

– which indicates that the substrate cavity refers more polar inhibitor structures.  Additionally, 

polarisability (an instrument to measure the polarity of a compound) was calculated for 

comparable compounds BPR10 and BPR12.  BPR10 (Polarisability: 29.03 ± 0.5 10-24cm3; Log 

P = 0.67+/- 0.75) exhibited an increase of 24.755 fold approximate to BPR12 (Polarisability: 

28.82 ± 0.5 10-24cm3; 1.13+/- 0.46) a more polar conjugate (morpholine instead of piperidine) 

is preferred.  The 4 substitution with morpholine (BPR10), piperidine (BPR9) or a small methyl 

entity (BPR13, BPR14) may play a role with conformational preference of these structures.   

 

5.5.2.  AChE Inhibition. 

The synthesised compounds were evaluated against EE AChE at concentrations of 100 µM 

(section 5.4.2.2.1) and 1 µM (section 5.4.2.2.2).  All of the synthesised compounds in Figure 

5.2 exhibited lower AChE potency than the reference compound Tacrine (75.81 % at 100 µM 

and 61.52 % at 1 µM).  All compounds dissolved at 1 µM but only compounds 4MC, 4C, BPR9, 

BPR11 – BPR13 couldn’t be evaluated 100 µM due to solubility problems with the rest of the 

compounds.  Coumarin and the 7-hydroxycoumarin both have low water solubility (0.22 % and 

0.031 %, respectively) resulting in low in vivo bioavailability (Chapter 3 – section 3.2).   

5.5.2.1.  AChE Inhibition at 100 µM.  

The tested compounds revealed AChE inhibition of the enzyme that ranged from 11.040 % 

(4MC) to 57.430 % (BPR13) at 100 µM concentrations.  BPR13 proved to be the most potent 

inhibitor of the series followed by BPR12 with inhibition of 57.430 % and 52.900 % respectively 

(Table5.4; green bars).  The increased activity of BPR13 (LogP = 3.38) is probably due to 

the 2 carbon spacer between the coumarin and piperidine, difference in binding conformation 

as well as a more lipophilic coumarin nucleus due to the methyl substitution on the 4 position, 

BPR12 (LogP = 1.13) lack the latter characteristic. BPR9 (Table 5.4; blue bar) expressed 

activity of 27.770 % while BPR11 (12.480 %) and the parent compounds 4C (11.640 %) and 

4MC (11.040 %) displayed activity in the same range (Table 5.4; yellow bars).  The moderate 

activity of BPR9 (LogP = 2.32) may prove that a spacer between the pharmacophore 

(coumarin) and a less polar conjugate (piperidine) improved activity in contrast with BPR10 

(LogP = 0.67) with a more polar conjugate (morpholine) which expressed no activity.  AChE 

inhibition thus seem to favour a two carbon chain linkage as well as lipophilicity.  

Conformational flexibility of these structures may also allow for the potential binding abilities 
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in the active site.  7C, BPR1 – BPR8, BPR 10 and BPR14 were devoid of EE AChE activity 

at 100 µM.  BPR13 (57.43 %) revealed a 1.320 fold (p = 0.0012) lesser potency than the 

reference compound Tacrine (75.81 %) but a 2.069 fold (p = 0.0169) and a 4.602 fold (p = 

0.0059) higher activity BPR11 (12.480 %).  BPR13 also exhibited a 5.221 fold (p = 0.0021) 

increase regarding its parent compound 4MC (11.000 %).   

 

Table 5.4:  EE AChE inhibition activity of the synthesised inhibitors at 100 µM and 1 µM.  Solid bars 
represent 100 µM activity and patterned bars 1 µM activity.   
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COMPOUND % EE AChE activity, [100 
µM] 

% EE AChE activity, [1 µM] 

Tacrine 75.81 ± 1.845*** 61.52 ±5.369*** 

4MC 11.04 ± 6.362 8.415 ± 6.231 

4C 11.64 ± 6.054 12.910 ± 4.157 

BPR9 27.77 ± 8.243* 9.780 ± 4.268 

BPR11 12.48 ± 8.075 6.750 ± 7.239 

BPR12 52.90 ± 2.621*** 30.90 ± 7.259** 

BPR13 57.43 ± 2.743*** 21.560 ± 5.589* 

Note:  Significance =p<0.05, **p<0.001, ***p<0.0001.  All experiments were conducted in triplicate.   

 



 Chapter 5 – Discussion and Conclusion  

134 
 

The 1.320 fold increase of BPR13 (Log P = 3.38+/- 0.41) vs. BPR9 (Log P = 2.32+/- 0.75) is 

due to the conjugation of the coumarin on the 7 and the methylated 4 position.   

The increase in lipophilicity and enhancement in AChE inhibitory activity of 7 substituted 

conjugates is ratified by various authors (Piazzi et al., 2007: Chapter 2 – section 2.2.5.1; 

figure 2.21 and Fallarero et al., 2012: Chapter 2 – section 2.2.5.1; .Figure 2.26).  The 4.602 

fold increase of BPR13 (Log P = 3.38+/- 0.41) compared to BPR11 (Log P = 1.13+/- 0.46) 

proved the 4-methylated-coumarin to be more effective.   

 

5.5.2.2.  AChE Inhibition at 1 µM.  

The most potent EE AChE inhibitors of this series at the lower concentration were BPR12 

(30.90 %), BPR2 (22.460 %) and BPR13 (21.560 %) at 1 µM (Table 5.6; green bars).  

Inhibition in the same range were exhibited by BPR3, BPR14, BPR6, BPR10, BPR4 and 

BPR1 at 16.450 %, 16.170 %, 14.960 %, 14.610 %, 13.870 % and 13.530 % (Table 5.6; blue 

bars).  Compounds that revealed slightly less activity in the same range were BPR8, BPR9 

and BPR7 (12.090 %, 9.780 % and 8.910 %) respectively (Table 5.5; yellow bars).  

Compounds with activity weaker than its respective parent compounds were BPR 5 (4.760 %) 

and BPR 11 (6.750 %), (Table 5.5; black bars).  The parent compounds 4C, 7C and 4MC 

revealed EE AChE inhibition of 12.910 %, 9.585 % and 8.415 % individually at 1 µM (Table 5.5; 

red bars).   

 

BPR12 (30.900 %) revealed a decrease of 1.991 fold (p = 0.0054) compare to the reference 

compound, Tacrine (61.520), but BPR12 revealed an increase when compared to:  BPR9 

(9.780 %) of 3.160 fold (p = 0.0193); BPR11 (6.750 %) of 4.578 fold (p = 0.0151); BPR10 

(14.610 %) of 2.115 fold (p = 0.0389); BPR6 (14.960 %) of 2.066 fold (p = 0.0413); BPR7 

(8.910 %) of 3.468 fold (p = 0.0206); BPR4 (13.870 %) of 2.228 fold (p = 0.0343); BPR5 (4.760 

%) of 6.492 fold (p = 0.0116) and BPR1 (13.530 %) of 2.284 fold (p = 0.0327).  Parent 

compound 7C (9.585 %) is 3.224 fold (p = 0.0285) less active than its conjugate BPR12 

(30.900 %).   

 

The enhanced activity of BPR2 (22.460 %) is probably due to the methyl substitution on the 4 

position of the coumarin which prevent steric hindrance and beneficially allows for elevated 

lipophilicity.  This enables the pyrone entity to interact with more pivotal residues in the PAS 

and the elongated lipophilic erucic acid conjugate in the gorge and CAS. 
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Table 5.5:  EE AChE inhibition values of synthesised inhibitors at 1 µM including the appropriate graph.  
Red bars indicates the reference drug and parent compounds, green bars the most potent 
compounds, blue and yellow bars activity in the same range and black bars compounds with 
weaker activity in relation to their respective parent compounds.   

 

Compound % EE AChE 
activity(n=3),   

[1 µM] 

Compound % EE AChE 
activity(n=3),   

[1 µM] 

Compound % EE AChE 
activity(n=3),  

[1 µM] 

Tacrine 61.52 ± 
5.369*** 

BPR3 16.450± 
8.583 

BPR9 9.780 ± 4.268 

7C 9.585 ± 
2.135 

BPR4 13.870 ± 
4.875 

BPR10 14.610 ± 
4.568 

4MC 8.415 ± 
6.231 

BPR5 4.760 ± 7.258 BPR11 6.750 ± 7.239 

4C 12.910 ± 
4.157 

BPR6 14.960 ± 
4.512 

BPR12 30.90 ± 
7.259** 

BPR1 13.530 ± 
5.265 

BPR7 8.910 ± 3.265 BPR13 21.560 ± 
5.589* 

BPR2 22.460± 
6.959* 

BPR8 12.090 ± 
3.257 

BPR14 16.170 ± 
11.25 

p<0.05, **p<0.001, ***p<0.0001. All experiments were conducted in triplicate.   
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BPR12 (30.900 % at 1 µM and 52.900 % at 100 µM) exhibited activity in the same range of 

BPR13 (21.560 at 1 µM and 57.430 % at 100 µM).  Interesting to note that BPR12 exhibited 

the most promising activity at 100 µM, whereas BPR13 at 1 µM.  This non-linear concentration 

effect on activity (BPR13 being more potent at 100 µM and BPR12 more potent at 1 µM) may 

be due to the difference in the degree of solubility of these compounds or experimental 

variation.   

5.6.  MOLECULAR MODELLING.   

Molecular Modelling implements molecular graphics and computational chemistry techniques 

to build, simulate and analyse potential drug candidates (ligands) within their specific 

pharmacological target protein(s) and performs numerous quantum mechanical calculations 

(Vlok et al., 2005).  This involves docking and scoring (Chapter 4 – section 4.6.2).  Docking 

is concerned with the “fitting” of the ligand into a specific area (site) of the protein’s amino acid 

residues (usually the active site) whereas scoring consists of analysing and interpreting the 

ligand-protein interactions (Yakunin et al., 2003; Krammer et al., 2005).   

 

5.6.1.  Intermolecular interaction parameters.   

The docking results are dependent on a set of parameters between the ligand and the protein’s 

amino acid residue(s) e.g. type of bond (mostly van der Waals), bond lengths and bond angles 

which in turn determines the strength of the interaction(s).  This consequently influences the 

potency or type of activity of the compound.  A hydrogen bond with a distance closer than ≈ 2 

Å and Pi-interactions closer than ≈ 5 Å are considered strong.  The angle between the two 

entities (ligand atom and protein residue) determines the type of Pi-bond for example Pi-Pi, 

Pi-Sigma, Pi-Cation etc. (Huyskens, P. 1991).   

There a possibility or a great probability for the applicable interaction according to the following 

parameters:   

I. Hydrogen bonds:  The maximum distance is 2.5 Å the minimum acceptor angle is 

90.0°.  The C–H•••O angle is usually linear (180°), and the closer the angle is to 180°, 

the stronger is the hydrogen bond and the shorter is the H•••O distance (Arunan et al., 

2010).   

II. Pi-Pi stacking 

The angle between the ring planes is less than 30° and the distance between the ring 

centroids is less than 4.4 Å for face-to-face interaction (Figure 5.1 (A)).  For edge-to-

face interaction the angle between the ring planes is between 60° and 120° and the 

distance between the ring centroids is less than 5.5 Å (Figure 5.1 (B) 

(http://www.schrodinger.com/kb/1556).   

http://www.schrodinger.com/kb/1556
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    (A) Face-to-face 

 

(B) Edge-to-face 

 

Figure 5.1:  The different Pi-Pi interactions.  (A) Face-to-face on the left panel.  (B) Edge-to-face on 
the tight panel (Burley, Science, 1985, 229, 23).   

III. Pi-cation interaction:  The maximum distance between the cation center (Figure 5.2) 

and the ring center is 6.6 Å and the angle between the ring plane and the line between 

the cation center and the ring center does not deviate from the perpendicular by more 

than 30° (http://www.schrodinger.com/kb/1556).   

(A) Pi-Cation (Phenol) 

 

(B) Pi-Cation (Water) 

 

Figure 5.2:  Illustration of the different Pi-cation interactions where K+ = phenol (A) or water (B) 
(Kebarle, J. Phys. Chem., 1981, 85, 1814).   

 

5.6.2.  hMAO-B Modelling. 

BPR 10 (green ball-and-stick model) was illustrated to transverse both the entrance cavity and 

substrate cavity.  The lactam entity of the coumarin moiety formed hydrogen bonding (white 

dotted line) with CYS172 and is located in the substrate cavity near the FAD co-factor (stick-

model in yellow) in the vicinity of pivotal protein residues.  The pyrone ring of the coumarin 

formed strong Pi-Pi and Pi-Sigma (solid orange line) interactions with TYR398 and LUE171 

(review section 5.4.2.3) respectively.  The morpholine moiety is situated in the entrance 

cavity, with the 2 carbon ‘‘spacer’’ in the vicinity of ILE199 and ILE198, so that the coumarin 

entity can access the entrance cavity (Figure 5.3).  The compound seems to be guided toward 

the “aromatic cage” via TYR398 and TYR435 which improved its effectiveness (Chapter 4 - 

section 4.6.3.1; Figure 4.18).   

http://www.schrodinger.com/kb/1556
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Figure 5.3:  BPR 10/4CLEM (green ball-and-stick) docked in the hMAO-B protein (2V61).  Pi-Pi 
interactions (orange), Pi-Sigma bonds (orange) and hydrogen bonds (white dotted line) 
are observed in the substrate cavity.   

 

Pi-Pi, Pi-Sigma as well as an H-bonds are presented (Table 5.6) including distances and 

angles.  These latter parameters (section 5.4.2.1) indicates relative bonding strengtht 

between the compound and the neighbouring residues in the substrate active site of hMAO-

B.   

 

Table 5.6:  Different types of intermolecular bonds between BPR10 and hMAO-B including the relevant 
distances and angles.   

Coumarin Residue Type Distance (Å) Angle (°) 

Pyrone ring TYR398 Pi-Pi 6.514  22.164  

Pyrone ring LUE171 Pi-Sigma 2.911 27.035  

Pyrone ring (O11) CYS172 H-bond 2.015 109.461  

 

This increased activity of BPR10 may be attributed to its hydrogen acceptor capacity (Figure 

5.4; A) as well as its relative planarity (Figure 5.3; B and C) (Figure 5.4) and the compounds’ 

position in relation to the FAD co-factor (Figure 5.4) and other neighbouring residues in the 

vicinity (Figures 5.5 – 5.7).   

 

The substrate cavity of hMAO-B is shaped like a flat, elongated disc with the longer axis 

perpendicular to the FAD (Edmondson et al., 2004; Chapter 2 – section 2.2.7).  The longer, 

narrower active site of MAO B (~700 Ǻ3) compared to the shorter but wider (~ 550 Ǻ3) active  

site of hMAO-A (deColibus et al., 2005), favours planar inhibitors (Chapter 2 - section 2.2.7; 

figure 2.36).  The substrate cavity is also more sterically constrained than the entrance cavity 

(Novaroli et al., 2006) – resulting in the occupation of non - bulky compounds.   
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(A) 

 

(B) 

 

(C) 

  
Figure 5.4:  The possible hydrogen-acceptor points of BPR10 (A).  The different conformation angles 

of BPR10.  NOTE:  the relative observed planarity of the compound (plans B and C).   

 

A notable observation is the position of compounds BPR10 and BPR11 relation to the FAD 

co-factor that involves different key residues.  BPR10 is located perpendicular to the FAD 

which means that the 4-substituted coumarin will have interactions with different pivotal 

residues near the FAD.  The O4 and O11 atoms of the pyrone ring of BPR10 is in a favourable 

position for interaction with the N5 and O2 groups of the FAD moiety.  The pyrone ring of 

BPR10 interacts through Pi-bonds with CYS172 (Figure 5.5; dotted violet line and arrow), 

LEU171 (Figure 5.5; dotted yellow line and arrow) and with ILE198 (Figure 5.5; dotted 

blue line and arrow).  The phenyl forms a Pi-bond with LEU171 (Figure 5.5; dotted gray 

line and arrow).  A relative strong H-bond (distance: 2.015307 Å; angle:109.461 °) is also 

present (Figure 5.5; dotted green line).  The difference in the orientation of the coumarin 

moiety favours a Pi bond between the pyrone and ILE198 (Figure 5.5).  Refer to chapter 4 

– section 4.6.3.1 for an in detailed discussion.   
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Figure 5.5:  BPR 10 (green line model) docked in hMAO-B with relation to FAD (orange line model), 
including the Pi-interactions (dotted blue, violet, yellow, gray lines and arrows) and H-
bonds (green dotted line and arrow).   

 

A relative strong H-bond as well as different Pi-bonds are presented in table 5.7.  The strength 

of the H-bond as well as the Pi-Sigma bonds’ distances while the angle of the Pi-Alkyl bonds 

are the contributing factors (Table 5.7; section 5.6.1).   

 

Table 5.7:  Different type of intermolecular bonds between compound BPR10 and hMAO-B including 
relevant distances and angles.   

Coumarin Residue Colour Type Distance (Å) Angle (°) 

Pyrone Ring ILE198 Blue Pi-Alkyl 5.444 53.651 

Pyrone Ring CYS172 Violet Pi-Alkyl 4.741 51.896 

H-Bond (O11) CYS171 Geen H-Bond 2.021 109.461 

Phenol ring CYS171 Gray Pi-Sigma 3.654 53.861 

Phenol ring CYS172 Yellow Pi-Sigma 2.210 53.461 

 

BPR11 is located more horizontal relative to the FAD, which in turns involves different residues 

near the FAD vicinity.  The O4 and O15 atoms of the pyrone ring of BPR11 is in a less 

favourable position for interaction with the O4 and N5 groups of the FAD and more angular 

towards FAD.   

Two Pi-bonds occurs between the pyrone group of BPR11 and LEU171 (Figure 5.6; green 

and light yellow line and arrows), while another Pi-bond is present between the phenol and 

CYS172 (Figure 5.6; blue line and arrow) and a unique Pi-bond between the TYR326 

(Figure 5.6; violet line and arrow).  The difference in orientation of the coumarin in relation 

to the FAD resulted in Pi interaction between the phenol ring and TYR326.   
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Figure 5.6:  BPR 11 (yellow line model) docked in hMAO-B with relation to FAD (orange line model), 
Pi-interactions (dotted blue, violet, green and light yellow lines and arrows) are illustrated.   

 

Table 5.8:  Intermolecular Pi-bonds between BPR11 and hMAO-B.   

Coumarin Residue Colour Type Distance (Å) Angle (°) 

Phenol CYS172 Blue Pi-Sulphur  4.932 84.486 

Phenol TYR326 Violet Pi-Pi T-shaped 5.188 79.245 

Pyrone LEU171 Green Pi-Sigma 3.248 26.175 

Phenol LEU171 Yellow Pi-Sigma 2.134 3.940 

It appears that the distances of the Pi-Sigma bonds rather than the angles are the determining 

factors for these intermolecular bonds.  Both the distance and angles of the Pi-sulphur 

contributes to its intermolecular bond strength (Table 5.8; section 5.6.1).   

 

Substitution on the 7 position resulted in the different orientation of BPR11 (Figure 5.7; yellow 

line model) relative to the FAD which in turn led to the Pi interaction of the phenol with 

TYR326 (Figure 5.7; dotted violet line).  BPR10 had substitution on the 7 position which 

resulted in a different orientation of the pyrone ring relative to the FAD which in turn formed 

Pi-inertactions between pyrone and ILE198 (Figure 5.7).   
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Figure 5.7:  An overlay of BPR10 and BPR11 with relation with FAD of hMAO-B and the interactions 
(dotted light blue and violet lines) with the respective unique residues TYR326 (for BPR11) 
and ILE198 (for BPR10).   

 

An overlay of these two compounds’ conformations clearly illustrates that the pyrone ring of 

BPR10 is in the vicinity of the N3 and O2 atoms of the FAD which resulted in a Pi-bond 

between the pyrone ring and ILE198.  BPR11 is in the region of the O4 and N5 atoms of the 

FAD, which in turns results in a Pi-bond between the phenol ring and TYR326.  This difference 

in conformations thus resulted in interactions with different residues.   

 
Both BPR10 and BPR11 seems to be guided by the “aromatic cage” formed by TYR398 and 

TYR435 (Akyüz et al., 2007; Binda et al., 2002) towards the FAD and so improve their binding 

effectivity (Figure 5.8; Figure 4.18; section 4.6.3.1).   

 

(A) BPR10  

 

(B) BPR11  

 

Figure 5.8:  The aromatic cage in the substrate cavity of hMAO-B docked with BPR10 (Left Panel) and 
BPR11 (Right Panel).   
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BPR9 (IC50 = 21.720 µM) revealed weaker activity compared to BPR12 (IC50 = 9.209 µM) and 

BPR13 (IC50 = 3.093 µM) but substitution in general led to an increase in activity with regards 

to their parent compounds: BPR13 (IC50 = 3.039 µM) vs. 4MC (IC50 = 94.327 µM); BPR 12 

(IC50 = 3.093 µM) vs. 7C (IC50 = 28.583 µM) and BPR9 (IC50 = 21.720 µM) vs. 4C with no 

activity.   

BPR13 (57.43 % at 100 µM) revealed a 2.069 fold (p = 0.0169) increase over BPR9 (27.770 

% at 100 µM).  This is probably due to substitution of a small lipophilic entity on the 4 position 

of the coumarin without causing any steric hindrance instead of a larger H-donating entity with 

the piperidine moiety.   

 

5.6.3.  AChE Modelling.   

BPR2 and BPR13 were docked into the hAChE (4EY7) protein (Chapter 4 – section 4.3.2.6).  

BPR 2 (ball-and-stick in blue) interacted with both the PAS and CAS of AChE.  The coumarin 

moiety is located within the PAS with two hydrogen bonds between the pyrone entity of the 

coumarin and HIS284 (Figure 5.9; yellow arrow and Figure 5.10).  The extended flexible 

erucic chain is located near the co-factors (stick models in yellow and orange) and because 

of influence of the numerous neighbouring residues (illustrated as line models) penetrates into 

the deep, narrow gorge of the CAS (Figure 5.9).   

 

Figure 5.9:  BPR 2 (blue ball-and-stick) docked in the hAChE protein with neighbouring atoms (line 
models).  The coumarin entity (yellow arrow) inside the PAS with the elongated lipophillic 
entity in the gorge (red arrow) and CAS (white arrow).   
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The pyrone ring of the 4-hydroxycoumarin - erucic acid ester conjugate (BPR2) is in the ideal 

conformation to interact with the HIS287 (Figure 5.10) via two hydrogen bonds (Distance: 

1.986887 Å; angle 86.104311 ° and distance:  2.053422 Å; angle;45.252811 °).   

 

Figure 5.10:  Enlargement of the two hydrogen bonds (green dotted lines) between the pyrone ring 
of BPR 2 (blue ball-and-stick) and HIS287.   

 

As can be seen from Table 5.9, the distances are the main contributing factors of the 

intermolecular H-bonds, although the angles are not planar (section 5.6.1).   

 
Table 5.9:  Intermolecular H-bonds between compound BPR2 and residue HIS287 of EE AChE.   

Coumarin Residue Type Distance (Å) Angle (°) 

Pyrone (O1) HIS287  H-bonds 1.986 86.104 

Pyrone (O11) HIS287 H-bonds 2.053 45.252 

The O11 atom and the O11 atom of the pyrone moiety of the coumarin formed relative (see 

section 5.4.3.3) hydrogen-bonds with HIS289 residue of AChE.   

The 7-hydroxycoumarin and 4-methylated-7-hydroxycoumarin – erucic acid (BPR1 and 

BPR3) conjugates were devoid of AChE inhibitory activity simply because the pyrone ester is 

situated in an unfavourable position for interaction with the residues in the PAS.  This explains 

the fact that BPR1 and BPR3 (where the esters and pyrone ring are located in the opposite 

position) didn’t reveal activity (Figure 5.11).  It also explains why BPR1 and BPR2 docking 

were not successful.   
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Figure 5.11:  Different orientations of BPR1, BPR2 and BPR3.  The pyrone ring of BPR2 (green circle) 
is in an ideal orientation to form two hydrogen-bonds with HIS284, while BPR1 and BPR3 
(yellow circles) lacks this characteristic.   

 

BPR13 (Figure 5.12; blue ball-and-stick) were docked into hAChE.  A H-bond (Figure 5.12; 

A; dotted green line) and several Pi-interactions (Figure 5.12; A - orange lines) can be 

observed between the inhibitor and enzyme residues.   

(A) 

 

(B) 

 

Figure 5.12:  BPR13 (blue ball-and-stick) docked into the active site of hAChE including interactions 
between residues (A).  An expanded view of the 5 Pi-Pi interactions (violet, pink, yellow, 
orange and green lines) as well as the H-bond (dotted green line) between the 
compound and hAChE protein residues (B).   

 

The 5 Pi-interactions occurs (violet, pink, yellow, orange green lines) between BPR13 and 

TYR283 and TRP341 and H-bonds (green dotted line) with TYR72 within the PAS (Figure 

5.12; B and Table 5.10).   

Pi – Interactions are as follows:  Orange line is between the phenol ring and TRP341, violet 

line between the pyrone ring and TRP341, yellow line between phenol ring en TYR286, green 
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line between the pyrone ring and TYR286 and pink line between the pyrone ring and TYR286 

(Figure 5.12; B and Table 5.7).  The hydrogen bond (Distance of 2.193334 Å and angle of 

119.997215 °) between the OH (white labelled) of TYR72 and the pyrone ring is depicted as 

a green dotted line in Figure 5.12, B.  For a detailed description (distances and angles of Pi-

interactions), review chapter 4 – section 4.6.3.2.   

Table 5.10:  Outline of the intermolecular interactions between BPR13 and hAChE with respective 
distances and angles.   

Coumarin Residue Colour Type Distance (Å) Angle (°) 

Phenol ring TRP341 Orange Pi-Pi 3.802  19.229 

Pyrone ring TRP341 Violet Pi-Pi 4.869 7.121 

Phenol ring TYR286 Yellow Pi-Pi 5.215 9.396 

Pyrone ring TYR286 Green Pi-Pi 4.868 22.783 

Pyrone ring TYR286 Pink Pi-Pi 4.040 7.120 

Pyrone ring (O11) TYR72 Green H-bond 2.193 119.997 

Due to the Pi-bonds’ and H-bonds’ distances, rather than the angles, these intermolecular 

bonds are relative strong (Table 5.10; section 5.6.1).   

The hypothesis that if an inhibitor interacts with both the PAS and CAS sites, Aβ40 formation 

decreases (Piazzi et al., 2003), thus endows BPR2 with possible additional beneficial effect 

e.g. compound AP 2238 (Chapter 2; Figure 2.20 - section 2.2.5).   

5.7.  Mutual AChE and MAO-B inhibitors. 

In order to address diseases with multifactorial, underlying pathology e.g. AD (Kasa et al., 

1997), a multi-target-directed ligand (MTDL) approach was employed.  This is where one 

compound interacts with multiple targets (enzymes/receptors) – in which AChE and MAO-B 

were selected for this study.   

MAO-B Inhibition:  BPR10; BPR14; BPR13; BPR1; BPR12; BPR11; BPR9; 7C and 4MC.   

AChE Inhibition at 100 µM:  BPR13; BPR12; BPR9; BPR11; 4C and 4MC.   

AChE Inhibition at 1 µM:  BPR12; BPR13; BPR2; BPR14; BPR3; BPR6; BPR10; BPR4; BPR1; 

4C; BPR8; 7C; BPR9; 4MC; BPR11 and BPR5.   

The results of the current study indicate that of the 17 compounds, 9 compounds (highlighted 

in green) revealed dual-mechanism activity or could be MTDLs for both AChE and MAO-B:  

7C;BPR1; BPR14; BPR13; BPR12; BPR11; BPR10; BPR9; 4MC.   

This is however only a qualitative indication to identify dual enzyme inhibition because of the 

unknown MAO-B and AChE distribution in the affected CNS areas.  For the purpose of this 

study compounds interacting with both MAO-B and AChE, was regarded potential MTDL.   
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5.8.  RECOMMENDATIONS.   

As shown in this study, the coumarin scaffold serves as a promising pharmacophore and 

inhibitors synthesised by conjugation to elongated proton acceptor moieties has the potential 

to increase both MAO-B and AchE inhibitory activity (Table 5.3 - 5.6).  Numerous promising 

neuroprotective entities can additionally be conjugated to the synthesised coumarin – 

morpholine/piperidine scaffolds.  Intensive molecular modelling can be conducted to elucidate 

the intermolecular interactions of these compounds.  In additional, in vivo studies of relevant 

potential targets (see section below and Figure 5.13) can be performed.  AD pathology 

consists of multiple targets (e.g. BACE1, APOE, ACE, NOS) (Chapter 2), beyond the two 

targets this study focussed on, and these could be investigated in future studies.  Figure 5.13 

outlines the potential MTDLs and references to the specific coumarin conjugates.   

 
                      *CA                                                   *BACE1                                               *ACE 
               Section 2.2.6.1                                Section 2.2.2.3                                 Section 2.7.1 
         Figures 2.31 and 2.32                  Figures 2.12, 2.13 and 2.22               Figures  2.57 – 2.59 
 
 
 
 
          OXIDATIVE STRESS                                                                                                  *APOE 
            Section 2.2.10.1                                                                                               Section 2.6.2.3 
        Figures 2.45 – 2.49                                                                                           Figures  2.54, 2.55 
 
                                                                      Potential MTDLs for 
                                                                 synthesised compounds 
                                                                       
                 *NOS                                                                                                       Aβ AGGREGATION     
           Section 2.2.8.1                                                                                                  INHIBITION 
         Figures 2.42, 2.43                                                                                            Section 2.6.3 
                                                                                                                                      Figure 2.56  
 
 
         *HAT and HDAC                                ANTI-INFLAMMATORY &                        PLASMIN 
          Section 2.2.9.1                                         ANTI-OXIDANT                               Section 2.7.3.1 
             Figure 2.44                                              Section2.2.3.1                                  Figure 2.62 
                                                                           Figures 2.15 – 2.19 
 

Figure 5.13:  Possible targets for further coumarins as MTDLs for AD.*CA (Carbonic Anhydrase); 

BACE1 (β-sectretase enzyme); ACE (Angiotensin converting enzyme); APOE 

(Apolipoprotein E); NOS (Nitric oxide synthase); HAT (Histone acetyltransferase; HDAC 

(Histone deacetyltransferase).   
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5.9.  CONCLUSION.   

The activity of the synthesised coumarin-type inhibitors was successfully evaluated against 

hMAO-B and EE AChE (Chapter 4 – section 4.5).  The coumarin - morpholine ether, BPR 

10 (4-[2-(Morpholin-4-yl)ethoxy]-2H-chromen-2-one) proved to be the most promising inhibitor 

of hMAO-B with an IC50 of 0.372 µM, though at least one log unit less potent than the 

irreversible reference MAO-B inhibitor (R)-Deprenyl (Table 5.3, section 5.2.1).  This could be 

ascribed to its position of conjugation, relative planarity as well as multiple hydrogen accepting 

points (Table 5.3; Figure 5.4).  In docking studies, BPR 10 was illustrated to transverse both 

the entrance cavity and substrate cavity of MAO-B with the coumarin moiety forming a 

hydrogen bond with LEU171, Pi-Pi interaction with TYR398 and Pi-Sigma interaction with 

LEU171 in the substrate cavity while the morpholine moiety is situated in the entrance cavity 

(Figure 5.3).  Its relative position in the substrate cavity towards FAD also have an influential 

effect.  BPR10 (4 substituted) formed an interaction with ILE198 (Figures 5.5 - 5.7) compared 

to BPR11 (7 substituted) which interacted with TYR326 (Figures 5.6 - 5.8).   

 

The coumarin-piperidine conjugate, BPR13 (4-Methyl-7-[2-(Piperidin-1-yl)ethoxy]-2H-

chromen-2-one), was the most potent inhibitor of EE AChE with inhibitory activity of 57.430 % 

at 100 µM and 21.560 % at 1µM (Table 5.4 and 5.5) while BPR12 [(7-[2-(Piperidin-1-

yl)ethoxy]-2H-chromen-2-one)] was the most potent EE AChE inhibitor at 1 µM with activity of 

30.900 % (Table 5.5). Both are however still significantly lower than the reference AChE 

inhibitor, Tacrine.  Docking the compounds into the hAChE, BPR 2 was found to occupy both 

the PAS and CAS of AChE.  The coumarin moiety is located within the PAS with the pyrone 

ring of the coumarin forming two hydrogen bonds with HIS284.  The extended flexible erucic 

chain is influenced by the neighbouring residues that allows it to penetrate into the deep, 

narrow gorge of the CAS of AChE (Figure 5.9 and 5.10).  BPR13 formed 3 Pi-bonds with 

TRP286, 2 Pi-bonds with TYR341 (Table 5.10) and a H-bond with TYR72 in the PAS (Figure 

5.13).  The coumarin occupying the PAS site correlates with previous studies of AChE e.g. 

compound AP 228 (Chapter 2 - section 2.2.5; Figure 2.20; Piazzi et al., 2004).   

 

The coumarin thus served as an adequate pharmacophoric scaffold and conjugated BPR13 

(57.43 %) exhibited significant AChE inhibition at at 100 µM (Table 5.4, section 5.4.2.2.1) 

and BPR12 (30.900 %) at 1 µM (Table 5.5, section 5.4.2.2.2), though still significantly lower 

than the reference AChE inhibitor, Tacrine.  Compounds exhibited potential for both MAO-B 

and AChE inhibition in AD and wualifies as MTDLs are BPR 9 – BPR 14.  Different lipophilic 

neuroprotective moieties can further be conjugated on the notional positions of the coumarin 

to increase or modify activity.  
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ANNEXURE A: 

NMR (1H and 13C) Spectra 

 

 

 

Spectrum 1:  1H NMR of 2-Oxo-2H-chromen-7-yl docos-24-enoate (BPR1).   

 

1H NMR (600 MHz, CDCl3, Spectrum 1):  δ 7.67 (d, J = 9.5 Hz, 1H, H4); 7.46 (d, J = 8.4 Hz, 1H, H5); 
7.08 (d, J = 2.1 Hz, 1H, H6); 7.04 – 6.99 (m, 1H, H8); 6.37 (d, J = 9.5 Hz, 1H, H3); 5.32 (t, J = 4.7 Hz, 
2H, H24, 25); 2.56 (t, J = 7.5 Hz, 2H, H13); 1.99 (m, 4H, H23, 26); 1.77 – 1.70 (m, 4H, H14); 1.35 – 1.19 
(m, 28H, H15 - 22, 27 - 32); 0.85 (t, J = 7.0 Hz, 3H, H33).   
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Spectrum 2:  13C NMR of 2-Oxo-2H-chromen-7-yl docos-24-enoate (BPR1).    

 
13C NMR (151 MHz, CDCl3. Spectrum 2):  δ 171.61 (C12); 160.35 (C2); 154.68 (C9); 153.29 (C7); 
142.84 (C4); 129.91 (C24); 129.85 (C25); 118.43 (C5); 116.56 (C6); 116.00 (C10); 110.43 (C3); 34.32 
(C8); 31.89 (C13); 30.92 (C31); 29.75 - 29.05(C15 – 23, 26 - 29); 27.19(C30); 24.77(C14); 22.67(C32); 14.18 
(C33).   

Spectrum 3:  1H NMR of 2-Oxo-2H-chromen-4-yl docos-24-enoate (BPR 2).   

 
1H NMR (600 MHz, CDCl3, Spectrum 3):  δ 7.60 (dd, J = 7.9, 1.5 Hz, 1H, H5); 7.56 (m, 1H, H7); 7.34 
(dd, J = 1, 0.6 Hz, 1H, H6); 7.30 – 7.26 (m, 1H, H8); 6.50 (s, 1H, H3), 5.33 (m, 2H, H26,27); 2.68 (t, J = 
7.5 Hz, 2H, H13); 1.77 (m, 4H, H25,28); 1.39 – 1.17 (m, 28H, H15 - 24,29 - 32); 0.85 (t, J = 7.0 Hz, 3H, H33).   
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Spectrum 4:  13C NMR of 2-Oxo-2H-chromen-4-yl docos-24-enoate (BPR2).   

 
13C NMR (151 MHz, CDCl3, Spectrum 4):  δ 169.53 (C12); 161.50 (C4); 158.34 (C2); 153.65 (C9); 
132.71 (C7); 129.92 (C26); 129.83 (C27); 124.26 (C5); 122.66 (C6); 117.09 (C8); 115.53 (C10); 105.06 
(C3); 34.55 (C13); 30.92 (C31); 29.75 - 29.16 (C15 - 25); 29.00 (C28); 27.19 (C29); 26.89 (C30); 24.65 (C14); 
22.67 (C32); 14.10  (C33).   

Spectrum 5:  1H NMR of 4-Methyl-2-oxo-2H-chromen-7-yl docos-25-enoate (BPR3).   

 

1H NMR (600 MHz, CDCl3, Spectrum 5):  δ 7.58 (d, J = 8.6 Hz, 1H, H5); 7.08 (d, J = 2.2 Hz, 1H, H6); 
7.04 (dd, J = 8.6, 2.3 Hz, 1H, H8); 6.24 (s, 1H, H3); 5.37 – 5.29 (m, 2H, H25,26); 2.56 (t, J = 7.5 Hz, 2H, 
H14); 2.41 (s, 3H, H11); 2.03 – 1.95 (m, 4H, H24,27); 1.77 – 1.70 (m, 2H, H15); 1.33 - 1.21 (m, 28H, H16 

– 13,28 - 33); 0.85 (t, J = 7.0 Hz, 3H, H34).   
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Spectrum 6:  13C NMR of 4-Methyl-2-oxo-2H-chromen-7-yl docos-25-enoate (BPR3).   

 
13C NMR (151 MHz, CDCl3, Spectrum 6):  δ 171.64 (C13); 160.51 (C2); 154.17 (C7); 153.18 (C9); 
151.87 (C4); 129.90 (C25); 125.30 (C26); 118.11 (C5); 117.73 (C6); 114.45 (C10); 110.44 (C3); 34.32 
(C8); 31.89 (C14); 30.92 (C32); 29.75 - 27.19 (C27 - 31, 16 - 24); 24.77 (C15); 22.67 (C33); 18.71 (C11); 14.10 
(C34).   

Spectrum 7:  1H NMR of 4,4'-[Butane-1,4-diylbis(oxy)]bis(2H-chromen-2-one) (BPR4).   

 
1H NMR (600 MHz, CDCl3, Spectrum 7):  δ 7.77 (dd, J = 7.9, 1.4 Hz, 2H, H5,21); 7.56 – 7.49 (m, 2H, 
H7,23); 7.28 - 7.20 (m, 4H, H 6, 22, 8, 24); 5.66 (s, 2H, H3,19); 4.29 (bs, 2H, H12,15); 2.23 (bs, 2H, H13,14); 
1.63 (s, 2H, H2O; CDCL3).   
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Spectrum 8:  13C NMR of 4,4'-[Butane-1,4-diylbis(oxy)]bis(2H-chromen-2-one) (BPR4).   

 

13C NMR (151 MHz, CDCl3,):  δ 165.37 (C4,20); 162.77 (C2,18); 153.26 (C9,25); 132.53 (C7,23); 123.90 
(C5,21); 122.71 (C6,22); 116.82 (C8,24); 115.47 (C10,26); 90.66 (C3,19); 68.66 (C12,15); 25.38 (C13,14).   

Spectrum 9:  1H NMR of 4,4'-[Propane-1,3-diylbis(oxy)]bis(2H-chromen-2-one) (BPR5).   

 

1H NMR (600 MHz, CDCl3, Spectrum 9):  δ 7.77 (dd, J = 7.9, 1.3 Hz, 2H, H5,18); 7.56 – 7.48 (m, 2H, 
H7,20); 7.30 (m, 2H, H6,19), 7.25 (dd, J = 10.1, 5.0 Hz, 2H, H8, 21); 5.72 (s, 2H, H3,24); 4.38 (t, J = 5.9 
Hz, 2H, H13,15); 2.54 (m, 1H, H14); 1.63 (s, 2H, H2O; CDCL3).   
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Spectrum 10:  13C NMR of 4,4'-[Propane-1,3-diylbis(oxy)]bis(2H-chromen-2-one) (BPR5).   

 
13C NMR (151 MHz, CDCl3, Spectrum 10):  δ 165.22 (C4,17); 162.66 (C2,23); 153.29 (C9,25); 132.62 
(C7,20); 124.03 (C5,18); 122.73 (C6,19); 116.89 (C8,21); 115.37 (C10,26); 90.87 (C3,24); 65.34 (C13,15); 27.95 
(C14).   

Spectrum 11:  1H NMR of 7,7'-[Propane-1,3-diylbis(oxy)]bis(2H-chromen-2-one) (BPR 6).   

 

1H NMR (600 MHz, CDCl3, Spectrum 11):  δ 7.61 (d, J = 9.5 Hz, 2H,H4, 22); 7.35 (d, J = 8.6 Hz, 2H,H5, 

23); 6.88 (dd, J = 8.6, 2.4 Hz, 2H, H6, 24); 6.73 (s, 2H8, 18); 6.23 (d, J = 9.5 Hz, 2H,H3, 21); 4.21 (t, J = 
6.0 Hz, 4H, H13, 15); 2.32 (m, 2H, H14); 1.64 (s, 2H, H2O; CDCL3).   
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Spectrum 12:  13C NMR of 7,7'-[Propane-1,3-diylbis(oxy)]bis(2H-chromen-2-one) (BPR6).   

 

13C NMR (151 MHz, CDCl3, Spectrum 12):  δ 161.89 (C7,17); 161.15 (C2,20); 155.82 (C9,25); 143.36 
(C4,22), 128.80 (C5,23), 113.19 (C6,21); 112.87 (C3,24), 112.36 (C10.26), 101.37 (C8,18), 64.66 (C13, 15), 
28.77 (C14).   

Spectrum 13:  1H NMR of 7,7'-[Propane-1,3-diylbis(oxy)]bis(4-methyl-2H-chromen-2-one). (BPR7).   

 

1H NMR (600 MHz, CDCl3, Spectrum 13):  δ 7.47 (d, J = 7.0 Hz, 2H, H5, 21); 6.86 (dd, J = 8.8. 2.5 
Hz, 2H, H6, 22); 6.80 (d, J = 2.5 Hz, 2H,H8,24) 6.11 (s, 2H,H3, 19); 4.58 (m, 4H, H13,15); 5.42 (dd, J = 17.3, 
1.4 Hz, 2H, H14); 2.37 (s, 6H, H11,27); 1.26 (s, 2H, H2O; CDCL3).   
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Spectrum 14:  13C NMR of 7,7'-[Propane-1,3-diylbis(oxy)]bis(4-methyl-2H-chromen-2-one). (BPR7).  

 

13C NMR (151 MHz, CDCl3, Spectrum 14):  δ 161.54 (C2, 18); 161.29 (C7, 23); 155.18 (C9, 25); 
152.52 (C4, 20); 132.15 (C5, 21); 125.51 (C10, 26); 118.52 (C6, 22); 112.78 (C3, 19); 112.00 (C8, 
24); 101.70 (C13, 15); 69.20 (C14); 18.67 (C11, 27).   

Spectrum 15:  1H NMR of 2-Oxo-2H-chromen-7-yl thiophene-2-carboxylate (BPR8).   

 
1H NMR (600 MHz, Acetone; Spectrum 15):  δ 8.04 (dd, J = 3.8, 1.2 Hz, 1H, H14); 8.03 – 8.01 (m, 
1H, H4); 8.01 (d, J = 1.1 Hz, 1H, H16); 7.78 (d, J = 6.6 Hz, 1H, H5); 7.36 (m, 1H, H15); 7.31 (dd, J = 
3.4, 2.1 Hz, 1H, H6); 7.30 (dd, J = 6.9, 1.4 Hz, 1H, H8); 6.42 (dd, J = 9.6, 3.9 Hz, 1H, H3); 2.12 – 1.96 
(m, 2H, H2O; Acetone).   
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Spectrum 16:  13C NMR of 2-Oxo-2H-chromen-7-yl thiophene-2-carboxylate (BPR8).   

 

13C NMR (151 MHz, DMSO, Spectrum 16):  δ159.61 (C2); 154.11 (C7); 152.51 (C12); 143.82 (C9); 
135.82 (C4); 135.65 (C13); 131.31 (C16); 129.45 (C5); 128.83 (C15); 118.72 (C6); 116.97 (C10); 115.74 
(C3); 110.35 (C8).   

Spectrum 17:  1H NMR of 4-[2-(Piperidin-1-yl)ethoxy]-2H-chromen-2-one (BPR9).   

 
1H NMR (600 MHz, CDCl3, Spectrum 17):  δ 7.78 (dd, J = 7.9, 1.5 Hz, 1H, H5); 7.54 – 7.50 (m, 1H, 
H7); 7.29 (dd, J = 8.3, 0.6 Hz, 1H, H6); 7.24 (m, 1H, H8); 5.66 (s, 1H, H3); 4.23 (t, J = 5.8 Hz, 2H, H12); 
2.86 (t, J = 5.8 Hz, 2H, H13); 2.51 (s, 4H, H15,16); 1.61 – 1.55 (m, 4H, H17,18); 1.46 – 1.39 (m, 2H, H19).   
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Spectrum 18:  13C NMR of 4-[2-(Piperidin-1-yl)ethoxy]-2H-chromen-2-one (BPR9).   

 
13C NMR (151 MHz, CDCl3, Spectrum 18):  δ 165.51 (C4); 162.88 (C2); 153.30 (C9); 132.34 (C7); 
123.84 (C5); 123.04 (C6); 116.74 (C8); 115.69 (C10); 90.57 (C3); 67.70 (C12); 57.01 (C13); 55.01 (C16,15); 
25.95 (C17,18); 24.01(C19).   

Spectrum 19:  1H NMR of 4-[2-(Morpholin-4-yl)ethoxy]-2H-chromen-2-one (BPR10).   

 
1H NMR (600 MHz, CDCl3. Spectrum 19):  δ 7.76 (dd, J = 7.9, 1.5 Hz, 1H, H5); 7.54 – 7.50 (m, 1H, 
H7); 7.29 (d, J = 8.3 Hz, 1H, H6); 7.27 – 7.23 (m, 1H, H8); 5.66 (s, 1H, H3); 4.24 (t, J = 5.5 Hz, 2H, 
H12); 3.72 – 3.69 (m, 4H, H17,18); 2.89 (t, J = 5.5 Hz, 2H, H13); 2.60 – 2.56 (m, 4H, H15,16).   
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Spectrum 20:  13C NMR of 4-[2-(Morpholin-4-yl)ethoxy]-2H-chromen-2-one (BPR10).   

 

 
13C NMR (151 MHz, CDCl3, Spectrum 20):  δ 165.38 (C4); 162.75 (C2); 153.28 (C9); 132.48 (C7); 
123.86 (C5); 122.92 (C6); 116.78 (C8); 115.57 (C10); 90.63 (C3); 67.45 (C17,18); 66.86 (C12); 56.69 
(C13); 53.99 (C15,16).   

Spectrum 21:  1H NMR of 7-[2-(Morpholin-4-yl)ethoxy]-2H-chromen-2-one. (BPR11).   

 

1H NMR (600 MHz, CDCl3, Spectrum 21):  δ 7.61 (d, J = 9.5 Hz, 1H, H4); 7.34 (d, J = 8.6 Hz, 1H, 
H5); 6.83 (dd, J = 8.6, 2.4 Hz, 1H, H6); 6.79 (d, J = 2.4 Hz, 1H, H8); 6.23 (d, J = 9.5 Hz, 1H, H3); 4.13 
(t, J = 5.6 Hz, 2H, H12); 3.74 – 3.68 (m, 4H, H17,18); 2.81 (t, J = 5.6 Hz, 2H, H13); 2.56 (s, 4H, H15,16).   
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Spectrum 22:  13C NMR of 7-[2-(Morpholin-4-yl)ethoxy]-2H-chromen-2-one.(BPR11).   

 
13C NMR (151 MHz, CDCl3, Spectrum 22):  δ 161.87 (C7); 161.14 (C2); 155.81 (C9); 143.34 (C4); 
128.74 (C5); 113.19 (C10); 112.97 (C6); 112.63 (C3); 101.43 (C8); 66.85 (C17,18); 66.40 (C12); 57.28 
(C13); 54.07 (C15,16).   

Spectrum 23:  1H NMR of 7-[2-(Piperidin-1-yl)ethoxy]-2H-chromen-2-one. (BPR12).   

 
1H NMR (600 MHz, CDCl3, Spectrum 23):  δ 7.60 (d, J = 9.5 Hz, 1H, H4); 7.33 (d, J = 8.6 Hz, 1H, 
H5); 6.82 (dd, J = 8.6, 2.4 Hz, 1H, H6); 6.79 (d, J = 2.4 Hz, 1H, H8); 6.21 (d, J = 9.5 Hz, 1H, H3); 4.12 
(t, J = 6.0 Hz, 2H, H12); 2.76 (t, J = 6.0 Hz, 2H, H13); 2.47 (bs, 4H, H15,16); 1.60 – 1.55 (m, 4H, H17,18); 
1.42 (bs, 2H, H19).   
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Spectrum 24:  13C NMR of 7-[2-(Piperidin-1-yl)ethoxy]-2H-chromen-2-one. (BPR12).   

 
13C NMR (151 MHz, CDCl3, Spectrum 24):  δ 162.05 (C7); 161.21 (C2); 155.81 (C9); 143.38 (C4); 
128.67 (C5); 113.03 (C3); 112.98 (C6); 112.50 (C10); 101.48 (C8); 66.63 (C12); 57.58 (C13); 55.06 (C15, 

16); 25.88 (C17, 18); 24.09 (C19).   

Spectrum 25:  1H NMR of 4-Methyl-7-[2-(piperidin-1-yl)ethoxy]-2H-chromen-2-one. (BPR13).   

 
1H NMR (600 MHz, CDCl3, Spectrum 25):  δ 7.44 (d, J = 8.8 Hz, 1H, H5), 6.82 (dd, J = 8.8, 2.4 Hz, 
1H, H6), 6.76 (d, J = 2.4 Hz, 1H, H8), 6.08 (d, J = 0.9 Hz, 1H, H3), 4.12 (t, J = 5.9 Hz, 2H, H13), 2.76 
(t, J = 5.9 Hz, 2H, H14), 2.48 (bs, 4H, H16,17), 2.35 (d, J = 1.0 Hz, 3H, H11), 1.58 (m, 4H, H18,19), 1.41 
(bs, 2H, H20).   
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Spectrum 26:  13C NMR of 4-Methyl-7-[2-(piperidin-1-yl)ethoxy]-2H-chromen-2-one. (BPR13). 

 
13C NMR (151 MHz, CDCl3, Spectrum 26):  δ 161.77 (C7); 161.23 (C2); 155.13 (C9); 152.48 (C4), 
125.42 (C5), 113.52 (C3), 112.56 (C6), 111.85 (C10), 101.48 (C8), 66.44 (C12), 57.52 (C13), 55.00 
(C16,17), 25.76 (C18, 19), 24.00 (C20), 18.60 (C11).   

Spectrum 27:  1H NMR of 4-Methyl-7-[2-(morpholin-4-yl)ethoxy]-2H-chromen-2-one. (BPR14).   

 
1H NMR (600 MHz, CDCl3, Spectrum 27):  δ 7.45 (d, J = 8.8 Hz, 1H, H5), 6.82 (dd, J = 17.4, 8.7 Hz, 
1H, H6), 6.76 (d, J = 7.5 Hz, 1H, H8), 6.09 (d, J = 0.9 Hz, 1H, H3), 4.13 (t, J = 5.6 Hz, 2H, H13), 3.78 
– 3.60 (m, 4H, H18,19), 2.80 (t, J = 5.6 Hz, 2H, H14), 2.56 (m, 4H, H16,17), 2.34 (dd, J = 16.2, 0.9 Hz, 
3H, H11).   
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Spectrum 28:  13C NMR of 4-Methyl-7-[2-(morpholin-4-yl)ethoxy]-2H-chromen-2-one. (BPR14).   

 
13C NMR (151 MHz, CDCl3, Spectrum 28):  δ 161.60 (C7), 161.20 (C2), 155.12 (C9), 152.49 (C4), 
125.49 (C5), 113.64 (C10), 112.58 (C6), 111.95 (C3), 101.40 (C8), 66.74 (C13), 66.20 (C18,19), 57.23 
(C14), 53.99 (C16,17), 18.60 (C11).   
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ANNEXURE B:  Mass Spectra 

Spectrum 29:  2-Oxo-2H-chromen-7-yl docos-24-enoate (BPR1).   

 

MS: EIMS 315; EI-HRMS m/z: calculated for C31H46O4, 482.6945, 

found 481.3297 (Spectrum 29).   

Spectrum 30:  2-Oxo-2H-chromen-4-yl docos-24-enoic carboxylate 

(BPR2).   

 

MS: EIMS 315; EI-HRMS m/z: calculated for C31H46O4, 482.6945, found 
481.303 (Spectrum 30).   
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Spectrum 31:  4-Methyl-2-oxo-2H-chromen-7-yl docos-25-enoic carboxylate (BPR3).   

 

 

MS:  EIMS 315; EI-HRMS m/z: calculated for C32H48O4, 496.721, found 497.3558 

(Spectrum 31).   
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Spectrum 32:  4,4'-[Butane-1,4-diylbis(oxy)]bis(2H-chromen-2-

one) (BPR4).   

 

MS: EIMS 315; EI-HRMS m/z: calculated for C22H18O6, 378.3747, 

found 379.1206 (Spectrum 32).   

Spectrum 33:  4,4'-[Propane-1,3-diylbis(oxy)]bis(2H-chromen-2-one) 

(BPR5).   

 

MS: EIMS 315; EI-HRMS m/z: calculated for C21H16O6, 364.348, found 

365.1034 (Spectrum 33).   
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Spectrum 34:  7,7'-[Propane-1,3-diylbis(oxy)]bis(2H-chromen-2-

one) (BPR6).   

 

MS:  EIMS 315; EI-HRMS m/z: calculated for C21H16O6, 364.3481, 

found 365.1042 (Spectrum 34).   

Spectrum 35:  7,7'-[Propane-1,3-diylbis(oxy)]bis(4-methyl-2H-chromen-2-

one) (BPR 7).   

 

MS:  EIMS 315; EI-HRMS m/z: calculated for C23H20O6, 392.4013, found 

391.2808 (Spectrum 35).   
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Spectrum 36:  2-Oxo-2H-chromen-7-yl thiophene-2-carboxylate 

(BPR8).   

 

MS:  EIMS 315; EI-HRMS m/z: calculated for C16H18SO4, 

272.2759, found 273.0218 (Spectrum 36).   

Spectrum 37:  4-[2-(Piperidin-1-yl)ethoxy]-2H-chromen-2-one (BPR9).   

 

MS:  EIMS 315; EI-HRMS m/z: calculated for C16H19NO3, 273.3270, found 

274.1429 (Spectrum 37).   
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Spectrum 38:  4-[2-(Morpholin-4-yl)ethoxy]-2H-chromen-2-one 

(BPR 10).   

 

MS: EIMS 315; EI-HRMS m/z: calculated for C15H17NO4, 275.2998, 

found 278.1229 (Spectrum 38).   

Spectrum 39:  7-[2-(Morpholin-4-yl)ethoxy]-2H-chromen-2-one (BPR 11).   

 

MS: EIMS 315; EI-HRMS m/z: calculated for C15H17NO4, 275.2999, found 

276.1217 (Spectrum 39).   
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Spectrum 40:  7-[2-(Piperidin-1-yl)ethoxy]-2H-chromen-2-one 

(BPR12).   

 

MS: EIMS 315; EI-HRMS m/z: calculated for C16H19NO3, 273.3267, 

found 274.1434 (Spectrum 40).   

Spectrum 41:  4-Methyl-7-[2-(piperidin-1-yl)ethoxy]-2H-chromen-2-one 

(BPR13).   

  

MS:  EIMS 315; EI-HRMS m/z: calculated for C17H21NO3, 287.353, found 

288.1593 (Spectrum 41).   
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Spectrum 42:  4-Methyl-7-[2-(morpholin-4-yl)ethoxy]-2H-chromen-2-one (BPR14).   

 

MS:  EIMS 315; EI-HRMS m/z: calculated for C16H19NO4, 289.3264, found 290.1380 

(Spectrum 42).   
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ANNEXURE C:  MAO-B Results 

 

7C                         IC50:  28.583 ± 2.519 µM 4MC                       IC50:  94.327 ± 3.889 µM 

  

BPR 1                      IC50:  3.680 ± 0.836 µM BPR 9                    IC50:  21.720 ± 3.974 µM 

  

BPR 10                    IC50:  0.372 ± 0.026 µM BPR 11                    IC50:  9.758 ± 1.153 µM 
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BPR 12                    IC50:  9.209 ± 0.794 µM BPR 13                    IC50:  3.093 ± 0.312 µM 

  

BPR 14                                                                                             IC50:  2.326 ± 0.131 µM 
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