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Abstract 

Among neurological disorders, many of the most devastating disorders are 

neurodegenerative. Modern research associates excitotoxicity to a variety of 

neuropathological conditions, suggesting that the neurodegenerative diseases with 

distinct etiologies may have excitotoxicity as a common pathway. Excitotoxicity 

occurs through over-stimulation of receptors for excitatory neurotransmitters like 

the N-methyl-D-aspartate (NMDA) receptors. Due to the relevance of NMDA 

receptors and excitotoxic processes, the antagonism or modulation of NMDA 

receptors is used as a therapeutic tool against neurodegenerative diseases. NMDA 

receptor activity can be modulated by S-nitrosylation and this modulation of 

NMDA receptor activity can be utilised in the development of neuroprotective 

drugs. 

The aim of this study was to utilise the neuroprotective properties of polycyclic 

cage compounds and to explore the NO-donating ability of nitrophenyl groups. 

Therefore a series of compounds were synthesised where the different nitrophenyl 

groups were appended on oxa and aza-bridged pentacycloundecane derivatives. 

The synthesised compounds were characterised and evaluated for their biological 

activity. In the biological assessment of the synthesised compounds, they were 

evaluated for cytotoxicity, neuroprotective ability, inhibition of NMDA mediated 

Ca2+ influx, inhibition of voltage mediated Ca2+ influx and S-nitrosylation ability.  

All the compounds showed low toxicity. With a few exceptions, most of the 

compounds displayed good neuroprotection in paraquat induced oxidative stress 

and concomitant apoptosis in PC12 neuronal cells. The tested compounds showed 

a range of inhibitory activities for NMDA-mediated calcium influx and voltage 

gated calcium influx covering the high (> 70%), medium (40% - 69%) and low 

(20% - 39%) range of inhibition. Interestingly, the two N-benzamido derivatives 

showed high inhibitory activity for both NMDA and voltage mediated calcium 

influx. In the S-nitrosylation assay, the compounds with the nitro as the NO-

donating group exhibited low to good nitrosylation potency as compared to the 

positive controls at the test sample concentration of 10 mM. 
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The five compounds with the best neuroprotection behaviour also had high to 

medium inhibitory effect on NMDA mediated and voltage mediated calcium influx. 

The compounds with nitro groups generally showed improved NMDA and voltage 

mediated calcium influx inhibition and neuroprotection, but the extent of S-

nitrosylation did not correlate with the neuroprotection and calcium channel 

activities. From the biological evaluation results of the tested compounds, it was 

difficult to draw a simple correlation which could explain the results across all the 

biological study domains. These inferences reiterate the fact that neuroprotection is 

a result of multifactorial biochemical mechanisms and interactions. These studies, 

however, signify the important aspects of the structure activity relationships of 

pentacylcoundecyl amine based neuroprotectants across different biological study 

realms. The observed neuroprotection, NMDAR & VGCC channel inhibition, 

nitrosylating abilities of NO-donating compounds combined with very good 

cytotoxicity profiles hold these compounds as significant contributors in 

neuroprotective drug discovery. 
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Chapter 1 Introduction 

Among neurological disorders, many of the most devastating disorders are 

neurodegenerative. With the population ageing,1 prevalence of neurodegenerative 

disorders is increasing worldwide. Neurodegenerative disorders like Parkinson’s 

disease (PD), Alzheimer’s disease (AD), Huntington’s disease (HD) and 

Amyotrophic lateral sclerosis (ALS or Lou Gehrig’s disease) and glaucoma are 

results of neurodegenerative processes. Neurodegeneration is a general term for 

selective and progressive loss of structure and function of specific populations of 

neurons. This refers to the conditions where specific neuron population in the brain, 

eye and spinal cord undergo progressive deterioration leading to eventual death. As 

per WHO report on neurological disorders, the global burden of disease estimates 

and projection for neurodegenerative diseases like Alzheimer and dementia, 

Parkinson’s disease and multiple sclerosis rank second after cerebrovascular 

disease in terms of disability-adjusted life years.2 There are many similarities in 

different neurodegenerative diseases such as defects in autophagy,3 protein 

aggregation4 and oxidative stress.5 These diseases also share many common genetic 

features.6 

Both developed as well as developing countries are facing challenges with the 

increase in the prevalence of neurodegenerative diseases which adds to the 

economic burden as well the need for development of effective neuroprotective 

drugs. Unlike other disease areas e.g. cancer, heart disease or metabolic diseases, 

the growth of drug development for neurodegenerative diseases has not matched 

the increasing prevalence of these diseases with the aging population. This scenario 

leaves the medicinal research community with a clear need for the development of 

effective neuroprotective drugs. 

1.1 Background 

In this section, a general overview of excitotoxicity is given as a major contributing 

factor to the pathophysiology of neurodegenerative disorders followed by a brief 
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description of polycyclic cage structures which forms the scaffold of all the 

compounds synthesised in this study. 

1.1.1 Excitotoxicity & neurodegenerative disorders  

The pivotal role of excitotoxicity in the aetiology or progression of various 

neurodegenerative disease is gaining more acceptance. Excitotoxicity, a term 

coined by Olney (1969),7 is a pathological process in which neurons are impaired 

and killed because of excessive stimulation by excitatory neurotransmitters such as 

glutamate. This process takes place by over-activation of receptors for excitatory 

neurotransmitters like the N-methyl-D-aspartate (NMDA) and α-amino-3-hydroxy-

5-methyl-4-isoxazolepropionate (AMPA) receptors. Excitotoxins such as NMDA 

and kainic acid as well as high levels of glutamate cause excitotoxicity. 

Under normal conditions, the concentration of glutamate can be increased up to 1 

mM in the synaptic cleft, which is quickly dropped in the lapse of milliseconds.8 

When the concentration of glutamate cannot be decreased in the synaptic cleft, or 

reaches higher levels, neuronal death occurs by a process called apoptosis. 

Excessive activation of glutamate receptors like the NMDA receptor leads to a 

number of damaging consequences, including disturbance of calcium homeostasis, 

formation of free radicals, activation of mitochondrial permeability transition and 

secondary excitotoxicity. Current research implicates excitotoxicity in a variety of 

neuropathological conditions, suggesting that the neurodegenerative diseases with 

distinct etiologies may have excitotoxicity as a common pathway. 

The physiological role of the NMDA receptor is related to synaptic plasticity 

mediated by entry of calcium ions through the NMDA receptor-associated channel. 

This inward calcium flux activates a number of enzymes that effect different 

cellular components such as cytoskeletal proteins. However, the over activation of 

NMDA receptors causes an excessive calcium ion influx which triggers a series of 

cytoplasmic and nuclear processes leading to neuronal cell death. Due to the 

relevance of NMDA receptors and excitotoxic processes, research to antagonise or 

desensitise NMDA receptors as a therapeutic tool has been extremely dynamic.9 
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1.1.2 Polycyclic cage compounds 

Polycyclic cage compounds like amantadine, nitromemantine and 

pentacycloundecane (Figure 1-1) have a relatively rigid conformation that can 

minimise loss of conformational entropy on binding to a protein/receptor/substrate 

and can be used to improve and modify the pharmacokinetic and pharmacodynamic 

properties of pharmaceutically important chemical moieties.10 Polycyclic 

compounds can provide a convenient platform for further chemical transformations 

as side chain attachments and for improving the lipophilicity of the drug.11 

  

 

Figure 1-1: Polycylic cage structures 

Various derivatives of different polycyclic cage compounds have been used for the 

design and synthesis of potential drugs against neurodegenerative diseases 

(Alzheimer’s disease and Parkinson’s disease)11,12 and infectious diseases 

(Malaraia and Dengue).13,14 

1.2 Rationale and selection of neuroprotection strategy 

This section will discuss why excitotoxicity is targeted for achieving 

neuroprotection and how S-nitrosylation can help in attaining the goal of hampering 

the process of excitotoxicity. Further discussion will signify the role of the 

polycyclic cage structure in neuroprotection and the importance of presenting these 

cage structures with nitric oxide (NO) donating motifs for inducing S-nitrosylation 
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of NMDA receptors. These discussions will finally lead to the proposed synthesised 

compounds and their biological evaluation. 

1.2.1 Excitotoxicity as a therapeutic target for neuroprotection 

Excitotoxicity is an attractive target for achieving neuroprotection but the main 

challenge in this neuroprotective strategy is the fact that the same mechanism that 

leads to excitotoxic cell death when in excess, is essential for normal neuronal 

function at lower level. Most of the promising excitotoxcity inhibitors also hamper 

the normal neuronal function and as a result have severe side effects and 

consequently failed in clinical trials.15,16 Competitive inhibition of glutamate-

mediated neurotoxicity by NMDA antagonists also presented with many 

undesirable side effects. Open channel blockers with the property of uncompetitive 

antagonism present the most appropriate therapeutic strategy for excitotoxicity.17 

This will result in higher channel blockage in the excitotoxic stage in the presence 

of high levels of glutamate with less blockage of the channel at normal 

physiological glutamate levels. 

1.2.2 Modulation of NMDA receptor activity by S-nitrosylation 

The neurodegenerative diseases mentioned may be caused by different mechanisms 

but they share a final common pathway to neuronal injury in the form of 

overstimulation of glutamate receptors, especially of the NMDA subtype.18 Hence 

NMDA receptor antagonists/modulators could lead to potential therapeutic 

benefits. Under normal synaptic transmission conditions, the NMDA channel is 

blocked by Mg2+ in the channel. NMDA receptors have binding sites for glutamate, 

the endogenous agonist, and glycine, a co-agonist for receptor activation. Upon 

binding to glutamate and glycine, the cell is depolarised to remove Mg2+ block. This 

opens the channel and allows the influx of Ca2+ and Na+ into the cell. The NMDA 

receptor has an S-nitrosylation site as a modulatory site located towards the N 

terminus and hence extracellular region of the receptor. NMDA receptor activity 

can be modulated by S-nitrosylation in which transfer of the NO group to a cysteine 

sulfhydryl to form an RS-NO takes place. This S-nitrosylation results in a decrease 

in channel opening and thus down regulation of receptor/channel activity, 
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avoidance of excessive Ca2+ entry and neuroprotection.19 This modulation of 

NMDA receptor activity can be utilised in the development of neuroprotective 

drugs.  

1.2.3 Polycyclic structures and neuroprotection 

Polycyclic structures like adamantane derivatives and memantine block excessive 

NMDA receptor activity without disturbing normal function. Polycyclic cage 

compounds and their derivatives have been the centre of active research in the field 

of neuroprotection for many years.10,20,21 Following a similar therapeutic strategy, 

current research used polycyclic structures to inhibit excitotoxicity and to provide 

a molecular platform to carry nitric oxide donating moieties across the blood brain 

barrier. 

The strategy here was thus to synthesise compounds where NO donating moieties 

are linked to polycyclic cage compounds. The research hypothesis proposed in this 

study is that the polycyclic cage structures bearing NO-donating groups can act in 

a synergistic way to yield potential neuroprotective candidates where the 

neuroprotective properties of polycyclic cage scaffolds and S-nitrosylation 

properties of NO-donating groups are combined. 

1.2.4 Compounds with NO donating moieties 

In the present research, a series of compounds were proposed for synthesis in which 

NO donating moieties are attached to different polycyclic amine scaffolds through 

carbon spacers of different lengths and functionalities. Among the polycyclic 

structures, oxa and aza pentacycloundecane derivatives are used as scaffolds to 

which nitrogen donating moieties were embedded using carbon spacers. Different 

carbon spacers from 1C to 3C spacers were used between the polycyclic scaffold 

and NO donating moiety. The nitro-benzene group was used as NO donating moiety 

where it is attached to the phenyl group at the o, m or p-position. 
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1.2.5 General Structure for series of compounds 

General structure for the series of compounds synthesised is presented in Figure 

1-2. The structure of all the compounds in this series can be divided into three parts 

as A, B and C. Part ‘A’ represents the polycyclic scaffold with a nitrogen present 

either as 2 or 3 amine to which a carbon spacer length of 1C to 3C is attached as 

represented by part ‘B’. Part ‘C’ embodies the NO donating moiety which is a 

phenyl group with a nitro group attached at the ortho, meta or para position. Among 

the polycyclic scaffolds, oxa and aza pentacycloundecane derivatives were selected 

for synthesising the compounds. 

  

Figure 1-2: Pictorial representation of general structure of synthesised compounds. 

Part A:- 

 

Figure 1-3: Polycyclic scaffolds used in the synthesised compounds. 

Part B:- 

In this part of the molecule different carbon spacer lengths were introduced from 

1C to 3C. 

Part C:- 

This portion of molecule bear any one of the following moieties as NO donating 

species. 
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Figure 1-4: NO donor moiety used in the synthesised compounds 

 A series of compounds was proposed with various structural combinations of parts 

A, B and C to investigate structure activity relationships and different structural 

aspects in these molecules and to develop more insights into the neuroprotective 

activity thereof. In addition to the proposed compounds, their analogues without the 

nitro group were also synthesised to establish the effect of the nitro group on 

biological activities. 

1.2.6 Biological evaluation of synthesised compounds 

A series of different assays were performed on the synthesised compounds to 

establish biological activity. All the compounds were first tested for cytotoxicity. 

The cytotoxicity profile of these compounds gave an optimum concentration range 

for anti-apoptotic assays to assess the neuroprotective behaviour of these 

compounds. Two more assays were performed to evaluate the effect of the 

synthesised compounds on calcium influx in voltage gated calcium channels and 

via the NMDA receptor channel. Compounds were also evaluated for their S-

nitrosylation ability.
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Chapter 2 Literature review 

2.1 Introduction 

Nitric oxide (NO) is a major paracrine signalling molecule regulating essential 

functions such as the regulation of nervous, circulatory and immune systems.22 NO 

is synthesised from arginine by the nitric oxide synthase (NOS) enzyme. Its action 

is limited to local effects which can be attributed to its extreme instability with a 

half-life period of only a few seconds. Since the independent identification of NO 

as endothelium-derived relaxing factor by Palmer et al.23 and Ignarro et al.24 in 

1987, the last 28 years have seen overwhelming growth in sheer output of NO 

research. This astounding progress in NO research can be credited to the discovery 

of many new biological roles of NO in addition to the initial role discovered as 

vasodilation. These include roles in the immune system,25,26 nervous system,27,28 

reproductive system29 and other cellular functions such as cell gene expression and 

signal transduction,30 cell proliferation and cell survival,31 apoptosis,32 cellular 

transport and cellular migration.33 With so many biological roles, NO enjoys 

considerable attention in the field of medicine and drug design. There are many 

independent reviews on the role of NO in biology of diseases like heart diseases,34,35 

neural diseases,36,37 cancer,38,39 immune defence related diseases25 and other 

diseases29,40,41,42,43 as well as reviews on application of NO releasing molecules for 

prevention of these diseases. This review intends to integrate the role and 

application of nitric oxide in modern drug design for cardioprotection, 

neuroprotection, oncoprotecton, immunoprotection and protection from other 

diseases. All major classes of NO donors used in drug design are discussed in this 

review along with their therapeutic uses. Special emphasis is given to the classes of 

nitro compounds, NO donating polymers and NO nanodonors (nanoparticles loaded 

with NO), which are typically never included in the NO donor reviews in literature. 
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2.1.1 Biosynthesis and Biochemistry of nitric oxide 

Nitric oxide is synthesised by sequential oxidation of the guanidine group of L-

arginine, giving L-citrulline and nitric oxide as final products stoichiometrically 

(Scheme 2-1). 

 

  

Scheme 2-1: Biosynthesis of nitric oxide from the precursor L-arginine by nitric oxide synthase 

This reaction is catalysed by a family of enzymes called NO synthases (NOSs). 

Three isoforms of NOS have been characterised namely calcium dependent 

neuronal NOS (nNOS or NOS I) and endothelial NOS (eNOS or NOS III), and 

calcium independent inducible NOS (iNOS or NOS II). nNOS and eNOS are 

expressed in cells in response to increased Ca2+ and iNOS is expressed in several 

tissue cells in response to inflammatory mediators.44  

The expression of enzymatic activity of all three isoforms of NOS depends upon 

the calcium-binding messenger protein calmodulin. It binds to nNOS and eNOS in 

response to transient increases in the concentration of intracellular Ca2+ and these 

isoenzymes produce a small (nanomolar) amount of NO for short intervals. As 

iNOS contains tightly bound calmodulin even at basal calcium level, it is virtually 

unresponsive to physiological changes in Ca2+ concentrations.45 The isoenzyme 

iNOS continuously release NO independent of changes in Ca2+ levels and its 

activity is regulated at gene expression level rather than through functional 

modulation. Neuronal and endothelial isoforms are expressed and regulated mainly 

at post-translational level whereas inducible NOS is regulated primarily at the 

transcriptional level.32,46 
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Figure 2-1: Animated view to show the dimeric general structure of NOS enzymes.
47

 

The three NOS isoforms are all dimeric, bi-domain enzymes where the C-terminal 

reductase domain has one binding site each for cofactors flavin adenine 

dinucleotide (FAD), flavin mononucleotide (FMN) and NADPH (Figure 2-1). The 

N-terminal oxygenase domain contains bound iron protoporphyrin IX (haem) as 

prosthetic group and a binding site for cofactors (6R)-5,6,7,8-tetrahydrobiopterin 

(BH4) and L-arginine. A calmodulin (CAM) binding site is present near the centre 

of the peptide.48 

The chemistry of NO revolves around an array of closely related redox species: 

nitrosonium cations (NO+), nitric oxide (NO) and nitroxyl anion (NO-).49 The free 

radical, NO, is an uncharged molecule with seven electrons in the outermost shell. 

Nitric oxide can react with proteins, prosthetic groups (e.g. heme), inorganic 

molecules (oxygen, superoxide or transition metals) and structures in DNA 

(pyrimidine bases).25 

The actions of NO are dependent on its chemical reactivity. The chemical reaction 

pertaining to NO can be divided as direct and indirect chemical reactions.50 The 

direct chemical reactions are the ones in which NO reacts with the biological targets 

and these occur at low NO concentration. On the other hand, indirect reactions 

involve reactive nitrogen oxide species (RNOS) such as NO2 and N2O3 derived at 

relative high concentrations of NO (Figure 2-2). RNOS are formed by the reaction 

between NO and molecular oxygen (O2) or superoxide (O2
-). This in part explains 

the dichotomous nature of nitric oxide in biological systems.51 
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Figure 2-2: Direct and indirect reactions of NO.
52

 

A key determinant of NO elicited biological responses is steady state NO 

concentration and specific cellular functions are distinctively regulated by explicit 

NO concentration (Figure 2-3).52 Generally, low NO concentration favours cell 

survival and proliferation whereas higher levels foster cell cycle arrest, apoptosis 

and deterioration. 

 

Figure 2-3: Concentration dependent distinct signalling profiles mediated by NO.
52 

The complex nature of the biological effects of NO is a result of its potential 

interactions with various other molecules such as reactive oxygen species (ROS), 
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proteins and metal ions. A noteworthy mechanism for the biological role of NO is 

its reaction with positively charged metal ions in enzyme complexes with iron as a 

most common target. It binds with a variety of heme containing enzymes and in 

many cells NO reacts with the iron in guanylate cyclase, the enzyme which 

synthesises cGMP (3’, 5’-cyclic guanosine monophosphate).53 It reacts with heme 

in cytochrome P450 enzymes54 and also binds to the heme complex of the NOS 

enzyme as a part of a feedback autoregulatory loop.55,56 Nitric oxide further reacts 

with superoxide ion and oxygen resulting in the formation of reactive nitrogen 

species (RNS) such as peroxynitrite (ONOO-), NO2, N2O3 and N2O4 by the 

following reactions (Scheme 2-2):57 

NO + O2
ˉ                   ONOO ˉ 

2NO + O2                             2NO2 

NO2 + NO                      N2O3 

NO2 + NO2                            N2O4 

Scheme 2-2: Formation of reactive nitrogen species (RNS) from NO. 

The nucleophilic nature of peroxynitrite makes it a potent nitrating agent for many 

protein residues (e.g. tyrosine). N2O3 is an effective S-nitrosylating agent which 

nitrosylates the active site thiol in proteins, an important post translation 

modification comparable to phosphorylation. 

2.1.2 Regulation of protein functions by Nitric Oxide 

NO can modify proteins by direct chemical reactions. It can oxidise nitrate or 

nitrosylate proteins.58 Nitration is categorised as binding of a nitro group to a 

tyrosine or a tryptophan residue whereas nitrosylation is when NO modifies 

cysteine thiols and transition metal sites of various proteins with precise spatial and 

temporal resolution. Most of these proteins are modulated by S-nitrosylation of a 

single critical cysteine residue with an acid base or hydrophobic structural 

sequence. The physiological impact of NO is thus expressed largely through the 

post translational modification and functional regulation of proteins. Many studies 

suggest that the protein modifications brought about by nitration are irreversible 

and may be responsible for the toxic effects of NO; on the other hand nitrosylation 

is a reversible modification contributing to cell signalling.58 
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2.1.2.1 Protein S-nitrosylation 

Protein S-nitrosylation can be regarded as a ubiquitous reversible post-translational 

modification regulating protein function. A large number of proteins have been 

shown to be modulated by endogenous intracellular S-nitrosylation which includes 

G proteins, kinases, transcription factors, proteases and receptors.59 It refers to the 

covalent modification of a sulfhydryl (thiol) group of the cysteine residue of 

proteins where nitrogen monoxide is attached to thiol. This is the principle 

mechanism by which NO modulates numerous cellular functions and phenotypes. 

It functions as a prototype of redox based, thiol dependent cellular signalling 

mechanism. It not only plays an important role in redox homeostasis and toxicity 

but also a major role in conveying or regulating physiological cellular signals which 

include signals that are transmitted along transduction cascades triggered by ligand-

receptor interactions (e.g. neuronal N-methyl-D-aspartate receptor, NMDAR) and 

post-translational regulation. S-nitrosylation modulates cell signalling and cell 

function in more than one way. It can be affected by altering the activity of the 

protein, localisation of the protein and protecting the thiol groups of the protein 

from oxidation by shielding. The effect of S-nitrosylation results from one or only 

a few of the cysteine thiols present on the target site of the protein.60,61 This substrate 

specificity is a salient feature of endogenous S-nitrosylation and the precise 

specificity is bestowed both by subcellular compartmentalisations of NO sources 

with nitrosylation targets and by consensus motifs flanking cysteine residues. S-

nitrosylation conveys a large part of the effect of NO on cellular signal transduction. 

A variety of second messengers transduce these signals, among those, S-

nitrosothiols (SNOs) are prominent ones which are produced by the S-nitrosylation 

of cysteine thiols. These SNOs derived from proteins, peptides or amino acids act 

as both secondary messengers and as accurate control mechanisms for protein 

function. More in depth research related to S-nitrosylation is leading to the notion 

that in many instances, the pathophysiology of a disease is attributed to hypo- or 

hyper- S-nitrosylation of protein targets rather than deficiency or excess of NO.62,63 

This dis-regulated S-nitrosylation could contribute towards the etiology and 

symptomatology of many diseases, notably in diseases related to the cardiovascular, 

immune and nervous systems. 
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2.1.2.2 NMDA receptor 

 The NMDAR is both a principal source of calcium influx that regulates nNOS 

activity and a substrate of nNOS dependent S-nitrosylation.64 The NMDA receptor 

functions as a ligand gated channel and its activation results in the opening of 

associated ion channels in the neurons and entry of extracellular calcium and 

sodium. The opening of the NMDA receptor is blocked by a single magnesium 

(Mg2+) ion and it requires two agonists (glutamate and glycine) to bind 

simultaneously for channel opening (Figure 2-4). The Mg2+ ion is removed only 

when the electrical potential inside the neuron rises to a critical value. The NMDA 

receptor thus needs both the binding of agonists and cell potential to open its 

channel for calcium influx. The excessive stimulation of the NMDA receptor leads 

to massive Ca2+ influx, generation of free radicals like nitric oxide and reactive 

oxygen species and eventually neuronal apoptosis. This overstimulation resulting 

into cell death is called excitotoxicity and is an essential component in a final 

common pathway to neuronal injury in neurodegenerative disorders. 

Figure 2-4: NMDA receptor illustrating binding and modulatory sites.
65

 

Since recognition of regulation of the NMDAR by S-nitrosylation,66 many studies 

have been done to identify the mode that explains the spatiotemporal effect of NO 

signalling. In the NMDAR complex the scaffolding proteins PSD95 and 

CAPON67,68,69 carry nNOS into close proximity of three nitrosylation targets – the 
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NR2a regulatory subunit of NMDA receptor, Dexras1, a brain-enriched member of 

the Ras family of small monomeric G proteins and guanylate cyclase.58 NMDA 

receptor stimulation leads to an influx of calcium which stimulates nNOS activity 

in the receptor complex.70 NO-derived species produced by activated nNOS, S-

nitrosylate a critical cysteine residue within the NR2a subunit of the NMDA 

receptor, leading to a decrease in the receptor calcium response.71 In addition, 

nNOS activation leads to nitrosylation of Dexras and guanylate cyclase on a 

cysteine and heme iron respectively.72 

2.2 Nitric oxide and apoptosis 

Cell homeostasis in organisms is achieved by regulating cell proliferation and cell 

death. Both cell proliferation and cell death follow a programmed pattern in animal 

development. The term apoptosis refers to “programmed cell death”. The regulator 

of apoptotic processes is a family of cysteine proteases and caspases, which are 

cysteine dependent aspartate directed proteases. In a resting cell, caspases are 

present as inactive proenzymes which become active after proteolytic cleavage on 

receiving a proapoptotic signal. Initiator caspases cleave inactive proenzymes and 

effector/executioner caspases in turn cleave the protein substrate within the cell, 

thus eliciting apoptosis. Most of the caspases have a single cysteine at their active 

site which can be modified by S-nitrosylation resulting in enzyme activity 

inhibition. 

Hara et al.73 revealed a specific and precise signalling pathway by which higher 

concentration NO produced in the cytoplasm of neurons and macrophages 

transduce an apoptotic signal which is expressed in the nucleus. The signal is 

transduced not by the NO itself, but rather by a protein glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH). S-nitrosylation of GAPDH triggers its binding to Siah1 

(an E3 ubiquitin ligase). The protein GAPDH lacks a nuclear localisation signal 

(NLS) but its binding to Siah1 mediates the nuclear translocation in the stressed 

cells. In return, GADPH stabilises Siah1 and thus prolonging the nuclear residence 

of Siah1, thereby facilitating the degradation of nuclear proteins. This 

ligand/receptor based mechanism of NO signal initiation (NMDA/nNOS or 

endotoxin/iNOS), processing (S-nitrosylation) and propagation (GADPH/Siah1 
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binding and translocation) was first described for apoptosis in the form of this NO-

S-nitrosylation-GAPDH-Siah1 cascade in 2005.74  

Nitric oxide can regulate apoptosis in various cell types, although the exact effects 

are dependent on the amount of NO and the type of cell involved. Nitric oxide can 

both induce and inhibit apoptosis. 

 

Figure 2-5: An illustration explaining the ways in which NO can inhibit apoptosis induced through 

death receptors.
75

 

Nitric oxide can affect apoptotic signalling at multiple stages (Figure 2-5) in the 

pathway: 

1) Expression of the death receptors can be regulated by nitric oxide in a cGMP 

dependent manner 

2) Nitric oxide can amend the expression of protein e.g. acid sphingomyelinase 

which helps to regulate the early signalling events in death receptor signalling such 

as ceramide production. This reduces DISC (Death Inducing Signalling Complex) 

formation and is also facilitated through the production of cGMP.  

3) The activity of the caspases can be directly affected by nitric oxide through the 

nitrosylation of the active sites, leading to inhibition of protein function. 

4) The effect of nitric oxide on caspase activity and DISC formation leads to 

reduced cleavage of BID (BH3 interacting domain death agoinst, a pro-apoptotic 

Bcl-2 protein) and thus a lack of amplification of apoptotic signalling through the 

mitochondria. 
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5) Nitric oxide can also affect the expression of many members of the Bcl-2 protein 

family, covering both pro- and anti-apoptotic proteins. It can affect the release of 

cytochrome c and other factors from the mitochondria and is regulated through the 

production of cGMP. 

6) DISC formation can also be affected by the recruitment of the anti-apoptotic 

protein cFLIP. One of the proteins which can affect cFLIP recruitment to the DISC 

is PKC and its activity can be controlled by nitric oxide through nitrosylation. 

S-nitrosylation has both positive and negative regulatory roles in apoptosis. In 

general, low level basal S-nitrosylation of proteins causes anti-apoptotic effect 

whereas high level S-nitrosylation promotes apoptosis. In addition S-nitrosylation 

of some proteins may lead to apoptosis (e.g. as discussed above,73 after NMDA 

stimulation, enhanced S-nitrosylation of GAPDH endorses apoptosis) whereas 

increased S-nitrosylation of the NMDA receptor down regulates receptor activity 

and apoptosis. 71,66 

Elucidation of explicit targets and functional outcomes of S-nitrosylation during 

apoptosis may bring about development of novel NO based therapeutic approaches 

for diseases such as cancer and neurodegeneration which are associated with 

inhibition or promotion of apoptotic call death. 

2.3 Nitric oxide and drug design 

Nitric oxide releasing compounds or NO donors preserve NO in their molecular 

structure and evoke biological activity after decomposition. Examples are organic 

nitrates, sodium nitroprusside, 3-morpholinosydnonimine (SIN-1), S-nitrosothiols 

(S-nitrosoglutathione or S-nitrosocystein), furoxans and compounds containing the 

N(O)NO- functional group (e.g. diethylamine-nitric oxide complex or spermine-

NO). Presently three nitric oxide donating drugs are commercially available which 

include different organic nitrates for the treatment of angina, sodium nitroprusside 

as anti-hypertensive and molsidomine as a long acting vasodilator.76 

By using certain functional groups present in molecules that already have potential 

therapeutic value, hybrid compounds, by means of inclusion of NO-donors (e.g., 

ester nitrates, furoxans, NONOates, S-nitrosothiols, metal complexes), can be 
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generated that have a NO release benefit along with maintaining the activity of the 

native drug.  This approach has proved to be useful in many spheres of medicinal 

chemistry, such as cardiovascular, inflammatory, bacterial, fungal, viral, parasitic, 

ocular diseases and cancer.77  The objective of the modern NO donor research is to 

achieve a balance between the release of therapeutic amounts of NO, especially in 

a specific site of action, and maintaining the native drug activity.  The search for 

new and effective NO-donor hybrid drugs is an important focus in 

modern drug design in order to manipulate biochemical pathways involving NO 

that influence many dysfunctions in the human organism. 

2.3.1 Organic Nitrates 

Organic nitrates are esters of nitric acid. Examples of clinically used nitrates are 

glyceryl nitrate (GTN), isosorbide dinitrate (ISDN) and isosorbide 5-mononitrate 

(ISMO) as depicted in the Figure 2-6.  

 

Figure 2-6: Structure of representative organic nitrates. 

The precise mechanism of intracellular delivery of NO is not thoroughly understood 

and there are marked differences among different nitrates with respect to bio 

activation, cofactor requirements and nature of formation of the metabolites. For 

the release of nitric oxide, organic nitrates require either enzymatic or non-

enzymatic bio activation. There are multiple intracellular and extracellular 

pathways contributing to nitric oxide release from these compounds. Glutathione-

S-transferase and cytochrome P450 enzymes are considered to be involved in the bio 

activation of organic nitrates78 and thiols in the cytosol are believed to account for 

non-enzymatic nitrate metabolism. This requirement of thiols or enzymatic 

bioactivation for NO release makes organic nitrates less ideal compounds for 

generation of NO at predictable rates in vivo. In 2002, it was demonstrated for the 

first time that the biotransformation of GTN takes place in mitochondria through 

mitochondrial aldehyde dehydrogenase (mALDH).79 Later reports also confirmed 

http://etd.uwc.ac.za/



 

 

 

 

Synthesis & Biological Evaluation of Neuroprotective Molecules with Polycyclic Scaffolds 

Chapter 2: Literature review 19 

 

the involvement of cytosolic aldehyde dehydrogenase (ALDH1A180 and 

ALDH3A1 or ALDH281) in the bio activation of different organic nitrates. This 

ALDH2 hypothesis of GTN bioactivation was challenged recently when inhibition 

of ALDH2 attenuated GTN-induced coronary vasodilation in isolated perfused rat 

hearts but showed no effect on relaxation to GTN of bovine and porcine coronary 

arteries.82 This observation was confirmed by low levels of ALDH2 protein 

expression in bovine coronary arteries and certain types of porcine blood vessels. 

The ALDH2 mRNA expression and rates of GTN denitration were also low, 

challenging the significant contribution of ALDH2 to the bioactivation of GTN in 

these vessels. The authors suggested a hitherto unrecognized but an efficient and 

potent ALDH2-independent pathway of GTN bioactivation in porcine and bovine 

coronary arteries. If present in human vasculature, this unrecognized pathway might 

play a role in the therapeutic effects of organic nitrates which are not metabolized 

by ALDH2. 

Long term use of most organic nitrates is limited by the side effects like nitrate 

tolerance, oxidative stress and endothelial dysfunction. Research during the last 

decade indicates that considerable differences exist among different organic nitrates 

with regards to development of nitrate tolerance and endothelial dysfunction. It has 

been demonstrated that the induction of vascular tolerance and oxidative stress with 

prolonged exposure to nitrates like nitro glycerine and isosorbide-5-mononitrate is 

not shared by other nitrates e.g. pentaerithrityl tetranitrate (PETN).83,84  

 

Figure 2-7: Structure of aminoethyl nitrate. 

Aminoethyl nitrate (AEN) (Figure 2-7) exhibit the same potency as that of glyceryl 

trinitrate (GTN) inspite of being a mononitrate. Its bioactivation was also found to 

be independent of ALDH-2 and it showed no in vivo tolerance.85 It also confirms 

that not all the nitrates are bioactivated by ALDH-2 and potency is not essentially 

associated with oxidative stress and nitrate tolerance. 

Organic nitrates have long been used to treat angina pectoris and GTN shows a 

relaxant effect on all types of vessels. GTN has also been used for treatment of anal 
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fissures in adults and children when administered topically as an ointment.86 Long 

term transdermal ISDN has been suggested as an effective therapy against 

preeclampsia in women to avoid maternal hypertension, fetal distress, 

oligohydramnios (low amniotic fluid) and IUGR (intrauterine growth restriction) 

and thus to prolong the gestational period.87 Another organic nitrate compound, 2-

Nitrate-1,3-dibuthoxypropan (NDBP) (Figure 2-8) has been suggested to cause 

vasorelaxation through nitric oxide generation when tested in mesenteric arteries of 

rat.88  

 

Figure 2-8: Structural formula of NDBP and antiglaucoma drug nipradilol 

The antiglaucoma activity of the topical antiglaucoma drug Nipradilol (Figure 2-8) 

is also mediated by its NO-donating property.89 

2.3.2 Organic Nitrites 

  

Figure 2-9: Structures of some clinically used nitrites 

Organic nitrites are esters of nitrous acid. The pharmacological actions of organic 

nitrites differ considerably from those of organic nitrates although both these 

classes of drugs are involved in similar mechanisms of NO dependent vascular 

relaxation. Organic nitrites react with the available thiols to form unstable S-

nitrosothiols, which are sulphur analogues of organic nitrites. These rapidly 

decompose to nitric oxide by homolytic cleavage of the S-N bond.78 It is proposed 
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that xanthine oxidase (XO) is involved in generation of NO from nitrites in vivo.90 

The one electron reduction of nitrites leads to the formation of NO. Nitrites also 

undergo hydrolysis giving the nitrite ion and the parent alcohol. There are many 

hypoxic pathways that convert nitrite to NO meditaed by several heme- and thiol-

containing enzymes. Hence, nitrite serves as a major intravascular storage pool of 

NO and plays an important role in the biology of nitric oxide.  

Some of the nitrites like amyl nitrite, isoamyl nitrite, butyl nitrite, isobutyl nitrite 

and tertiary butyl nitrite (Figure 2-9) have been used as vasodilators for a long time. 

Inhalation of organic nitrites to treat angina pectoris has been in use since 1867.91 

Recent studies indicate that nitrite does not induce tolerance contrary to the organic 

nitrate class of drugs.92 This suggests that a direct therapy with nitrite may bypass 

classic enzymatic tolerance. 

2.3.3 S-nitrosothiols (RSNOs) 

S-nitrosothiols or thionitrites are thio-esters of nitrite. They are sulphur analogues 

of organic nitrites. Most S-nitrosothiols are unstable compounds, especially primary 

and secondary nitrosothiols. S-nitroso-N-acetylpenicillamine (SNAP) and S-

nitroglutathione (GSNO) (Figure 2-10) are examples of some relatively stable 

RSNOs. SNAP and GSNO have been prepared as stable solids and have been 

characterised.93 The bioactivity of RSNOs has been attributed to the homolytic 

cleavage of the S-NO bond generating NO and a thiyl radical. This process is 

reported to be enhanced by heat, light and metal ions.94 It is proposed that this 

decomposition is a two-step process (Scheme 2-3): the first step is homolytic 

cleavage of S-N bond with the formation of NO and RS radicals followed by the 

second step which is dimerization of RS leading to formation of RSSR. 

 

 

Scheme 2-3: Proposed mechanism for decomposition of RSNOs and its resonating structures. 

 The S-N bond in nitrosothiols exhibit a partial double bond character because of 

the delocalisation of a lone pair of electrons on sulphur. In the light of recent 

investigations of bond energies of S-NO in RSNO, the homolytic bond dissociation 
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energy is about 31-32 kcal/mol,95,96 which is quite high for a spontaneous thermal 

homolysis. Considering this fact, the thermal homolysis of S-NO bond cannot be 

regarded as an important contributor to RSNO decomposition under physiological 

conditions. S-nitrosothiols are well known to activate and modulate the soluble 

guanylyl cyclase (sGC) activity in vascular tissues and other cellular preparations. 

The reaction between suilphide and S-nitrosothiols has been shown to promote 

nitric oxide release (NO) from nitrosothiols and enhance their vasorelaxant 

activity.97 To investigate the role of sulphide in modulating S-nitrosothiol mediated 

activation of the NO receptor sGC, a recent study showed that sulphide effects a 

change in the nitrosothiol bioactivity in a concentration dependent manner.98 The 

authors suggested that the sulphide reacts with nitrosothiols to form multiple 

bioactive products. They identified nitrosopersuphide (SSNO-) as the main reaction 

product and proposed that this may account for sustained NO bioactivity resulting 

from interaction of sulphide with nitrosothiols. 

 

 

  

Figure 2-10: Structural formulae of SNAP and GSNO. 

The properties of RSNO based therapeutics are similar to those of other NO based 

therapeutics as both are involved in smooth muscle relaxation, platelet deactivation, 

immunosuppression, neurotransmission and host defence.99 RSNO based 

therapeutics are considered more efficient than the other NO therapies because of 

longer lasting and sustained release of NO as well as their transnitrosating ability 

where the –NO group is transferred to another thiol to form a more stable RSNO. 

S-nitrosothiol based nitric oxide donors induce longer vasodilation than other types 

of NO donors.100 One of the main problems with using S-nitrosothiols 

therapeutically is their unpredictable rate of decomposition effected by copper 

presence, enzymatic degradation or because of transnitrosation. To improve the 

pharmacokinetic properties and specifities, a series of sugar based RSNOs were 

synthesised. In these glycol-S-nitrosothiols (Figure 2-11), different sugar residues 
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were attached to S-nitroso-N-acetyl penicillamine (SNAP) to provide hydrophilicity 

and specificity because of inter- and intra-cellular carbohydrate-protein recognition 

processes.101 

 

 

  

 

 

 

 

  

 

 

Figure 2-11: Structure of different Glyco-S-nitrosothiols. 

An acetylated adduct of SNAP, N-(S-nitroso-N-acetylpenicillamine)-2-amino-2-

deoxy-1,3,4,6-tetra-O-acetyl-β-D-glucopyranose (RIG200), was also investigated 

for its vasodilatory effects and was found to be more effective than SNAP.102 

Studies showed RIG200 to be a powerful venodilator in vivo in humans with its 

efficacy on par with sodium nitroprusside.103 The S-nitrosothiols RIG200 and S-

nitrosoglutathione (GSNO) also showed prolonged NO-mediated relaxation of the 

human saphenous vein (SV) and internal mammary artery (IMA), thus suggesting 

its therapeutic potential in bypass surgery.104 
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2.3.4 Sodium nitroprusside and other metal-NO complexes 

NO is a strong ligand for metal ions with binding constants much higher than those 

of CO and O2. The molecular orbital electronic configuration of NO is 

(Be)2(2p)2(2pπ)4(2pπ*)1 with an unpaired electron in the pπ* antibonding 

molecular orbital giving a bond order of 2.5 to the N-O bond.105 It can therefore 

interact with metal atoms where a N-metal  bond is formed by using an unshared 

pair of electrons on the nitrogen atom and an appreciable degree of π-bond is formed 

by back donation of metal d-electrons to the pπ* antibonding molecular orbital of 

NO resulting into back bonding. It can easily react with the metal centres in proteins 

viz. heme-iron, zinc-sulphur clusters and iron-sulphur clusters. Conversely, metal-

nitrosyl complexes can be used as NO donors and some of these have been found 

to have significant therapeutic value. Most widely studied of these metal nitrosyl 

complexes is sodium nitroprusside (SNP) with formula Na2[Fe(CN)5NO] (Figure 

2-12). 

 

Figure 2-12: Structure of sodium nitroprusside (SNP). 

It is used as a powerful vasodilator and hypotensor. The vasodilation effect is 

through the release of nitric oxide. In biological systems, both enzymatic and non-

enzymatic NO liberation from sodium nitroprusside may occur.106 Sodium 

nitroprusside readily decomposes to give nitric oxide in the presence of biological 

reductants (L-cysteine, L-ascorbic etc.) and/or transition metal ions (Cu2+). Cyanide 

release during reduction and subsequent decomposition leads to toxicity which 

limits its use.  

Many other metal-nitrosyl compounds have been investigated for their potential to 

release NO. These include iron-sulphur cluster nitrosyls,107,108 dinitrosyliron 

complexes108 and organotransition-metal nitrosyl complexes.109 Iron-sulphur 

cluster nitrosyls have biological activity as they can readily release nitric oxide. The 

best known examples of iron-sulphur nitrosyl clusters are Roussin’s black salt 
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(RBS, NH4[Fe4S3(NO)7]), Roussin’s red salt (RRS, Na2[Fe2S2(NO)4]) and 

Roussin’s red ester (Figure 2-13).  

 

Figure 2-13: Examples of iron sulphur nitrosyl clusters. 

RBS and RRS have been investigated as a biologically effective light-activated 

nitric oxide donors for developing photochemical strategies of delivering NO to 

targets on demand.110  

The dinitrosylation complexes (DNICs) are a type of mononuclear iron nitrosyl 

complex of general stoichiometry [Fe(NO)2L2]
x+ which can have O, N or S ligands 

(Figure 2-14).  

 

 

 

 

 

(a) (b) 

Figure 2-14: (a) General structure of Dinitrosyl iron complexes (DNICs), (b) structure of 

[Fe(TMEDA)(NO)2I]. 

DNICs are documented to be the largest NO-derived adducts in cells,111 even 

exceeding the well-known nitrosothiols (RSNOs).112 Recently, a five coordinate 

neutral DNIC, [Fe(TMEDA)(NO)2I] (TMEDA = N,N,N’,N’-
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tetramethylethylenediamine) has been suggested to be an effective pro-drug which 

can become active on entering the cell wall by losing the labile ligand. The resulting 

N-bound cationic {Fe(NO)2}
9 can spontaneously release NO. Experiments indicate 

this to be a potent anti-inflammatory agent that can be used to develop a new class 

NO donating anti-inflammatory agents.113 

 A study of relaxation effect of organotransition-metal nitrosyl complexes on aortic 

rings demonstrates that chloro (η5-cyclopentadienyl)dinitrosyl chromium, 

[CpCr(NO)2Cl], and chloro(η5-cyclopentadienyl)dinitrosyl molybdenum 

[CpMo(NO)2Cl] act as efficacious nitrovasodilators, both in vitro and in vivo.114 

Further study has also shown [CpCr(NO)2Cl] to be an efficacious venodilator 

agent.115 

Recently, Mn2+-doped ZnSe quantum dots (QDs) were combined with 

photosensitive NO donors (RBS) to prepare QDs-RBS nanocomposites which 

exhibit marked two photon excited fluorescence (TPEF, peaked at 570 nm). TPEF 

of these nanocomposites triggered the release of NO from RBS and the released 

nitric oxide induced cytotoxicity in cancer cells.116 

Photo induced cleavage of the M-NO bond in metal nitrosyl compounds makes 

them ideal controllable NO donors for studying NO activity. NO release of these 

compounds is controlled by photo irradiation which leads to precise spatial and 

temporal control of NO release.117  

Figure 2-15: Structural formula of [Ru(PaPy3)(NO)]2+ 

[Ru(PaPy3)(NO)]2+ (Where PaPy3 ligand = N,N’-bis(2-pyridylmethyl)amine-N-

ethyl-2-pyridine-2-carboxamide) (Figure 2-15) was investigated in detail, as a 

prototype of a particularly promising class of photoactive metal nitrosyl complexes 

for use as potential drugs that deliver nitric oxide (NO) upon UV-light irradiation 

to be used, e.g., in photodynamic therapy.118 
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2.3.5 Sydnonimines 

Sydnonimines are mesoionic heterocylic organic compounds where the keto group 

of sydnone is replaced by an imine (Figure 2-16). Sydnonimines release nitric oxide 

without any cofactor. 

 

 

 

 

  

 

 

 

 

 

 

  

Figure 2-16: General structures and resonating structures of Sydnone and Sydnonimines. 

SIN-1 (3-morpholinosydnonimine) is the most common example which is formed 

by deacetylation of the prodrug molsidomine (N-ethoxycarbonyl-3-

morpholinosydnonimine). Molsidomine is used clinically as an antianginal drug in 

many countries. The antianginal properties of molsidomine are attributed to nitric 

oxide release and the main advantage of molsidomine is lack of tolerance. 

The mechanistic route includes hydrolysis of the N-acyl group, ring opening and 

NO liberation on oxidation (Scheme 2-4). The liver esterase enzyme catalysed step 

is the first step where, SIN-1 is generated followed by rapid hydroxyl ion dependent 

hydrolysis to form the open ring product, SIN-A. SIN-A then undergoes oxidative 

conversion to a cation radical. This cation radical is converted to N-morpholino-

aminoacetonitrile, SIN-1C via NO release and deprotonation. 
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Scheme 2-4: Nitric oxide releasing mechanism of molsidomine. 

Another compound of the sydnonimine series is pirsidomine (3-(cis-2,6-

dimethylpiperidino)-N-(4-mehoxybenzoyl)-sydnonimine) with a prolonged 

vasodilating effect.119 Like molsidomine, pirsidomine is also metabolised to give 

an active metabolite darsidomine (3-(cis-2,6-dimethylpiperidino) sydnone, which 

acts as a nitric oxide donor. Pirsidomine and darsidomine (Figure 2-17) are potent 

selective dilators of large coronary arteries and maintain their vasodilating action 

even after the development of heart failure.120 

 

 

 

 

  

Figure 2-17: Pirsidomine and its active metabolite darsidomine. 

Other notable sydnonimine drugs are the psychotropic drugs sydnocarb and 

sydnophen (Figure 2-18). Both of these drugs have been shown to follow a 

molsydomine like metabolic chain of events in vitro where they are hydrolysed to 

the respective N-nitroso compounds followed by nitric oxide liberation on 
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subsequent oxidation.121 This also suggests a contribution of NO release towards 

the pharmacological effects of these drugs. 

 

 

 

 

  

Figure 2-18: Psychotopic sydnonimine drugs. 

In a study related to the effect of structures of sydnonimines to NO donating ability, 

it is suggested that sydnonimines with alkylamine substituents in position 3 of the 

sydnonimine ring were more potent NO donors when compared to those having 

alkyl or aralkyl substituents in the same position.122 

The main advantage of syndnonimines is lack of tolerance. Molsidomine (prodrug 

of SIN1) is a long acting antianginal drug used in several European countries that 

do not show tolerance. It can be used as a therapeutic agent for patients who show 

tolerance to long term nitroglycerin therapy. 

Sydnonimines may be considered as peroxynitrite donors as they release 

stoichiometric amounts of NO and O2
- simultaneously, thus mimicking the release 

of these radicals by macrophages, neutrophils, endothelial cells and activity of 

iNOS. This peroxynitrite releasing property can be used for development of drugs 

with bactericidal and trypanocidal activity. SIN1 has been found to be bactericidal 

to E. coli. in direct proportion to its concentration with an LD50 of  0.5 mM.123 N-

(p-Nitrophenoxy)carbonyl-3-morpholino-sydnonimine (NCMS) and its N-

subtituted sydnonimine derivatives (Figure 2-19) effectively inhibit adenosine 

transport with Ki = 0.22-2.90 µM on Trypanosoma equiperdum.124 The N-

substituted derivatives bear a P2-transporter recognition motif such as melaminyl, 

adenine or an adenosine group in order to target parasites that possess the P2-

nucleoside transporter.  
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Figure 2-19: Structure of NCMS and its N-substituted sydnonimine derivatives. 

2.3.6 Furoxans /oxadiazoles 

Furoxans ([1,2,5]-oxadiazole-2-oxides) represent another important and widely 

studied class of NO donors in NO donor drug discovery. Furoxans show diverse 

biological activities owing to their NO donating ability. 

NO release from furoxans takes place in the presence of thiols contrary to 

sydnonimines. The proposed mechanism for the reaction between furoxan and thiol 

is shown below (Scheme 2-5). The attack of the thioalkyl group RS at position 3 or 

4 leads to the corresponding intermediates which undergo ring opening to nitroso 

compounds. NO is then released by oxidation of leaving nitrosyl anions.125,126  
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Scheme 2-5: Mechanism of the chemical reaction between furoxans and thiols. 

Recently a series of ocotillol type furoxan hybrids (Figure 2-20) were synthesised 

and studied for their in vitro nitric oxide release. All the compounds show dose 

dependent NO release.76 Compounds with a different ocotillol core but the same 

furoxan group displayed different NO releasing capacities which suggested that the 

NO donating ability of furoxan may be affected by the carrier’s structure in furoxan 

hybrids. 

 

Figure 2-20: Ocotillol-type hybrid furoxans. 

Among different types of NO releasing groups available in drug design, furoxans 

present certain favourable characteristics e.g. thiol dependent NO release and lack 

of tolerance. In a study to enhance the anti-proliferative activity of the non-steroidal 

anti-inflammatory (NSAID) sulindac by tethering it to different NO donating 
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groups such as nitrate esters, furoxans and sydnonimines, various sulindac-NO 

analogues (Figure 2-21) were synthesised.127 When biologically evaluated by PC3 

proliferation studies and NO release assays, the furoxan-analogues showed better 

biological activity than nitrate esters and sydnonimine analogues. 

 

 

 

Figure 2-21: Furoxan-sulindac analogues with hexyl and cis-butenyl linkers. 

Two furoxan-sulindac analogues with hexyl and cis-butenyl linkers emerged as lead 

compounds with IC50 values of 6.1 ± 4.1 and 12.1 ± 3.2 µM coupled with observed 

NO release. 

The protective effects of Edaravone (5-methyl-2-phenyl-2,4-dihydro-3H-pyrazol-

3-one, EDV) in renal ischemia/reperfusion injury were improved by an EDV 

derivative bearing a nitric oxide donor furoxan moiety (4-{[4-(3-methyl-5-oxo-4,5-

dihydro-1H-pyrazol-1-yl)phenoxy]methyl}-furoxan-3-carboxamide, NO-EDV) 

(Figure 2-22).128  

 

 

 

 

EDV 

 

NO-EDV 

Figure 2-22: Structure of Edaravone and NO-donor Edaravone. 

Recently phenylsulfonylfuroxan was conjugated to hydoxamic acids to enhance 

their histone deacetylase (HDAC) inhibitory activities through NO release.  
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Figure 2-23: Structure of approved drug SAHA and the compound with greater antiproliferative 

activity than SAHA.  

A series of phenylsufonylfuroxan-based hydoxamates with HDAC inhibitory and 

NO donating activities were designed and evaluated for in vitro antiproliferative 

activity against the erythroleukemia (HEL) cell line.129 One of the compounds 

showed (Figure 2-23) much greater antiproliferative activity when compared to that 

of the approved drug SAHA. Its activity was diminished by an NO scavenger 

haemoglobin in a dose dependent manner further demonstrating the additive effect 

of NO release to HDAC inhibition. 

Recently, a novel H2S and NO conjugate, ZYZ-803 (Figure 2-24), was synthesised 

from an H2S releasing moiety S-propyl-L-cysteine (SPRC) and an NO-releasing 

moiety (furoxan).130 ZYZ-803 displayed time and dose dependent relaxation to the 

sustained contraction induced by phenylephrine (PE) in rat aortic rings and showed 

enhanced vasorelaxation compared with the parent drugs in aortic rings.  

 

 

 

 

Figure 2-24: Structure of the novel H2S and NO conjugate ZYZ-803. 
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The lack of physiological tolerance in Furoxans makes these compounds a good 

choice for cardiovascular disease. The C92-4609, C92-4678, C92-4679 and C93-

4759 (Figure 2-25) are all furoxan based tolerance resistant vasodilators.131 

 

Figure 2-25: Furoxan based tolerance resistant vasodilators. 

A phthalimide derivative containing furoxanyl derivative as NO donor (Figure 

2-26) was shown to be a promising drug candidate for sickle cell disease symptoms. 

It exhibited NO donor and analgesic properties and was able to induce fast gamma-

globin gene expression and was non-mutagenic.132 

 

 

Figure 2-26: Phthalimide-furoxan hybrid 

The furoxan NO donor, PRG150 (3-methylfuroxan-4-carbaldehyde) (Figure 2-27) 

produced a dose dependent analgesic efficacy in the STZ (streptozotocin) rat model 

of PDN (painful diabetic neuropathy) whereas the prototypic NO donor SIN-1 and 

its prodrug, molsidomine evoked neuro-excitatory side effects, but not analgesia.133 
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Figure 2-27: Structure of PRG150. 

2.3.7 Diazeniumdiolates (NONOates) 

1-Substituted diazen-1-ium-1,2-diolates (also known as NONOates) is a class of 

compounds formed by reacting nitric oxide with nucleophiles (Figure 2-28) e.g. 

primary amines, secondary amines or polyamines. Diazeniumdiolates of primary 

amine are less stable than those of secondary amines, and thus most of the common 

diazeniumdiolates are derivatives of secondary amines. The diazeniumdiolate name 

is derived from the fact that many Nu-N(O)=NO- ions have the substantial N-N 

double bond character and have two cis oxygens as confirmed by structural 

studies.134 Diazeniumdiolates are the most widely studied class of NO donor 

compounds. 

 

Figure 2-28: General structure of diazeniumdiolate ion (Nu = a nucleophile residue) 

The first compound of this class was synthesised in 1960 when a reaction between 

diethyl amine and nitric oxide was reported.135 The importance of these compounds 

for controlled biological release of nitric oxide was realised only when vasorelaxant 

effects of a number of adducts of nitric oxide and various nucleophiles such as 

diethyl amine, isopropyl amine and spermine were reported.136 The in vitro 

vasorelaxant properties of a series of different NONOates was found to correlate 

with the NO release rates and the same may apply to in vivo conditions. NONOates 

are thought to generate NO by acid-catalysed dissociation with regeneration of the 

free nucleophile and NO (Scheme 2-6), although enzymatic metabolism in vivo 

cannot be ruled out.137 
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Scheme 2-6: Synthesis of a general diazeniumdiolate ion by reaction of an amine and nitric oxide 

under basic conditions which can spontaneously generate NO at physiological pH 7.4. 

The rate of release of NO of diazeniumdiolated amines depends upon the structure 

of the substrate.138 These compounds (Figure 2-29) can act as a source of nitric 

oxide at physiological conditions (temperature 37 C and pH 7.4) with reproducible 

half-lives of 2 seconds to 20 hours.139 These compounds generate nearly 2 moles of 

NO per mole of diazeniumdiolate anion. The dissociation follows first order 

kinetics at a constant pH and critically slows down with increasing pH. Contrary to 

other NO donors, diazeniumdiolates spontaneously generate NO in vitro and in vivo 

without any requirement of redox activation, electron transfer, metabolic activation 

or cofactors. This property, in addition to their reproducible rates of NO release, 

make diazeniumdiolates an advantageous tool in NO research. 

 Diazeniumdiolates have some obvious advantages over other classes of NO-

generating compounds viz. known rates of NO generation, wide range of NO 

generation rates, spontaneous NO generation and tunable generation of NO redox 

forms.140 These properties make this class of NO donating compounds more suited 

for biomedical applications especially where known and controlled release of NO 

is required. 
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Figure 2-29: Some of the commercially available NO donor diazeniumdiolate compounds.141 

In meeting the challenge of site directed thereupatic delivery of NO, 

diazeniumdiolate based NO donating compounds have shown great potential as 

organ selective NO donors. V-PYRRO/NO and its proline based analogue V-

PROLI/NO (Figure 2-30) are liver selective NO prodrugs exhibiting 

hepatoprotective properties in a number of in vitro and in vivo studies.142 

 

Figure 2-30: Structures of V-PYRRO/NO and V-PROLI/NO 
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Anticancer lead compounds JS-K143 and PABA/NO,144 both arylated 

diazeniumdiolate NO releasing prodrugs, have shown promising anti-tumor 

properties in vivo with no evidence of toxicity at therapeutic doses. PABA/NO 

(Figure 2-31) showed an anti-tumor potency similar to that of cisplatin in vitro and 

in vivo. 

 

Figure 2-31: Structure of O2-{2,4-dinitro-5-[4-(N-methylamino)benzoyloxy]phenyl}1-(N,N-

dimethylamino)diazen-1-ium-1,2-diolate (PABA/NO). 

Diazeniumdiolates have also been successfully incorporated in nitric oxide 

releasing polymers. The diazeniumdiolated acrylonitrile-based polymer 

polyacrylonitrile/NO (PAN/NO) (Figure 2-32) has been found to have wound 

healing properties and is reported to inhibit the formation of neointimal hyperplasia 

in injured rat carotid arteries.145 

 

Figure 2-32: Structure of polyacrylonitrile/NO adduct. 

Grafting of diazeniumdilates into nanoparticles lead to the formation of NO 

releasing nanoparticles which showed improved efficacy and reduced toxicity. 

Silica nanoparticles with NO donor diazeniumdiolates demonstrated better 

bactericidal efficacy and lower toxicity by nanoparticle-derived NO over 

PROLI/NO.146 

Hybrid NO donating nonsteroidal anti-inflammatory drugs having 1-(pyrrolidin-1-

yl)diazen-1-ium-1,2-diolate or 1-(N,N-dimethylamino)diazen-1-ium-1,2-diolate 

attached to the carboxylic group of the traditional NSAIDs aspirin, ibuprofen and 
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indomethacin showed reduced gastric side effects (ulcerogenicity).147 In an in vivo 

ulcer index (UI) assay, NO-aspirins and NO-ibuprofens (Figure 2-33) presented no 

lesions (UI = 0) compared to parent drugs aspirin (UI = 57, 250 mg/kg po dose), 

ibuprofen (UI = 45, 250 mg/kg po dose) at equivalent doses. 

 

Figure 2-33: Aspirin based diazenium diolates (a, b) and ibuprofen based diazenium diolates (c, d). 

2.3.8 Nitro compounds 

Nitro compounds also belong to the class of nitric oxide releasing compounds but 

have not yet attracted much attention as NO donors. Many of the reviews covering 

different types of NO donors do not even mention, these compounds as nitric oxide 

donors. 

A series of nitrofuran antibacterial compounds (Figure 2-34) is proposed to generate 

nitric oxide on the basis of investigations under reductive conditions.148 

  

Figure 2-34: Nitrofuran based antibacterial drugs 
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The radical anions formed under reductive conditions can undergo nitro-nitrite 

rearrangement149 and a mechanism was suggested (Scheme 2-7) for the formation 

of NO in the decomposition of nitrofuran based drugs.148 This ability to release 

nitric oxide was suggested as one of the reasons for the high antimicrobial activity 

of these compounds. 

  

Scheme 2-7: Nitro-nitrite rearrangement in 5-nitrofurans. 

Nitroimidazoles like metronidazole and tinidazole (Figure 2-35) are well known 

anti-protozoan drugs that were shown to have NO-donor properties. A study of NO 

donating properties of metronidazole showed that it can act as an exogenous NO 

donor.150 The release of NO was also confirmed biologically by activation of 

soluble guanylate cyclase and it showed similar effect on the hemodynamic 

properties of cardiac rate and systemic arterial blood pressure as effected by a 

typical NO donor such as isosorbide 5-mononitrate. Tinidazole, which is a close 

analogue of metronidazole in both its structure and spectrum of chemotherapeutic 

activity is also suggested to possess NO-donating properties.151 The NO-donor 

properties based on chemical investigation was also confirmed by biological data. 

This drug also exhibited a dose dependent activation of soluble guanylate cyclase. 

Like nitrofuran derivatives, these drugs may also be following nitro-nitrite 

rearrangement. 

 

Figure 2-35: 5-Nitroimidazoles drugs: metronidazole and tinidazole. 
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Bicyclic nitroimidazole skeleton is of great interest to TB researchers, with one drug 

of this class delamanid (OPC-67683) approved by European union for MDR-TB. 

Other compounds of this class such as PA-824 and TBA-354 are in advanced phase 

clinical trials. A series of bicyclic nitroimidazofurans, originally studied as 

radiosensitisers in cancer chemotherapy,152 were found to be active against cultured 

replicating Mycobacterium tuberculosis (MTB) and have significant activity in 

murine infection models.153 The lead compound CGI-17341 (Figure 2-36) was 

however mutagenic, which did not favour the further exploration of this compound 

series for antibacterial activity. On the basis of these studies that the bicyclic 

nitroimidazoles can be potential antitubercular agents, an array of 3-substituted 

nitroimidazopyrans was synthesised.154 The active compounds lacked the 

mutagenicity associated with bicyclic nitroimidazoles. One compound PA-824, 

showed a sub-micromolar minimal inhibitory concentration (MIC) against MTB. 

 

Figure 2-36: Structure of CGI-17341 

The bactericidal activity of PA-824 was comparable to that of related 

metronidazole, whereas CGI-17341 and frontline drug isoniazid were much less 

active against non-replicating MTB. 

In another study, a series of bicyclic nitroimidazoles were studied as potential 

prodrugs against tuberculosis.155 Of these, PA-824 (Pretomanid) and OPC-67683 

(Delamanid) are in advanced phase 2 clinical trials.156,157 The highly lipophilic 

nature of the drugs pretomanid and delamanid has presented absorption issues 

during clinical trials, which were resolved by altering the formulation of these 

drugs. A new generation analogue, TBA-354 (Figure 2-37), has been synthesised 

and it has shown improved physiochemical properties and in vivo efficacy.158 
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Figure 2-37: Structure of Pretomanid (PA-824), Delamanid (OPC-67683) and new generation 

analogue TBA-354. 

It was reported that Rv3547, a deazaflavin-dependent nitroreductase (Ddn) converts 

PA-824 into three primary metabolites, with corresponding des-nitroimidazole 

(des-nitro) being the major one (Scheme 2-8).155 

  

Scheme 2-8: Mechanism of nitroimidazole reduction by Ddn 
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The formation of des-nitro metabolite is accompanied by the formation of reactive 

nitrogen species, including nitric oxide, which are the major effectors of anaerobic 

activity of this class of compounds. Studies showed that the amount of des-

nitroimidazole formed correlated with anaerobic killing of Mycobacterium 

tuberculosis (MTB). The involvement of the NO donor property of PA-824 was 

further confirmed by the fact that the nitric oxide scavenger, C-PTIO [2-(4-

carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide] diminished the 

lethal effect of PA-824 on whole cells. This NO scavenger attenuated the PA-824-

mediated killing of bacilli. 

Recently, a series of 6-nitro-2,3-dihydroimidazooxazole analogues were 

synthesised with polar functionalities such as sulfonyl, uridyl and thiouridyl to 

produce a compound with enhanced solubility.159 The synthesised analogues were 

evaluated against Mycobacterium tuberculosis (MTB) H37Rv. 

 

Figure 2-38: Structure of IIIM/MCD-017. 

Among the different analogues, based on its overall in vitro properties and solubility 

profile, compound IIIM/MCD-017 (Figure 2-38) was shown to possess high 

microsomal stability and solubility under tested biological conditions. This 

compound also showed favourable oral in vivo pharmacokinetics and in vivo 

efficacy. 

Many nitrobenzene derivatives have been developed as photocontrollable NO 

donors. Nitroarenes release NO by photoisomerisation of the aryl nitro group. 

Photoirradiation of nitrobenzene in UV-C or shorter wavelength range induces the 

photoisomerisation of nitroarene to aryl nitrite with subsequent homolytic cleavage 

to release NO. This photodissociation is proposed to be initiated by the nucleophilic 
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attack of oxygen atom of nitro group at the ipso position of the aromatic ring to give 

arylnitrite which further decomposes into a phenoxy radical and nitric oxide.160 

Flautamide is another non-steroidal anti-androgen nitroarene compound with CF3 

group at ortho position to a nitro group and releases nitric oxide in similar way 

(Scheme 2-9).  

 

Scheme 2-9: Photodegradation of Flutamide leading to NO generation. 

Several flutamide derivatives have been synthesised as photocontrollable NO 

donors. Flutamide derived self-assembled monolayer (SAM) on a gold surface 

displayed efficient photoinduced NO generation.161 The presence of a CF3 group in 

the ortho position renders the nitro group perpendicular to the aromatic plane and 

thus not conjugated to aromatic ring. 

 

Scheme 2-10: The NO photodonor unit and its mechanism of NO release. 

 This “out-of-plane” geometry results in a constructive overlap of the p orbital of 

the oxygen atom with the adjacent p orbital of the aromatic ring in both the ground 

and excited state. This leads to a low requirement of excitation energy for the nitro 

to undergo nitrite photorearrangement prior to NO generation (Scheme 2-10). 

Photorelease of NO from flutamide has a limitation that only a very small portion 
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of the absorption falls in the visible range of the electromagnetic radiation and 

therefore long irradiation time is required for acceptable yield of NO. The 

nitroaniline derivatives such as 4-nitro-3-(trifluoromethyl)aniline generate NO 

without this drawback.162 This chromogen generates NO with the same mechanism 

as for flutamide but because of the presence of an amine instead of amide at the 

para position with respect to nitro group, an enhancement in the average absorption 

coefficient in the spectral region >400 nm is observed, which is ideal for bio-

applications. Because of this advantage, many of the derivatives of this nitroaniline 

have been successfully used for developing light-controlled nitric oxide delivering 

molecular assemblies (Figure 2-39).163  

 

Figure 2-39: Structure of 4-nitro-3-(trifluoromethyl)aniline and its derivatives used as NO 

photodonors in light responsive molecular assemblies. 
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A multitarget compound incorporating the antioxidant radical scavenging 

properties of catechol and light controlled NO release property of 4-nitro-3-

(trifluoromethyl)aniline unit (Figure 2-40) was synthesied.164 The catechol unit in 

this molecule showed radical scavenging properties similar to that of the free 

catechol unit. The nitroaniline NO photodonor exhibited photoregulated release of 

NO following the same mechanism as for other nitroaniline derivatives discussed 

above. 

 

Figure 2-40: Conjugate of catechol and nitroaniline unit. 

Allylic nitro compounds have also been explored as potential nitrite and nitric oxide 

donors. (±)-(E)-4-ethyl-2-[(E)-hydroxyimino]-5-nitro-3-hexenamide (FK 409) is 

an allylic nitro compound which spontaneously releases nitric oxide and nitrite in 

buffer. 

 

Figure 2-41: Structures of FK 409 and its derivatives. 
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It shows potent in vitro vasorelaxant and antiplatelet activities owing to 

spontaneous NO release. In a study, structure activity relationships of FK 409 and 

its various derivatives (Figure 2-41) was investigated by studying NO-releasing 

rates and in vitro antiplatelet and vasorelaxant effects.165 It was suggested that the 

deprotonation of the hydrogen at the α-position to the nitro group by bases such as 

the hydroxyl ion was an important step in the NO release and the FK 409 

degradation. Thus, the rate of NO release can be controlled by the acidity of the α-

hydrogen atom. A close correlation was observed between NO-releasing rates and 

inhibition of platelet aggregation. However, the in vitro vasorelaxant activites did 

not correlate with the rates of NO generation.  

FK 409 rapidly decomposes and releases NO in solution.  (±)-N-[(E)-4-ethyl-3-[(Z)-

hydroxyimino]-5-nitro-3-hexenyl]-3-pyridinecarboxamide, (FR 144420) a 

derivative of FK 409 is more stable and releases NO more slowly in vitro than FK 

409. In a study to compare the antianginal effects of these two compounds, it was 

suggested that FR 144420 inhibits coronary vasospasm with a longer duration than 

FK 409.166 In addition, it showed more prolonged antianginal effects than 

hypotensive effects in the methacholine-induced coronary vasospasm model. 

In a reported study,167 several allylic nitro compounds were investigated for nitrite 

release by considering direct nucleophilic substitution as a potential mechanism for 

nitrite release but poor aqueous solubility and slow nitrite release of these allylic 

nitro compounds limited their usage as real nitrite donors. Another allylic nitro 

compound, 2-(nitromethyl)-cyclohex-1-ene-3-one (Figure 2-42), spontaneously 

released nitrite in a buffered solution and generated nitric oxide when reacted with 

ascorbic acid in the presence of L-cysteine. These compounds bear resemblance to 

the NO donor FK 409.  

This class of allylic nitro compounds can act as nitric oxide prodrugs under mild 

reducing conditions and represents a group of compounds that have a tunable 

nitrite/nitric oxide profile.  
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Figure 2-42: Structures of various allylic nitro compounds as candidate nitrite/nitric oxide donor.  

Pentacycloundecane derivatives with an aromatic nitro group as nitric oxide 

donating moiety (Figure 2-43) were synthesised and tested for calcium channel and 

N-methyl-D-aspartate (NMDA) receptor modulating activity.168 

 

Figure 2-43: Pentacycloundecane derivatives with nitro group as NO donor moiety. 

These compounds showed appreciable calcium channel blockade when compared 

to commercially available nimodipine although no clear correlation was observed 

between their S-nitrosylation and calcium channel blocking ability. 

Nitro-fatty acids (NO2-FAs) (Figure 2-44) which are chemically stable and have a 

longer half-life constitute a relatively new family of signalling molecules169 and 

have been recognised as a class of effective anti-inflammatory lipid signalling 

mediators. As they are formed under inflammation induced conditions of oxidative 

and nitrosative stress, they can serve as endogenous mediators to combat 

inflammation or to contain the damage following inflammatory reactions. 
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Figure 2-44: Structure of Nitro fatty acids (Nitro oleic acid and Nitro linoleic acid). 

There are several reports where NO2-FAs are used as pharmacological modulators 

of inflammation related diseases in animal models. It was reported that 3-

Nitropropanoic acid induces nitric oxide release in rat arteries.170 Results suggest 

that 3-nitropropionic acid generates NO both directly as a donor and indirectly by 

enhancing NOS expression to produce toxic effects on astrocytes and neuronal 

toxicity.171 Exogenous administration of nitro-oleic acid (OA-NO2) during an 

ischaemic episode in C57/BL6 mice induced protection against ischaemia and 

reperfusion (I/R) injury with reduction in infarct size and preservation of left 

ventricular function.172 Subcutaneous administration of OA-NO2 reduced 

angiotensin-II induced hypertension in mice173 and subcutaneously administered 

NO2-FAs reduced atherosclerotic lesion formation in an animal model of 

atherosclerosis.174 Recently nitro-linolenic acid (NO2-Ln), another compound of the 

class of NO2-FAs, has been established to release nitric oxide in aqueous 

medium.175 This ability confirms that NO2-Ln can act as physiological NO donor. 

Because of the lipophilic nature of NO2-FAs and capacity of NO to cross cell 

membranes, this ability of NO donation can be important at different cell locations. 

Like metal nitrosyl compounds, nitroarene compounds are important among 

photocontrollable NO donors for precise spatial and temporal control of NO 

release.117 One possible mechanism of the antimicrobial action of the well-known 

antiseptic bronopol (Figure 2-45) is associated with nitric oxide release.176 

 

Figure 2-45: Structure of antiseptic bronopol. 
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Nitro fatty acids propose to be novel and promising pharmacological tool for 

preventing the diseases linked to inflammation, although clinical therapeutic 

implications of nitro fatty acids still needs to be elucidated. 

2.3.9 NO releasing polymers 

As discussed above, many different types of NO donors have been synthesised and 

explored for their potential for controlled delivery of NO in medical and 

pharmacological research and applications. But high NO release rate, limited 

payloads of NO and lack of targeted delivery has hampered the clinical significance 

of low molecular weight NO donors. To facilitate the controlled and targeted 

delivery of nitric oxide, many different types of systems have been used as vehicles 

for NO release which include proteins, polymers, dendrimers and nanoparticles 

etc.177 New NO releasing vehicles are being developed which can directly deliver 

exact doses of NO to the target tissues with better therapeutic output and less side 

effects.178,179 The incorporation of NO into polymeric matrixes has been used for 

developing medical materials and devices with superior biocompatibility. Nitric 

oxide releasing polymers are prepared by one of the following methods: doping 

nitric oxide donor molecules within films of hydrophobic polymers; covalently 

attaching nitric oxide donating molecules to the filler particles of the polymer and 

then dispersing it into the polymer backbone; and covalent bonding of nitric oxide 

donor compounds to the polymer molecules.180 Polymeric materials used to prepare 

various implantable and extracorporeal medical devices (e.g. vascular grafts and 

stents, intravascular catheters, extracorporeal blood loop circuits) are thrombogenic 

in nature and can cause severe complications in patients. Polymeric materials which 

can release NO at a rate that is comparable to endothelial cells can resolve the issue 

of thrombosis and stenosis related with various biomedical devices and implants. 

The release of NO from the surface of polymeric coatings mimics the NO release 

from endothelial cells lining the inner surface of blood vessels. N-

diazeniumdiolates and S-nitrosothiols are two major classes of nitric oxide donor 

compounds used to prepare nitric oxide releasing polymers. NO releasing polymers 

using diazeniumdiolates were first synthesised in 1996.181 Treatment of 

polyethylenimine (PEI) with NO formed a PEI/N2O2 polymer, which inhibited the 
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in vitro proliferation of rat aorta smooth muscle cells and showed potent antiplatelet 

activity when coated on a thrombogenic vascular graft. To effectively use discrete 

NO donors in a polymeric system, the NO donor must be stable through the 

preparation process, and must be able to release NO spontaneously when the 

polymer comes in contact with aqueous solutions or blood. Unlike discrete 

diazeniumdiolates dissolved in an aqueous system, which have a pH dependent NO 

release rate, release of NO from molecules embedded in a polymer matrix depend 

upon many other factors which can potentially govern the NO release profile of 

these systems.182 By proper control of NO fluxes, the resulting NO releasing 

polymers can be tuned to show enhanced thromboresistant properties by inhibiting 

platelet adhesion and activation. The kinetics of NO release in case of 

diazeniumdiolates incorporated polymers is modulated by a change in polymer 

matrix or NO donor structure. Unlike diazeniumdiolate based NO releasing 

polymers, where NO release is a function of pH, NO release in case of S-nitrosothiol 

based polymers can be triggered by multiple factors. Thermal and photochemical 

decomposition of RSNOs results in homolytic cleavage of S-N bond generating a 

thiyl radical and NO. S-nitroso-N-acetylpenicillamine (SNAP) derivatised fumed 

silica (SNAP-FS) filler particles represent the first hydrophobic NO-releasing 

material which uses light as a trigger for precise control of NO release by polymer 

films.183 This photo induced NO release is a result of photolytic cleavage of the S-N 

bond and the NO flux is controllable by changes in light intensity. The major 

limitation of using NO donating polymers for NO release is the limited reservoir of 

NO within these materials which further shortens the duration in which these 

materials can release NO at physiologically relevant flux. To overcome this 

limitation Cu(II) mediated nitric oxide releasing polymers are developed as Cu(II) 

catalyse the RSNO decomposition. The mechanism involves the reduction of Cu(II) 

by endogenous reducing agents such as thiolate anion (RS-) to give Cu(I). This 

Cu(I) in the polymer can then reduce endogenous nitrosothiols generating NO and 

thiolate anion along with Cu(II). The thiolate anoin can then reduce Cu(II) to the 

Cu(I) species, thus creating a catalytic cycle. 

The preliminary in vivo and in vitro testing of NO releasing/generating polymers 

have demonstrated enhanced biocompatibility and improved device performance in 
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many biomedical applications. Possible viable applications include extracorporeal 

membrane oxygenation (ECMO) tubing, dialyzer components and shunts, vascular 

grafts, intravascular or subcutaneous sensors, stents, catheters, implants, surgical 

aids etc.178 A newer NO generating polymer (Cu(II)-cyclen-PEG-TPU) (Figure 

2-46) containing covalently bounded Cu2+-ligand complex prepared and reported 

to have improved catalytic efficiency for generating NO from endogenous RSNO 

species was also described.184 

 

Figure 2-46: Structure of Cu2+-cyclen-polyurethane material (Cu(II)-cyclen-PEG-TPU). 

A biocompatible platform for NO delivery, derived by grafting S-nitrosothiols 

(RSNOs) onto poly(vinyl methyl ether-co-maleic anhydride) (PVMMA), and their 

subsequent formation of interpolymer complexes with poly(vinyl pyrrolidone) 

(PVP) (Figure 2-47), demonstrated that the topical application of this controlled 

release NO delivery system can effectively accelerate wound closure in a diabetic 

rat model.185 Due to the antiproliferative and antithrombic properties of NO, NO-

eluting materials are showing promising potential as stent coverings to prevent in-

stent restenosis post-angioplasty, which is characterised by abnormal proliferation 

of smooth muscle cells in vascular walls. The anti-restenotic effects of NO donor-

loaded stents have been confirmed by various authors.186,187 

 

Figure 2-47: Hydrogen bonding interaction between RSNO-PVMMA and PVP. 
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2.3.10 Nanoparticles loaded with NO: NO nanodonors 

Apart from research exploring the versatility of NO donating compounds/materials, 

there is a need for research driven efforts for the development of effective NO-

delivery strategies to augment the NO-mediated therapeutics. Nanoparticle delivery 

of NO (Figure 2-48) provides us with the luxury of easy monitoring of NO release 

as a function of nanoparticle size, composition and surface hydrophobicity. By 

modulating the synthesis of nanoparticles, specific particles can be synthesised 

bearing precise NO releasing functional groups which helps to minimise the toxicity 

and enhance cell specific targeting. 

To date, a number of different vehicles have been used to synthesise NO-releasing 

nanoparticles. Nitric oxide releasing silica nanoparticles present NO 

storage/delivery systems which have many advantages over macromolecular NO 

donors such as large storage of NO, modulation of NO release kinetics and readily 

tunable particle size.188 

 

Figure 2-48: NO release from nanosupport system.
189

 

Common gold nanoparticles (AuNPs) have also been explored for their use in nitric 

oxide delivery applications. Diazeniumdiolate NO donors have been grafted onto 

monolayer-protected cluster (MPC) gold nanoparticles to synthesise NO-releasing 

gold nanoparticles.190 In a study, the gold nanoparticle surface were functionalised 

with non-biofouling polymers that incorporated diazeniumdiolate as NO donor 

moiety. The resulting NO bearing gold nanoparticles displayed slow release of NO 

in biological media and demonstrated their potential utility in applications of 

biofilm dispersal and cancer cell cytotoxicity.191 

Over the past few years, a very encouraging strategy for biocompatible NO-delivery 

systems has developed based on the use of nanobiotechnology for targeted NO-
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release for biomedical applications. Pharmaceutical nanoparticle properties and 

drug delivery from such materials are widely studied to improve their solubility, 

stability and specificity for therapeutic targets.192 The important nanostructures 

related to NO release in this field include dendrimers, liposomes, metallic and silica 

nanoparticles, polymeric nano particles, quantum dots, carbon nanotubes and 

nanoporous solid materials.189,193 Each of these NO releasing vehicles have their 

distinct advantages and disadvantages. 

On the basis of an in vivo study, it was proposed that application of nanoparticles 

with sustained NO release can promote wound healing.194 Co-delivery of the nitric 

oxide and the drugs on a single nano structure is also a promising therapeutic 

strategy. Simultaneous delivery of nitric oxide and the anti-cancer drug doxorubicin 

was demonstrated by using NO-conjugated silica structure S-nitroso 

polysilsesquioxane.195 Combined and simultaneous delivery of nitric oxide and 

aminoglycoside gentamicin by a dual action polymer based on NO-donor and 

gentamicin has been demonstrated for potential use in removing the biofilms and 

killing the dispersed bacteria.196 A variety of photoactivable three-dimensional NO 

dispensers have been developed by assembling NO photodonors either at the 

surface or at the core of nanoparticles using covalent or non-covalent 

interactions.163 

2.4 Conclusion 

The discovery of the multiple physiological and pathophysiological processes in 

which nitric oxide (NO) is involved has promoted a great number of 

pharmacological studies to develop new drugs that are capable of influencing NO 

production directly and/or indirectly for therapeutic purposes (i.e, NO-releasing 

drugs, NO-inhibiting drugs).  In particular, the so-called NO releasing drugs could 

actually have an important therapeutic effect in the treatment of many diseases such 

as arteriopathies (atherosclerosis and its sequelae, arterial hypertension and some 

forms of male sexual impotence), various acute and chronic inflammatory 

conditions (colitis, rheumatoid arthritis and tissue remodelling), and several 

degenerative diseases (Alzheimer's disease and cancer).  The classic organic nitrates 

show some well-known downsides including the induction of tolerance and acute 
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side effects related to abrupt vasodilation such as cephalea and hypotension, which 

limit their therapeutic indications.  A low therapeutic index (i.e., peroxynitrite 

toxicity) has always characterized the sydnonimines. Nitro compounds is the least 

discussed and reviewed class of NO donating group, which needs more 

investigation. The most important obstacle in the field of NO donor drugs is the 

difficulty of targeting NO release, and thereby its effects, to a specific tissue. NO 

releasing polymers and NO releasing nanoparticles offer a promising tool to achieve 

targeted and controlled release of NO at the desired site. Interesting new classes of 

NO donors are under intense pharmacological investigations such as S-

nitrosothiols, diazenium-diolates and NO hybrid drugs, each characterized by a 

particular pharmacokinetic and pharmacodynamic profile. The versatile role of a 

nitric oxide donor and its hybrid compounds as neuroprotective, cardioprotective, 

oncoprotective and immounoprotective contributors, accentuates its all-important 

place in modern drug design and drug discovery.
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Chapter 3 Synthetic procedures 

3.1 Introduction 

Creating multifunctional drugs through hybridisation is a well-developed approach 

in drug design. It involves the combination of two complimentary or synergistic 

pharmacophores directly or via a spacer in order to improve the activity. In this 

study an array of compounds were synthesised with the aim of conjugating 

pentacycloundecane cage structures with nitric oxide donating moieties through 

various linkers. 

3.2 Instrumentation used for synthesis 

The following instrumentation was used for various steps involved in synthesis, 

including weighing of reactants, carrying out reactions, separations of reaction 

products and structural and physical characterisation of final compounds 

3.2.1 Apparatus for reaction conditions 

The reactions were performed at the different temperature conditions required for 

each reaction to provide enough activation energy. 

3.2.1.1 Weighing apparatus and stirrers 

All the weighings for the synthesis were performed on Sartorius analytic balance 

up to four decimal places. The weighing for the analytical work or biological assays 

was done on a Shimadzu (AUD 220D) analytical balance which is a dual-range 

semi micro balance up to five decimal places. 

For continuous stirring during the reactions, IKA and RCT basic magnetic stirrers 

were used. 

3.2.1.2 Heating apparatus for reactions 

To meet the requirement of high thermal energy for certain reactions, oil baths or 

heating mantles were used. 
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3.2.1.3 Cooling baths 

For reactions taking place at a temperature lower than the room temperature, ice 

baths were used. In some cases, salt was mixed with ice to decrease the temperature 

below 0 C. 

3.2.1.4 Microwave Reactor 

Wherever reaction conditions required microwave energy, a CEM Discover SP 

microwave reactor fitted with IntelliVentTM Pressure Control System and CEM’s 

SynergyTM software was used for carrying out the reaction. 

3.2.1.5 Photoreactor 

For photochemical reactions, the absorption of ultra violet light by organic 

molecules was facilitated by using UV-photoreactor fitted with a water jacket for 

cooling. 

3.2.1.6 Pressure Reactor 

A sealed tube made of stainless steel was used to carry out reactions under high 

pressure (Figure 3-1). It is designed to withstand high pressure up to 700 kPa. 

  

(a) (b) 

Figure 3-1: In-house designed equipment for controlling reaction conditions. (a) a UV-photoreactor 

fitted with a water jacket; (b) a pressure reactor made of high pressure sustaining stainless steel fitted 

with a pressure gauge. 
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3.2.2 Separation techniques 

Different separation techniques used during the course of synthesis are as follows: 

3.2.2.1 Thin layer chromatography (TLC) 

Progress of reactions and column chromatographic elution was monitored by TLC 

on aluminium silica gel sheets (TLC silica gel 60 F254, product catalogue no. 

105555, Merck Millipore). TLC plates were visualised using ultra violet (UV) light 

at 254 and 366 nm using Chromato-vue cabinet (Ultra-violet products, USA). 

Iodine chamber saturated with iodine vapours or ninhydrin solution was also used 

for development of TLC. 

3.2.2.2 Column chromatography 

Pure compounds were separated from reaction mixtures by column chromatography 

using silica gel 60 (particle size 63-200 µm) in glass columns of different diameters 

depending upon the amount of reaction mixtures. Slightly impure fractions from 

column chromatographic separations were further purified by using a VersaFlashTM 

high throughput flash purification system wherever required. 

3.2.2.3 Preparative thin layer chromatography (Prep TLC) 

For purification of very small amounts (<50 mg) of products, preparative thin layer 

chromatography was used. For Prep TLC, glass silica gel plates (Analtech catalogue 

no. 02012) were obtained from Sigma-aldrich (product code Z513032). 

3.2.2.4 Mobile phases 

Mobile phases for chromatographic separations were prepared on percentage 

volume per volume basis. Different compositions of hexane, ethyl acetate, ethanol, 

dicholoromethane, methanol and ammonia solution (25%) were used for preparing 

different mobile phases. 

3.2.3 Spectroscopic and physical characterisation 

The structures of the compounds were characterised by using nuclear magnetic 

resonance (NMR), Fourier transform infrared (FT-IR) and mass spectrometry (MS) 

techniques. In the NMR spectroscopy, 1H, 13C and distortionless enhancement of 
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polarisation transfer (DEPT) analysis were performed for structural elucidation. 

The carbon peaks in the 13C NMR spectroscopy were further differentiated as –

CH3, CH or CH2 carbons by DEPT-135 analysis where CH3 and CH gave positive 

signals and CH2 gave a negative signals.  

The physical characteristics of the compounds is reported as physical state, colour 

and melting point (Mp). 

3.2.3.1 NMR 

NMR’s were obtained using Varian 600 MHz, Varian 400 MHz, Bruker 400 MHz 

and Varian 200 MHz instruments. The chemical shifts are reported as δ values in 

ppm downfield from TMS and deuterated residual solvent peaks as internal 

standards (δH, CDCl3 7.26 ppm; δC, CDCl3 77.16 ppm). The coupling constants 

(J) are given in hertz (Hz) and the multiplicities of NMR signals are expressed as: 

s, singlet; brs, broad singlet; d, doublet; t, triplet; q, quartet; quin, quintet; m, 

multiplet; ABq, AB quartet; dd, doublet of doublets; td, triplet of doublets; dtd, 

doublet of triplet of doublets; appt, apparent triplet. The 1H NMR data is presented 

as follows: chemical shift in ppm (multiplicity, coupling constant, integration as 

number of protons). 

3.2.3.2 MS 

Mass spectra were recorded by Perkin Elmer MS with a Flexar SQ 300 MS detector 

using direct infusion electro-spray ionisation mass spectrometry. 

3.2.3.3 IR 

IR spectra were recorded using a Perkin Elmer Spectrum 400 FT-IR/FT-NIR 

spectrometer with an attenuated total reflectance (ATR) attachment. 

3.2.3.4 Melting point apparatus 

Melting points were measured using glass capillary method. The melting points 

were determined using Stuart SMP-10 melting point apparatus. All the melting 

points are uncorrected. 
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3.3 Synthesis of designed compounds 

3.3.1 Reagents 

Unless otherwise specified, all chemicals were obtained from Sigma-Aldrich or 

Merck. All the chemicals were of analytical grade and used without further 

purification unless specified. To obtain dry THF, commercially available THF was 

pre-dried over 3Å molecular sieves before distilling over sodium wire and small 

quantity of benzophenone. To get dry DCM, commercially available DCM was 

initially dried over anhydrous calcium chloride and then distilled. The distillate was 

collected and stored in an amber glass bottle away from light over 3Å molecular 

sieves.  

3.3.2 General Synthetic Approach 

In this part, general synthetic approaches for different types of compounds are 

discussed. It also highlights various challenges faced and comparisons drawn 

among diverse synthetic approaches to decide on the final synthetic route for the 

different classes of compounds. 

3.3.2.1 Synthesis of oxa-bridged hexacyclic cage compounds 

The general synthetic strategy here involved reductive amination where 

pentacycloundecane dione reacts with aminoalcohols such as 2-aminoethanol and 

3-aminopropanol followed by reduction with sodium borohydride (Scheme 3-1).  

 
Scheme 3-1: Synthetic approach for synthesis of amino alcohol derivatives of 

oxapentacycloundecane. 
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This resulted in the formation of oxa-bridged pentacycloundecane derivatives via 

tranannular cyclisation. The synthetic procedure used in this study is an 

improvement on earlier methods197,198 which involved a Dean-Stark refluxing step 

to form an imine from the hemiaminal/carbinolamine by dehydration before 

proceeding with reduction. In the method used here, the reaction mixture is 

subjected to reduction straight after the formation of the carbinolamine simply by 

adding dry methanol and sodium borohydride thus making it a one pot synthesis for 

oxapentacycloundecane derivatives (Scheme 3-2).  

 

Scheme 3-2: Proposed mechanism of NaBH4 mediated transannular cyclisation. 

This method has been successfully used for different amines such as ethanolamine, 

propanolamine and benzyl amine. 

3.3.2.2 Synthesis of 8-Benzylamino-8,11-

oxapentacyclo[5.4.0.02,6.03,10.05,9]undecane (NGP1-01) 

For the synthesis of NGP1-01, the basic strategy remained the same as discussed in 

the above section. When using benzyl amine for synthesis of NGP1-01, a 

comparison could be made between the step involving filtration of carbinolamine 

and then dehydration by dean stark and the other method of direct reduction after 

carbinolaamine formation. Direct reduction gave 43.48% yield whereas the other 

method (dean stark dehydration) gave 33.33% yield. 
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3.3.2.3  Conjugation of amino alcohol derivatives of 

oxapentacycloundecane with nitro benzoic acids 

For the synthesis of ester conjugates of amino alcohol oxapentacycloundecane 

derivatives and nitro benzoic acids, two different approaches were planned. In the 

first approach, carboxyl activational chemistry was used as a synthetic strategy for 

the reaction between nitrobenzoic acid and the amino alcohol derivative whereas in 

the second synthetic approach, a simple esterification reaction was used by reacting 

different nitrobenzoyl chlorides with amino alcohol derivatives to give the final 

ester products. In the test reactions, the first method successfully resulted in the 

formation of the desired final product. For performing the test reaction of the second 

method, the ethanol amine derivative of oxapentacycloundecane was reacted with 

benzoyl chloride. This method resulted in a formation of a new product as a result 

of benzoylation at the both hydroxyl and amine group. In the final synthesis, the 

former method was thus preferred. To conjugate oxapentacylocundecane 

compounds with NO donating moieties through ester linkages, these compounds 

were esterified with o-, m- and p-nitrobenzoic acids using activational chemistry. 

It was noted that the compounds with longer linking chains had lower percentage 

yields. 

3.3.2.4 Synthesis of monoamine cage compound 

For synthesis of the monoamine cage, an earlier reported method198 was modified 

and the debenzylation of NGP1-01 was planned using 10% Pd/C under high 

pressure catalytic hydrogenation (section 3.3.3.15). Different combinations of 

amount of catalyst per mmol of substrate, pressure, temperature and time were used 

to reach the optimum conditions for successful debenzylation of NGP1-01 (Table 

3-1). 
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Table 3-1: Different reaction conditions tested for optimising the synthesis of monoamine cage 

compound. 

S. No. Pd/C per 

mmol of 

substrate 

(mg) 

H2 

Pressure 

(kPa) 

Temp. 

C 

Vol. of 

solvent 

per gram 

of 

substrate 

Duration 

hrs 

Reaction 

progress 

as per 

TLC 

S. No.1 14.6 101 18-20 50 12 No  

reaction 

S. No. 2 14.6 101 18-20 10 12 ,, 

S. No. 3 14.6 150 18-20 10 12 ,, 

S. No. 4 29.2 150 18-20 10 20 ,, 

S. No. 5 14.6 101 25 10 17 ,, 

S. No. 6 14.6 202 30 10 11 ,, 

S. No. 7 20 101 60 10 16 ,, 

S. No. 8 20 202 50 10 24 ,, 

S. No. 9 50 202 50 10 14 Reaction 

completed 

 

3.3.2.5 Nitrobenzyl and nitrophenethyl conjugates of monoamine cage 

Above synthesised mono amine cage was further reacted to undergo nucleophilic 

substitution (SN2) by o-, m- and p-nitrobenzyl bromides or corresponding phenethyl 

bromides to give the desired final compounds.  

 
Scheme 3-3: MW and thermal reaction approaches for nucleophilic substitution reactions. 
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For optimizing the reaction conditions for the reaction between the mono amine 

cage and p-nitro benzyl bromides, test reactions were done using microwave 

chemistry and traditional thermal conditions using phase transfer catalysis (PTC). 

The reaction done in microwave conditions was completed (as per TLC) in only 20 

minutes with 19.65% yield of final product whereas the reaction done under PTC 

conditions was completed in 20 hours but with higher yield of 84.34% (Scheme 

3-3). The lower yield in the former method may be because of the formation of 

more side products under microwave conditions. For the rest of reactions, PTC 

conditions were selected as the preferred method for nucleophilic substitution 

because of the higher yield. These reaction conditions worked well for different 

nitro benzyl bromides giving excellent yields of final product. When similar 

conditions were used for reaction with different phenethyl bromides, reactions 

never reached completion in spite of increasing temperature and reaction time. As 

monitored by TLC, the reaction mixture showed the spots corresponding to the two 

reactants along with those of products formed even after prolonged heating. In fact, 

the major change in the reaction appeared effectively in the first 12-18 hours of the 

reaction although the tested reaction time was up to 40 hours for some of the 

reactions. As a result, the final two carbon chain analogues were synthesised with 

poorer yields. 

3.3.2.6 Synthesis of aza-bridged hexacyclic cage compounds 

Sodium cyanoborohydride with its strongly electron withdrawing cyano group is a 

milder and highly selective reducing agent. The reducing ability of sodium 

cyanohydride is enhanced by its stability in acid to pH 3. The acid stability of 

sodium cyanoborohydride has resulted in numerous applications that would not be 

possible with sodium borohydride. The remarkably selectivite iminium ion 

reductions in the presence of keto or aldehyde groups by sodium cyanoborohydride 

have been attributed to the observation that an iminium ion is reduced much faster 

than a carbonyl group (Scheme 3-4).199 
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Scheme 3-4: Faster reduction of iminium ions by cyanide. 

To synthesise aza-bridged analogues of the oxa cage compounds, a similar synthetic 

strategy of reductive amination was planned. The only change in the new scheme 

was the use of sodium cyanoborohydride instead of sodium borohydride as reducing 

agent after carbinolamine formation resulting from the reaction of 

pentacycloundecane dione and aminoalcohols (Scheme 3-5). The acidic 

environment facilitated the spontaneous dehydration followed by reduction of the 

imine. 

 

Scheme 3-5: Synthetic approach for synthesis of amino alcohol derivatives of 

azapentacycloundecane using NaCNBH3. 

The final work up of this reaction after neutralising the excess acetic acid with 

sodium bicarbonate and followed by extraction did not give crude reaction mixture 

in the expected yield. The weight of the crude reaction mixture obtained was only 

20% of the expected weight after work up. The same reaction was repeated while 

checking the weight of crude reaction mixture at each step and it was found that the 

dramatic drop in the weight of the crude reaction mixture was actually in the final 

step of reduction and transannular cyclisation. The final extraction step in the work 

up resulted in the poor yield of the crude reaction mixture. 

To synthesise aza-bridged cage compounds, another synthetic approach (Scheme 

3-6) was planned which was adapted from an earlier reported method.200 In this 

approach, mono-protection of Cookson’s cage compound was first achieved by 

making a mono ketal cage derivative. Condensation of this mono ketal cage 
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compound with amino alcohol gave the imine. Reduction of this imine with NaBH4, 

followed by acid hydrolysis gave desired aza-bidged compound. 

 

Scheme 3-6: Synthetic approach for synthesis of amino alcohol derivatives of 

azapentacycloundecane through mono ketal cage derivative. 

The last step of acid hydrolysis in the latter method also presented a problem in 

extracting the crude reaction mixture in expected yield although it was slightly 

better than the former method. For further reactions, the latter approach involving 

monoprotection by ketal cage formation was used. 

3.3.2.7 Conjugation of amino alcohol derivatives of 

azapentacycloundecane with nitro benzoic acids 

Based on the observations in the synthesis of the oxa derivatives, the synthesis of 

ester conjugates of amino alcohol azapentacycloundecane derivatives and nitro 

benzoic acids was done using carboxyl activational chemistry to obtain the ester of 

the nitrobenzoic acid and amino alcohol derivative.  

In a trend similar to oxa derivatives, conjugations of longer linking chains for aza-

pentacycloundecane derivatives also resulted in lower percentage yields. 
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3.3.2.8 Synthesis of an aza analogue of NGP1-01: 4-benzyl-4-

azahexacyclo[5.4.1.02,6.03,10.05,9.08,11]dodecan-3-ol  

 

Scheme 3-7: Different synthetic routes considered for synthesising aza analogue of NGP1-01. 

While synthesising aza analogue of NGP1-01, a direct comparison was made 

among three different available synthetic methodologies (Scheme 3-7). These 

methods were combining Cookson’s cage with benzyl amine by isolating the 

carbinolamine followed by Dean-Stark dehydration and then NaCNBH3 reduction; 

using NaCNBH3 in direct reduction without isolating the carbionolamine; through 

ketal cage formation followed by subsequent NaBH4 reduction to give the final 

compound. The three methods gave 26%, 37% and 44% yield of final product 

respectively. The reported method for the synthesis in the following section is thus 

via ketal formation. 
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3.3.2.9 Synthesis of 3-Hydroxy-5-cyano-4-benzyl-4-

azahexacyclo[5.4.1.02,6.03,10.05,9.08,11] dodecane 

Reduction with NaBH3(CN) of the imino ketone obtained from reaction and 

dehydration of Cookson’s cage compound is reported to yield only the hydroxy-aza 

compound.198 But in a patent,201 certain aza nitrile compounds are also reported to 

be forming in smaller amounts along with hydroxy-aza compound. By replacing 

NaBH3(CN) with sodium cyanide, the 3-hydroxy-5-cyano-4-benzyl-4-

azahexacyclo[5.4.1.02,6.03,10.05,9.08,11] dodecane was formed as major product and 

the above mentioned hydroxy-aza compound was not formed.  The reported 

synthesis of the hydroxy-cyano derivative here is a modified procedure of the 

synthesis discussed in the aforesaid patent. Reacting the imino ketone obtained after 

dehydration with NaCN gave the final compound in 20.75% yield whereas omitting 

dehydration and directly reacting with NaCN yielded final product in 39.06% yield. 

3.3.3 Synthesis of compounds 

3.3.3.1 Pentacyclo[5.4.1.02,6.03,10.05,9]undecane-8-11-dione 

A stoichiometric volume of freshly monomerised cyclopentadiene (23.34 ml, 0.28 

mol) was slowly added in dropwise increments of 2 ml to a solution of p-

benzoquinone (30 g, 0.28 mol) in dry benzene (300 ml). The reaction was 

maintained on an ice bath at low temperature to prevent the formation of the 

undesired Diels-Alder di-adduct. The contents of the reaction were protected from 

light by covering it with aluminium foil and it was left to stir for another hour to 

reach completion of the reaction. The progress of the reaction was monitored by 

TLC. After completion of the reaction, activated charcoal (3 full spatula scoops) 

was added and the mixture was stirred for 30-60 minutes. After filtration through 

celite, the solvent was evaporated under reduced pressure and the residue was 

allowed to remain in the dark fume cupboard overnight. This allowed full 

evaporation of benzene, leaving the Diels-Alder product as yellow crystals.  
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Reaction 3-1 

The Diels-Alder adduct was dissolved in acetone (about 4 g/100 ml) and irradiated 

for six hours in a photochemical reactor (1000 W, medium pressure UV lamp, 

Phillips HPA 1000/20). Decolouration of the solution confirmed completion of 

cyclisation of the adduct. The solvent was subsequently removed under reduced 

pressure to afford the impure pentacycloundecane dione as a beige/yellow residue. 

This residue was purified by Soxhlett extraction in cyclohexane to produce the pure 

product as an off white precipitate (yield: 34.210 g, 0.197 mol, 70.84%). Data was 

confirmed with literature.202 

A white solid. FT-IR (ATR): max (cm-1) = 3329.44, 2976.37, 2865.68, 1718.95, 

1454.31. 

3.3.3.2 8-(2-aminoethanol)-8,11-

oxapentacyclo[5.4.0.02,6.03,10.05,9]undecane 

 

Reaction 3-2 

The pentacyclo[5.4.1.02,6.03,10.05,9]undecane-8-11-dione (5 g, 28.7 mmol) was 

dissolved in dry tetrahydrofuran (50 ml) in a 250 ml round-bottom flask. The round-

bottom flask was kept in an external ice bath with stirring so as to maintain the 

temperature below 3 C. 2-Aminoethanol (1.75 g, 28.7 mmol) was added drop-wise 

using a dropping funnel, while stirring at lower temperature. The carbinolamine 

started to precipitate in 10 minutes and the mixture was stirred for another 20 

minutes, after which dry methanol (30 ml) was added and the mixture was removed 

from the ice bath. Once all the carbinolamine precipitate was dissolved, sodium 
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borohydride (1.5 g) was added slowly and the mixture was stirred at room 

temperature overnight. The reaction mixture was concentrated in vacuo, water was 

added and it was followed by extraction with dichloromethane (4 x 50 ml). 

Anhydrous sodium suphate was used to dry the combined organic fractions which 

on evaporation gave a yellow oil. The mixture was purified using column 

chromatography (10% ethanol in ethyl acetate) and the product was obtained as a 

thick yellow oil (3.65 g, 16.65 mmol, 57.94%). 

A thick transparent liquid. FT-IR (ATR): max (cm-1) = 3312.65, 2958.19, 2862.28, 

1662.76, 1455.82. 1H NMR (200 MHz, CDCl3):  4.62 (t, J = 5.2 Hz, 1H), 3.60-

3.56 (m, 2H), 3.02-2.98 (m, 2H), 2.85-2.65 (m, 4H), 2.61-2.40 (m, 4H), 1.72 (ABq, 

J = 10.6 Hz, 2H). 13C NMR (75 MHz, CDCl3):  97.5, 82.39, 63.60, 55.13, 54.79, 

46.51, 44.91, 44.62, 44.32, 43.29, 43.15, 41.92, 41.55. MS (ESI) m/z: 219.99 

(M+H+), 221.01, 222.02.  

3.3.3.3 8-(3-aminopropanol)-8,11-

oxapentacyclo[5.4.0.02,6.03,10.05,9]undecane 

 

Reaction 3-3 

The pentacyclo[5.4.1.02,6.03,10.05,9]undecane-8-11-dione (5 g, 28.7 mmol) was 

dissolved in dry tetrahydrofuran (50 ml) in a 250 ml round-bottom flask. The round-

bottom flask was kept in an external ice bath with stirring so as to maintain the 

temperature below 3 C. 2-Aminopropanol (2.15 g, 28.7 mmol) was added drop 

wise using a dropping funnel, while stirring at low temperature. The carbinolamine 

started to precipitate in 10 minutes and the mixture was stirred for another 20 

minutes, after which dry methanol (30 ml) was added and the mixture was removed 

from the ice bath. Once all the precipitate of carbinolamine was dissolved, sodium 

borohydride (1.5 g) was added slowly and the mixture was stirred at room 

temperature overnight. The reaction mixture was concentrated in vacuo, water was 

http://etd.uwc.ac.za/



 

 

 

 

Synthesis & Biological Evaluation of Neuroprotective Molecules with Polycyclic Scaffolds 

Chapter 3: Synthetic procedures 71 

 

added and it was extracted with dichloromethane (4 x 50 ml). Anhydrous sodium 

sulphate was used to dry the combined organic fractions, which on evaporation gave 

a yellow oil. The mixture was purified using column chromatography (10% ethanol 

in ethyl acetate) and the product was obtained as a thick light yellow oil which 

becomes a whitish solid on long standing (2.36 g, 10.13 mmol, 35.22%).  

A white waxy solid, Mp: 59-61 C. FT-IR (ATR): max (cm-1) = 3169.13, 2956.34, 

2862.65, 1664.21, 1509.79. 1H NMR (200 MHz, CDCl3):  4.64 (t, J = 5.2 Hz, 1H), 

3.79 (t, J = 5.4 Hz, 2H), 3.05-2.98 (m, 2H), 2.88-2.68 (m, 8H), 1.72 (ABq, J = 10.6 

Hz, 2H), 1.77-1.66 (m, 2H). 13C NMR (75 MHz, CDCl3):  104.60, 82.72, 63.26, 

55.41, 54.86, 44.93, 44.89, 44.66, 44.40, 43.10, 42.96, 41.89, 41.63, 32.34. MS 

(ESI) m/z: 234.28 (M+H+), 235.22, 236.24. 

3.3.3.4 2-(8,11-oxapentacyclo[5.4.0.02,6.03,10.05,9]undecane-8-

amino)ethyl 4-nitrobenzoate 

 

Reaction 3-4 

A solution of 8-(2-aminoethanol)-8,11-oxapentacyclo[5.4.0.02,6.03,10.05,9]undecane 

(1.03 g, 4.70 mmol) in dry dichloromethane (30 ml) was cooled down to 0 C on 

an external ice bath. 1-Ethyl-3-(3’-dimethylamino)carbodiimide (0.73 g, 4.7 

mmol), 4-nitrobenzoic acid (0.79 g, 4.73 mmol) and 4-(dimethylamino)-pyridine 

(0.06 g, 0.49 mmol) were added while stirring on an ice bath. After 20 minutes, the 

reaction was removed from the ice bath and stirred for 72 hours at room 

temperature. Progress of reaction was monitored by TLC. After the completion of 

the reaction, a saturated solution of sodium bicarbonate (30 ml) was added, 

followed by extraction with dichloromethane (4 x 20 ml). Anhydrous sodium 

sulphate was added to the combined organic fractions to remove traces of water 
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after extraction. The solvent was evaporated under reduced pressure to give the 

crude reaction mixture as dark yellow thick oil. The final product was purified from 

the crude reaction mixture, by column chromatography using a mobile phase of 

20% ethyl acetate in hexane, as a light yellow solid. (0.70 g, 1.90 mmol, 41.67%). 

A light yellow solid, Mp: 107-109 C. FT-IR (ATR): max (cm-1) = 3314.22, 

2968.31, 2866.05, 1714.36, 1610.57, 1527.62. 1H NMR (200 MHz, CDCl3):  8.27 

(dd, J = 7.0 Hz, 1.8 Hz, 4H), 4.63 (t, J = 5 Hz, 1H), 4.46 (t, J = 5.6 Hz, 2H), 3.21 

(t, J = 5.6, 2H), 2.87-2.43 (m, 8H), 1.72 (ABq, J = 10.6 Hz, 2H). 13C NMR (75 

MHz, CDCl3):  164.76, 150.64, 135.70, 130.84, 123.61, 109.35, 82.71, 66.65, 

55.51, 54.86, 44.95, 44.82, 44.66, 43.41, 43.17, 42.56, 42.02, 41.64. MS (ESI) m/z: 

369.06 (M+H+), 370.08, 371.10. 

3.3.3.5 2-(N-(8,11-

oxapentacyclo[5.4.0.02,6.03,10.05,9]undecyl)benzamido)ethyl 

benzoate 

 

Reaction 3.5 

A solution of 8-(2-aminoethanol)-8,11-oxapentacyclo[5.4.0.02,6.03,10.05,9]undecane 

(0.07 g, 0.31 mmol) in dry dichloromethane (15 ml) was taken in a 50 ml round 

bottom flask and fitted with a guard tube. The reaction mixture was cooled down to 

0 C on an external ice bath. To this mixture, 1.5 equivalent of benzoyl chloride 

(0.056 ml, 0.48 mmol) was added while keeping the reaction mixture at low 

temperature. Most of the reaction completed within one minute of addition as per 

TLC but the reaction mixture was allowed to stir for another 30 minutes. The 

solvent was evaporated under reduced pressure. The residual reaction mixture was 

dissolved in dichloromethane (15 ml) and the solution was washed with water (2 x 
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10 ml). The organic layer was dried with anhydrous sodium sulphate and solvent 

was evaporated to give the crude reaction mixture. The final product was purified 

by column chromatography by using 20% to 40% ethyl acetate in hexane as mobile 

phase (0.053 g, 0.12 mmol, 38.83%). 

An off white thick liquid. FT-IR (ATR): max (cm-1) = 2964.62, 2862.18, 1722.08, 

1637.14. 1H NMR (200 MHz, CDCl3):  8.15-8.10 (m, 2H), 7.98-7.94 (m, 1H), 

7.67-7.44 (m, 5H), 7.42-7.32 (m, 2H), 4.75 (t, J = 5 Hz, 1H), 4.40 (t, J = 5.6 Hz, 

2H), 3.92 (t, J = 5.6 Hz, 2H), 2.97-2.44 (m, 8H),  1.70 (ABq, J = 10.8 Hz, 2H). 13C 

NMR (101 MHz, CDCl3):  172.61 (ester C=O), 166.23 (amide C=O), 136.77, 

133.68, 133.11, 130.18, 129.67, 128.46, 128.38, 127.19, 108.63 (C-8), 82.81 (C-

11), 63.30 (CH2O), 58.01, 55.74, 49.20, 46.76, 45.86, 45.13, 44.83, 43.78, 42.58, 

41.39. MS (ESI) m/z: 451.31 (M+Na+H+), 450.31 (M+Na), 428.38 (M+H+). 

3.3.3.6 3-(N-(8,11-

oxapentacyclo[5.4.0.02,6.03,10.05,9]undecyl)benzamido)propyl 

benzoate 

 
Reaction 3-6 

A solution of 8-(3-aminopropanol)-8,11-

oxapentacyclo[5.4.0.02,6.03,10.05,9]undecane (0.08 g, 0.35 mmol) in dry 

dichloromethane (15 ml) was taken in a 50 ml round bottom flask and fitted with a 

guard tube. The reaction mixture was cooled down to 0 C on an external ice bath. 

To this reaction, 1 equivalent of benzoyl chloride (0.041 ml, 0.35 mmol) was added 

while keeping the reaction mixture at low temperature. Monitoring of the reaction 

by TLC confirmed the completion of reaction within one minute of benzoyl 

chloride addition but the reaction mixture was allowed to stir for another 30 

minutes. After completion of the reaction, solvent was evaporated under reduced 
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pressure. Contents of the reaction mixture were dissolved in dichloromethane (15 

ml) and the solution was washed with water (2 x 10 ml). The organic layer was 

dried with anhydrous sodium sulphate and the solvent was evaporated to give crude 

reaction mixture. The final product was obtained as crystalline solid through 

column chromatography by using 20% ethyl acetate in hexane as mobile phase 

(0.048 g, 0.11 mmol, 30.96%). 

A white solid, Mp: 87-93 C. FT-IR (ATR): max (cm-1) = 2963.54, 2867.49, 

1713.09 (ester C=O), 1635.91 (amide C=O). 1H NMR (400 MHz, CDCl3):  7.74 

(d, J = 7.2 Hz, 2H), 7.53 (t, J = 7.4 Hz, 1H) 7.43-7.40 (m, 2H), 7.37 (t, J = 7.8 Hz, 

2H), 7.34-7.30 (m, 3H), 4.74 (t, J = 5.2 Hz, 1H), 4.17 (t, J = 5.8 Hz, 2H), 3.70-3.57 

(m, 2H), 2.96-2.84 (m, 5H), 2.73-70 (m, 1H), 2.60-2.56 (m, 1H), 2.46 (t, J = 4.6 

Hz, 1H), 2.07 (quin, J = 6.8 Hz, 2H), 1.71 (ABq, J = 10.6 Hz, 2H). 13C NMR (101 

MHz, CDCl3):  172.28 (ester C=O), 166.31 (amide C=O), 137.46, 132.86, 129.98, 

129.51, 129.44, 128.35, 128.21, 126.72, 108.62 (C-8), 82.72 (C-11), 62.30 (CH2O), 

57.79, 55.62, 48.85, 45.56, 45.39, 45.12, 44.73, 43.60, 42.69, 41.33, 29.83 (CH2). 

MS (ESI) m/z: 465.12 (M+Na+H+), 464.06 (M+Na), 442.13 (M+H+). 

3.3.3.7 2-(8,11-oxapentacyclo[5.4.0.02,6.03,10.05,9]undecane-8-

amino)ethyl 3-nitrobenzoate 

 

Reaction 3-7 

A solution of 8-(2-aminoethanol)-8,11-oxapentacyclo[5.4.0.02,6.03,10.05,9]undecane 

(1.08 g, 4.93 mmol) in dry dichloromethane (30 ml) was cooled down to 0 C on 

an external ice bath. 1-Ethyl-3-(3’-dimethylamino)carbodiimide (0.92 g, 5.92 

mmol), 3-nitrobenzoic acid (0.82 g, 4.91 mmol) and 4-(dimethylamino)-pyridine 

(0.07 g, 0.57 mmol) were added while stirring on an ice bath. After 20 minutes, the 
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reaction was removed from the ice bath and stirred for 72 hours at room 

temperature. Progress of reaction was monitored by TLC. After completion of the 

reaction, a saturated solution of sodium bicarbonate (30 ml) was added, followed 

by extraction with dichloromethane (4 x 20 ml). Anhydrous sodium sulphate was 

added to the combined organic fractions to remove traces of water after extraction. 

The solvent was evaporated under reduced pressure to give the crude reaction 

mixture. The final product was purified from the crude reaction mixture by column 

chromatography using a mobile phase of 20% to 40% ethyl acetate in hexane (0.88 

g, 2.39 mmol, 48.67%). 

A brownish yellow thick liquid. FT-IR (ATR): max (cm-1) = 2964.90, 2864.01, 

1722.14, 1616.68, 1531.00. 1H NMR (200 MHz, CDCl3):  8.86 (t, J = 1.8 Hz 1H), 

8.45-8.34 (m, 2H), 7.65 (t, J = 8 Hz, 1H), 4.64 (t, J = 5.6 Hz, 1H), 4.46 (t, J = 5.6 

Hz, 2H), 3.22 (t, J = 5.8 Hz, 2H), 2.85-2.42 (m, 8H), 1.72 (ABq, J = 10.6 Hz, 2H). 

13C NMR (101 MHz, CDCl3) and DEPT-135:  164.52 (C=O), 148.26 (ArC), 

135.36 (ArCH), 131.98 (ArC), 129.64 (ArCH), 127.43 (ArCH), 124.63 (ArCH), 

110.01 (C-8),  82.53 (C-11), 66.50 (CH2O), 55.31 (CH), 54.76 (CH), 44.85 (CH), 

44.68 (CH), 44.57 (CH), 43.29 (CH2NH), 43.10 (CH), 42.52 (CH2), 41.89 (CH), 

41.54 (CH).  MS (ESI) m/z: 369.09 (M+H+), 370.10, 353.22. 

3.3.3.8 2-(8,11-oxapentacyclo[5.4.0.02,6.03,10.05,9]undecane-8-

amino)ethyl 2-nitrobenzoate 

 

Reaction 3-8 

A solution of 8-(2-aminoethanol)-8,11-oxapentacyclo[5.4.0.02,6.03,10.05,9]undecane 

(0.92 g, 4.20 mmol) in dry dichloromethane (30 ml) was cooled down to 0 C on 
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an external ice bath. 1-Ethyl-3-(3’-dimethylamino)carbodiimide (0.65 g, 4.20 

mmol), 3-nitrobenzoic acid (0.70 g, 4.19 mmol) and 4-(dimethylamino)-pyridine 

(0.05 g, 0.41 mmol) were added while stirring on an ice bath. After 20 minutes, the 

reaction was removed from the ice bath and stirred for 72 hours at room 

temperature. Progress of reaction was monitored by TLC. After completion of the 

reaction, a saturated solution of sodium bicarbonate (30 ml) was added, followed 

by extraction with dichloromethane (4 x 20 ml). Anhydrous sodium sulphate was 

added to the combined organic fractions to remove traces of water after extraction. 

The solvent was evaporated under reduced pressure to give the crude reaction 

mixture. The final product was purified from the crude reaction mixture by column 

chromatography using a mobile phase of 20% to 40% ethyl acetate in hexane (0.60 

g, 1.63 mmol, 38.86%). 

A brownish yellow and transparent thick liquid. FT-IR (ATR): max (cm-1) = 

3329.55, 2964.04, 2864.74, 1729.94, 1649.84. 1H NMR (200 MHz, CDCl3):  7.92-

7.89 (m, 1H), 7.77-7.61 (m, 3H), 4.64 (t, J = 5.6 Hz, 1H), 4.44 (t, J = 5.8 Hz, 2H), 

3.14 (t, J = 5.8 Hz, 2H), 2.83-2.38 (m, 8H), 1.71 (ABq, J = 10.6 Hz, 2H). 13C NMR 

(101 MHz, CDCl3) and DEPT-135:  165.35 (C=O), 148.20 (ArC), 132.90 (ArCH), 

131.80 (ArCH), 130.05 (ArCH), 127.57 (ArC), 123.84 (ArCH), 110.91 (C-8),  

82.39 (C-11), 66.95 (CH2O), 55.19 (CH), 54.74 (CH), 44.82 (CH), 44.53 (CH), 

44.50 (CH), 43.22 (CH2NH), 43.10 (CH), 42.27 (CH2), 41.89 (CH), 41.50 (CH). 

MS (ESI) m/z: 369.26 (M+H+), 370.31, 236.20, 117.45. 

3.3.3.9 3-(8,11-oxapentacyclo[5.4.0.02,6.03,10.05,9]undecane-8-

amino)propyl 3-nitrobenzoate 

Reaction 3-9 
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8-(3-Aminopropanol)-8,11-oxapentacyclo[5.4.0.02,6.03,10.05,9]undecane (1.10 g, 

4.72 mmol) was dissolved in dry dichloromethane (30 ml) and cooled down to 0 C 

on an external ice bath. 1-Ethyl-3-(3’-dimethylamino)carbodiimide (0.65 g, 5.73 

mmol), 3-nitrobenzoic acid (0.79 g, 4.73 mmol) and 4-(dimethylamino)-pyridine 

(0.07 g, 0.57 mmol) were added while stirring on an ice bath. After 20 minutes, the 

reaction was removed from the ice bath and stirred for 72 hours at room 

temperature. Progress of reaction was monitored by TLC. After completion of the 

reaction, a saturated solution of sodium bicarbonate (30 ml) was added, followed 

by extraction with dichloromethane (4 x 20 ml). Combined organic fractions were 

dried with anhydrous sodium sulphate. The solvent was evaporated under reduced 

pressure to give the crude reaction mixture. The reaction mixture was purified using 

column chromatography (mobile phase of 20% to 40% ethyl acetate in hexane) to 

give the final compound (0.88 g, 2.30 mmol, 48.35%). 

A brownish yellow and transparent thick liquid. FT-IR (ATR): max (cm-1) = 

2963.42, 2863.86, 1722.58, 1616.52, 1531.37. 1H NMR (400 MHz, CDCl3):  8.85 

(s, 1H), 8.42 (d, J = 9.6 Hz, 1H), 8.36 (d, J = 8 Hz, 1H), 7.66 (t, J = 8Hz, 1H), 4.62 

(t, J = 5.2 Hz, 1H), 4.48 (t, J = 6.4 Hz, 2H), 2.99 (td, J = 7 Hz, J = 3.2 Hz, 2H), 

2.84-2.41 (m, 8H), 1.99 (quin, J = 6.8 Hz, 2H) 1.72 (ABq, J = 10.8 Hz, 2H). 13C 

NMR (101 MHz, CDCl3) and DEPT-135:  164.50 (C=O), 148.27 (ArC), 135.30 

(ArCH), 132.10 (ArC), 129.64 (ArCH), 127.37 (ArCH), 124.54 (ArCH), 110.67 

(C-8),  82.40 (C-11), 64.14 (CH2O), 55.19 (CH), 54.75 (CH), 44.83 (CH), 44.60 

(CH), 44.53 (CH), 43.25 (CH2NH), 43.10 (CH), 41.87 (CH), 41.54 (CH), 40.48 

(CH2), 30.14 (CH2). MS (ESI) m/z: 383.30 (M+H+), 384.34, 320.47, 236.20. 

3.3.3.10 3-(8,11-oxapentacyclo[5.4.0.02,6.03,10.05,9]undecane-8-

amino)propyl 2-nitrobenzoate 

Reaction 3-10 
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A solution of 8-(3-aminopropanol)-8,11-

oxapentacyclo[5.4.0.02,6.03,10.05,9]undecane (1.00 g, 4.29 mmol) in dry 

dichloromethane (30 ml) was cooled down to 0 C on an external ice bath. 1-Ethyl-

3-(3’-dimethylamino)carbodiimide (0.67 g, 4.31 mmol), 2-nitrobenzoic acid (0.72 

g, 4.31 mmol) and 4-(dimethylamino)-pyridine (0.05 g, 0.41 mmol) were added 

while stirring on an ice bath. After 20 minutes, the reaction was removed from the 

ice bath and stirred for 72 hours at room temperature. Progress of reaction was 

monitored by TLC. After the completion of the reaction, a saturated solution of 

sodium bicarbonate (30 ml) was added, followed by extraction with 

dichloromethane (4 x 20 ml). Anhydrous sodium sulphate was added to the 

combined organic fractions to remove traces of water after extraction. The solvent 

was evaporated under reduced pressure to give the reaction mixture. The final 

product was purified from the crude reaction mixture by column chromatography 

using a mobile phase of 20% to 50% ethyl acetate in hexane (0.50 g, 1.31 mmol, 

30.67%). 

A brownish yellow and transparent thick liquid. FT-IR (ATR): max (cm-1) = 

3329.05, 2963.70, 2863.58, 1729.28, 1608.97, 1578.27. 1H NMR (400 MHz, 

CDCl3):  7.90 (dd, J = 7.8, 1.4 Hz, 1H), 7.75 (dd, J = 7.4, 1.8 Hz, 1H), 7.65 (dtd, 

J = 18.2, 7.6, 1.6 Hz, 2H), 4.61 (t, J = 5.2 Hz, 1H), 4.42 (t, J = 6.4 Hz, 2H), 2.91 

(td, J = 7, 2.8 Hz, 2H), 2.83-2.40 (m, 8H), 1.90 (quin, J = 6.8 Hz, 2H) 1.71 (ABq, J 

= 10.8 Hz, 2H). 13C NMR (101 MHz, CDCl3) and DEPT-135:  165.42 (C=O), 

148.29 (ArC), 132.83 (ArCH), 131.72 (ArCH), 129.94 (ArCH), 127.70 (ArC), 

123.84 (ArCH), 110.25 (C-8),  82.40 (C-11), 64.68 (CH2O), 55.14 (CH), 54.72 

(CH), 44.83 (CH), 44.64 (CH), 44.50 (CH), 43.26 (CH2NH), 43.08 (CH), 41.88 

(CH), 41.53 (CH), 40.29 (CH2), 29.88 (CH2). MS (ESI) m/z: 383.32 (M+H+), 

384.31, 385.32, 288.15, 236.21. 
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3.3.3.11 3-(8,11-oxapentacyclo[5.4.0.02,6.03,10.05,9]undecane-8-

amino)propyl 4-nitrobenzoate 

Reaction 3-11 

A solution of 8-(3-aminopropanol)-8,11-

oxapentacyclo[5.4.0.02,6.03,10.05,9]undecane (1.15 g, 4.93 mmol) in dry 

dichloromethane (30 ml) was cooled down to 0 C on an external ice bath. 1-Ethyl-

3-(3’-dimethylamino)carbodiimide (1.2 Eq., 0.92 g, 5.93 mmol), 4-nitrobenzoic 

acid (0.82 g, 4.91 mmol) and 4-(dimethylamino)-pyridine (0.07 g, 0.57 mmol) were 

added while stirring on an ice bath. After 20 minutes, the reaction was removed 

from the ice bath and stirred for 72 hours at room temperature. Progress of reaction 

was monitored by TLC. After the completion of the reaction, a saturated solution 

of sodium bicarbonate (30 ml) was added, followed by extraction with 

dichloromethane (4 x 20 ml). Anhydrous sodium sulphate was added to the 

combined organic fractions to remove traces of water after extraction. The solvent 

was evaporated under reduced pressure to give the reaction mixture. The final 

product was purified from the crude reaction mixture by column chromatography 

using a mobile phase of 20% ethyl acetate in hexane (0.77 g, 2.02 mmol, 40.96%). 

A creamy white waxy solid, Mp: 70-75 C. FT-IR (ATR): max (cm-1) = 3308.75, 

2964.14, 2850.24, 1709.53, 1603.35, 1519.04. 1H NMR (400 MHz, CDCl3):  8.27 

(d, J = 8.8 Hz, 2H), 8.20 (d, J = 8.8 Hz, 2H), 4.63 (t, J = 5.2 Hz, 1H), 4.46 (t, J = 

6.4 Hz, 2H), 2.98 (td, J = 7, 3.6 Hz, 2H), 2.84-2.70 (m, 3H), 2.6 (q, J = 6.8 Hz, 2H), 

2.53-2.49 (m, 3H), 2.42 (t, J = 4.8 Hz, 1NH), 1.98 (quin, J = 6.7 Hz, 2H) 1.71 (ABq, 

J = 10.8 Hz, 2H). 13C NMR (101 MHz, CDCl3) and DEPT-135:  164.71 (C=O), 

150.51 (ArC), 135.72 (ArC), 130.70 (ArCH), 123.54 (ArCH), 109.99 (C-8),  82.48 

(C-11), 64.16 (CH2O), 55.27 (CH), 54.75 (CH), 44.84 (CH), 44.64 (CH), 44.53 
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(CH), 43.28 (CH2NH), 43.07 (CH), 41.89 (CH), 41.54 (CH), 40.45 (CH2), 30.13 

(CH2).  MS (ESI) m/z: 383.35 (M+H+), 384.32, 385.33, 236.18, 219.25. 

3.3.3.12 3-(8,11-oxapentacyclo[5.4.0.02,6.03,10.05,9]undecane-8-

amino)propyl benzoate 

Reaction 3-12 

A solution of 8-(3-aminopropanol)-8,11-

oxapentacyclo[5.4.0.02,6.03,10.05,9]undecane (0.83 g, 3.56 mmol) in dry 

dichloromethane (30 ml) was cooled down to 0 C on an external ice bath. 1-Ethyl-

3-(3’-dimethylamino)carbodiimide (0.553 g, 3.56 mmol), benzoic acid (0.44 g, 3.60 

mmol) and 4-(dimethylamino)-pyridine (0.043 g, 0.35 mmol) were added while 

stirring on an ice bath. After 20 minutes, the reaction was removed from the ice 

bath and stirred for 72 hours at room temperature. Progress of reaction was 

monitored by TLC. After completion of the reaction, a saturated solution of sodium 

bicarbonate (30 ml) was added, followed by extraction with dichloromethane (4 x 

20 ml). Anhydrous sodium sulphate was added to the combined organic fractions 

to remove traces of water after extraction. The solvent was evaporated under 

reduced pressure to give the crude reaction mixture. The final product was purified 

by column chromatography using a mobile phase of 30% to 80% ethyl acetate in 

hexane (0.36 g, 1.07 mmol, 30%).  

A colourless and transparent thick liquid. FT-IR (ATR): max (cm-1) = 3329.96, 

2963.35, 2863.19, 1715.27, 1601.74, 1584.17. 1H NMR (400 MHz, CDCl3):  8.03 

(d, J = 7.2 Hz, 2H), 7.55 (t, J = 7.6 Hz, 1H), 7.43 (t, J = 7.6 Hz, 2H), 4.62 (t, J = 

5.2 Hz, 1H), 4.41 (t, J = 6.4 Hz, 2H), 2.98 (td, J = 7, 3.6 Hz, 2H), 2.83-2.47 (m, 

7H), 2.41 (t, J = 4.8 Hz, 1H), 1.96 (quin, J = 6.6 Hz, 2H) 1.71 (ABq, J = 10.8 Hz, 

2H). 13C NMR (101 MHz, CDCl3) and DEPT-135:  166.62 (C=O), 132.86 
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(ArCH), 130.34 (ArC), 129.56 (ArCH), 128.32 (ArCH), 109.70 (C-8),  82.47 (C-

11), 63.17 (CH2O), 55.26 (CH), 54.72 (CH), 44.83 (CH), 44.68 (CH), 44.51 (CH), 

43.29 (CH2NH), 43.06 (CH), 41.90 (CH), 41.54 (CH), 40.53 (CH2), 30.29 (CH2). 

MS (ESI) m/z: 338.26 (M+H+), 339.33, 340.25. 

3.3.3.13 2-(8,11-oxapentacyclo[5.4.0.02,6.03,10.05,9]undecane-8-

amino)ethyl benzoate 

 

Reaction 3-13 

A solution of 8-(2-aminoethanol)-8,11-oxapentacyclo[5.4.0.02,6.03,10.05,9]undecane 

(0.483 g, 2.20 mmol) in dry dichloromethane (15 ml) was cooled down to 0 C on 

an external ice bath. 1-Ethyl-3-(3’-dimethylamino)carbodiimide (0.341 g, 2.20 

mmol), benzoic acid (0.269 g, 2.20 mmol) and 4-(dimethylamino)-pyridine (0.027 

g, 0.22 mmol) were added while stirring on an ice bath. After 20 minutes, the 

reaction was removed from the ice bath and stirred for 72 hours at room 

temperature. Progress of reaction was monitored by TLC. After completion of the 

reaction, a saturated solution of sodium bicarbonate (15 ml) was added, followed 

by extraction with dichloromethane (4 x 10 ml). Anhydrous sodium sulphate was 

added to the combined organic fractions to remove traces of water after extraction. 

The solvent was evaporated under reduced pressure to give the crude reaction 

mixture. The final product was purified by column chromatography using a mobile 

phase of 30% to 50% ethyl acetate in hexane (0.26 g, 0.80 mmol, 36.52%). 

An off-white crystalline solid, Mp: 63-65 C. FT-IR (ATR): max (cm-1) = 3315.66, 

2949.23, 2868.14, 1709.85, 1602.93, 1584.49. 1H NMR (600 MHz, CDCl3):  8.04 

(d, J = 7.2 Hz, 2H), 7.55 (t, J = 7.8 Hz, 1H), 7.43 (t, J = 7.8 Hz, 2H), 4.64 (t, J = 

5.4 Hz, 1H), 4.42 (t, J = 6 Hz, 2H), 3.23-3.16 (m, 2H), 2.84-2.77 (m, 2H), 2.72 (q, 
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J = 6.6 Hz, 1H), 2.60 (q, J = 6.6 Hz, 1H), 2.56-2.52 (m, 2H), 2.50 (t, J = 4.8 Hz, 

1H), 2.42 (t, J = 4.8 Hz, 1H), 1.72 (ABq, J = 10.8 Hz, 2H). 13C NMR (101 MHz, 

CDCl3) and DEPT-135:  166.55 (C=O), 132.92 (ArCH), 130.23 (ArC) 129.63 

(ArCH), 128.33 (ArCH), 109.32 (C-8),  82.58 (C-11), 65.64 (CH2O), 55.39 (CH), 

54.77 (CH), 44.86 (CH), 44.75 (CH), 44.56 (CH), 43.32 (CH2NH), 43.08 (CH), 

42.59 (CH2), 41.94 (CH), 41.55 (CH). MS (ESI) m/z: 324.25 (M+H+), 325.27, 

326.24, 236.21, 214.25. 

3.3.3.14 8-Benzylamino-8,11-oxapentacyclo[5.4.0.02,6.03,10.05,9]undecane 

(NGP 1-01) 

 

Reaction 3-14 

The pentacyclo[5.4.1.02,6.03,10.05,9]undecane-8-11-dione (5 g, 28.74 mmol) was 

dissolved in dry tetrahydrofuran (50 ml) taken in a 250 ml round-bottom flask. The 

round-bottom flask was kept in an external ice bath with stirring so as to maintain 

the temperature at 0 C. Benzyl amine (3.08 g, 28.74 mmol) was added drop-wise 

using a dropping funnel, while stirring at low temperature. The carbinolamine 

started to precipitate in 10 minutes and the mixture was stirred for another 20 

minutes, after which dry methanol (30 ml) was added and the mixture was removed 

from the ice bath. Once the precipitate was dissolved, sodium borohydride (1.5 g) 

was added slowly and the mixture was stirred at room temperature overnight. The 

solvent was evaporated under vacuum, water was added, followed by extraction 

with dichloromethane (4 x 50 ml). Anhydrous sodium sulphate was used to dry the 

combined organic fractions which on evaporation gave a brownish reaction 

mixture. The mixture was purified using column chromatography (30% ethyl 

acetate in hexane) and pure product was obtained by crystallisation from ethyl 

acetate as a white needle shaped crystals. (3.31 g, 12.47 mmol, 43.44%). The 

physical and spectral data corresponded to that described in literature.203,204 
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A white needle shaped crystalline solid, Mp: 85-86 C. FT-IR (ATR): max (cm-1) 

= 3331.55, 3306.15, 2969.82, 2940.67, 2860.54, 1485.70, 1451.27. 1H NMR (400 

MHz, CDCl3):  7.37 (d, J = 6.8 Hz, 2H), 7.31 (t, J = 7.4 Hz, 2H), 7.23 (t, J = 7.0 

Hz, 2H), 4.67 (t, J = 5.4 Hz, 1H), 4.00 (ABq, J = 13.2 Hz, 2H), 2.87-2.79 (m, 2H), 

2.73 (appt, J = 6.4 Hz, 1H), 2.63-2.53 (m, 4H), 2.43 (t, J = 4.8 Hz, 1H), 2.21 (brs, 

1H, NH), 1.73 (ABq, J = 10.4 Hz, 2H). 13C NMR (101 MHz, CDCl3):  140.83 

(ArC), 128.39 (ArCH), 127.92 (ArCH), 126.97 (ArCH), 109.62 (C-8), 82.53 (C-

11), 55.26, 54.80, 47.83 (CH2NH), 44.89, 44.59, 43.30, 43.17, 42.03, 41.57. 

3.3.3.15 8-Amino-8,11-oxapentacyclo[5.4.0.02,6.03,10.05,9]undecane 

(Monoamine cage) 

 

Reaction 3-15 

A solution of NGP1-01 (1 g, 3.77 mmol) in ethanol (10 ml) was placed in a pressure 

reactor along with a stirring bar. The pressure reactor was purged with nitrogen as 

an inert gas. To this solution was added 0.188 g (calculated as 50 mg per mmol of 

substrate) of 10% Pd/C. Special care was taken to make sure that Pd/C is added in 

small amounts while opening the pressure reactor for as little time as possible 

considering the pyrophoric nature of dry Pd/C. After the addition of Pd/C the 

pressure tube was sealed properly and attached to the hydrogen supply. Hydrogen 

was flushed through the sealed pressure reactor six times before filling it with 

hydrogen gas at 206 kPa pressure. The mixture was stirred for 14 hours maintaining 

the internal temperature of the reaction at 50 C. Completion of the reaction was 

confirmed by TLC. On completion of the reaction, the reaction mixture was filtered 

under vacuum through a sintered glass funnel. Residual Pd/C waste was transferred 

to a labelled container which contained water. The filtrate was concentrated and 10 

ml of saturated NaHCO3 was added. The resulting reaction mixture was extracted 

with (3 x 7 ml) dichloromethane. Anhydrous sodium sulphate was added to the 

organic fractions and it was filtered to get a clear organic layer. The 
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dichloromethane was evaporated under reduced pressure to get white reaction 

mixture. Pure mono amine cage product (0.33 g, 1.88 mmol, 49.86%) was obtained 

by column chromatography using pure ethyl acetate and 10% ethanol in ethyl 

acetate as mobile phase.  

A white solid, Mp: 166-168 C. FT-IR (ATR): max (cm-1) = 3387.20, 3314.41, 

2964.62, 2860.92, 1623.26, 1451.59, 1371.64. 1H NMR (200 MHz, CDCl3):  4.43 

(t, J = 5.2 Hz, 1H), 2.70-2.08 (m, 8H), 1.53 (ABq, J = 10.6 Hz, 2H). 13C NMR (75 

MHz, CDCl3):  106.31, 83.05, 57.49, 55.16, 47.00, 44.90, 43.40, 42.44, 41.46. MS 

(ESI) m/z: 176.24 (M+H+), 177.20, 198.24, 199.23, 214.20, 236.16, 373.30. 

3.3.3.16 8-(4-Nitrobenzylamino)-8,11-

oxapentacyclo[5.4.0.02,6.03,10.05,9]undecane 

 

Reaction 3-16 

Monoamine cage, 8-Amino-8,11-oxapentacyclo[5.4.0.02,6.03,10.05,9]undecane 

(0.4 g, 2.28 mmol) was dissolved in 20 ml dry acetonitrile in a round-bottom flask. 

Potassium carbonate (0.473 g, 3.42 mmol) and tetrabutylammonium 

hydrogensulphate (0.077 g, 0.23 mmol) were added as base and phase transfer 

catalyst respectively to the solution in the round-bottom flask and stirred for 10 

minutes. A drying tube filled with indicator silica was fitted on the neck of the round 

bottom flask to avoid the atmospheric moisture from entering the contents of the 

round bottom flask. 4-Nitrobenzyl bromide (0.493 g, 2.28 mmol) was added to the 

reaction mixture and it was heated on a hot plate with stirring so that the internal 

temperature was maintained at 70 C. A drying tube was fitted on the top end of a 

condenser attached to the neck of the round-bottom flask throughout the reaction. 

Progress of the reaction was monitored by TLC. After completion of the reaction 

(20 hours), the K2CO3 was filtered off using a sintered glass funnel and washed 

with acetonitrile. The filtrate and washings were combined, the solvent was distilled 
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off at a reduced pressure and the reaction mixture was column chromatographed on 

silica using 10% to 30% ethyl acetate in hexane as mobile phase. The final product 

was obtained as yellow solid (0.597 g, 1.92 mmol, 84.34%). 

A light yellow solid, Mp: 144-148 C. FT-IR (ATR): max (cm-1) = 3333.26, 

2964.21, 2861.80, 1598.72, 1506.38, 1431.06. 1H NMR (400 MHz, CDCl3):  8.19-

8.10 (m, 2H), 7.55-7.44 (m, 2H), 4.67 (t, J = 5.2 Hz, 1H), 4.11 (ABq, J = 15.2 Hz, 

2H), 2.87-2.72 (m, 3H), 2.64-2.60 (m, 1H), 2.53-2.48 (m, 3H), 2.44 (t, J = 4.8 Hz, 

1H), 2.36 (brs, 1H, NH), 1.73 (ABq, J = 10.8 Hz, 2H). 13C NMR (101 MHz, CDCl3) 

and DEPT-135:  149.06 (ArC), 146.95 (ArC), 128.23 (ArCH), 123.59 (ArCH), 

109.45 (C-8), 82.62 (C-11), 55.38 (CH), 54.79 (CH), 47.14 (CH2NH), 44.96 (CH), 

44.87 (CH), 44.62 (CH), 43.32 (CH2), 43.18 (CH), 41.98 (CH), 41.58 (CH). MS 

(ESI) m/z: 311.26 (M+H+), 312.27, 313.31, 236.20, 214.21. 

3.3.3.17 8-(2-Nitrobenzylamino)-8,11-

oxapentacyclo[5.4.0.02,6.03,10.05,9]undecane 

 

Reaction 3-17 

To a solution of monoamine cage, 8-Amino-8,11-

oxapentacyclo[5.4.0.02,6.03,10.05,9]undecane (0.7 g, 3.99 mmol) and 40 ml dry 

acetonitrile in a round bottom flask, was added potassium carbonate (0.828 g, 5.99 

mmol) and tetrabutylammonium hydrogensulfate (0.08 g, 0.24 mmol). The 

resulting suspension was stirred for 10 minutes. 2-Nitrobenzyl bromide (0.863 g, 

3.99 mmol) was added to the stirring suspension and it was heated on a hot plate 

maintaining the internal temperature of the reaction mixture at 70 C. A drying tube 

was fitted on the top end of a condenser attached to the neck of the round-bottom 

flask throughout the reaction. Progress of the reaction was monitored by TLC. After 

completion of the reaction (20 hours), the K2CO3 was filtered off using a sintered 
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glass funnel and washed with acetonitrile. The filtrate and washings were 

combined, the solvent was distilled off at reduced pressure and the crude reaction 

mixture was column chromatographed on silica using 30% ethyl acetate in hexane 

as mobile phase. The final product was obtained as thick liquid which solidified to 

a crystalline yellow solid (0.904 g, 2.91 mmol, 72.96%) on long standing. 

A yellow solid, Mp: 89-91 C. FT-IR (ATR): max (cm-1) = 3305.90, 2954.93, 

2869.17, 1731.88, 1610.49, 1578.06, 1520.84. 1H NMR (400 MHz, CDCl3):  7.92 

(dd, J = 8 Hz, 0.8Hz, 1H), 7.67 (d, J = 7.2 Hz, 1H), 7.57 (td, J = 7.6 Hz, 1.06 Hz, 

1H), 7.39 (td, J = 8 Hz, 1.0 Hz, 1H), 4.64 (t, J = 5.2 Hz, 1H), 4.28 (ABq, J = 15.2 

Hz, 2H), 2.85-2.70 (m, 3H), 2.62-2.57 (m, 1H), 2.50-2.48 (m, 3H), 2.42 (t, J = 4.8 

Hz, 1H), 1.72 (ABq, J = 10.4 Hz, 2H). 13C NMR (101 MHz, CDCl3) and DEPT-

135:  149.06 (ArC), 136.53 (ArC), 133.02 (ArCH), 130.85 (ArCH), 127.80 

(ArCH), 124.61 (ArCH), 109.43 (C-8),  82.61 (C-11), 55.16 (CH), 54.69 (CH), 

45.05 (CH2NH), 45.04 (CH), 44.87 (CH), 44.52 (CH), 43.32 (CH2), 43.16 (CH), 

41.92 (CH), 41.54 (CH). MS (ESI) m/z: 311.17 (M+H+), 312.18, 313.31, 236.18, 

214.24. 

3.3.3.18 8-(3-Nitrobenzylamino)-8,11-

oxapentacyclo[5.4.0.02,6.03,10.05,9]undecane 

 

Reaction 3-18 

To a solution of monoamine cage, 8-Amino-8,11-

oxapentacyclo[5.4.0.02,6.03,10.05,9]undecane (0.51 g, 2.91 mmol) and 30 ml dry 

acetonitrile in a round bottom flask, was added potassium carbonate (0.603 g, 4.36 

mmol) and tetrabutylammonium hydrogensulfate (0.06 g, 0.18 mmol). The 

resulting suspension was stirred for 10 minutes. 3-Nitrobenzyl bromide (0.629 g, 

2.91 mmol) was added to the stirring suspension and it was heated on a hot plate 
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maintaining the internal temperature of the reaction mixture at 70 C. A drying tube 

was fitted on the top end of a condenser attached to the neck of round-bottom flask 

throughout the reaction. Progress of the reaction was monitored by TLC. After the 

completion of the reaction (20 hours), the K2CO3 was filtered off using a sintered 

glass funnel and washed with acetonitrile. The filtrate and washings were 

combined, the solvent was distilled off at reduced pressure. The final product was 

obtained (0.718 g, 2.31 mmol, 79.42%) from the crude reaction mixture by column 

chromatography on silica using 20% ethyl acetate in hexane as mobile phase. 

A light yellow crystalline solid, Mp: 121-123 C. FT-IR (ATR): max (cm-1) = 

3321.22, 2967.17, 2860.76, 1582.33, 1521.33, 1441.85. 1H NMR (600 MHz, 

CDCl3):  8.28 (s, 1H), 8.09 (dd, J = 7.8 Hz, 1.5 Hz, 1H), 7.68 (d, J = 7.8 Hz, 1H), 

7.48 (t, J = 7.8 Hz, 1H), 4.67 (t, J = 5.1 Hz, 1H), 4.11 (ABq, J = 15 Hz, 2H), 2.86-

2.83 (m, 1H), 2.82-2.78 (m, 1H), 2.77-2.74 (m, 1H), 2.64-2.60 (m, 1H), 2.56 (t, J = 

4.8 Hz, 1H), 2.53-2.50 (m, 2H), 2.44 (t, J = 4.8 Hz, 1H), 2.35 (brs, 1H, NH), 1.73 

(ABq, J = 10.2 Hz, 2H). 13C NMR (101 MHz, CDCl3) and DEPT-135:  148.46 

(ArC), 143.51 (ArC), 133.77 (ArCH), 129.17 (ArCH), 122.54 (ArCH), 121.91 

(ArCH), 109.42 (C-8),  82.63 (C-11), 55.37 (CH), 54.81 (CH), 46.94 (CH2NH), 

45.00 (CH), 44.89 (CH), 44.63 (CH), 43.34 (CH2), 43.18 (CH), 42.00 (CH), 41.58 

(CH). MS (ESI) m/z: 311.23 (M+H+), 312.27, 313.21, 236.20, 214.19. 

3.3.3.19 8-(3-Nitrophenethylamino)-8,11-

oxapentacyclo[5.4.0.02,6.03,10.05,9]undecane 

 

Reaction 3-19 

To a solution of monoamine cage, 8-Amino-8,11-

oxapentacyclo[5.4.0.02,6.03,10.05,9]undecane (0.40 g, 2.28 mmol) and 20 ml dry 
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acetonitrile in a round bottom flask, was added potassium carbonate (0.47 g, 3.40 

mmol) and tetrabutylammonium hydrogensulfate (0.05 g, 0.15 mmol). The 

resulting suspension was stirred for 10 minutes. 3-Nitrophenethyl bromide (0.526 

g, 2.28 mmol) was added to the stirring suspension and was heated on a hot plate 

maintaining the internal temperature of the reaction mixture at 70 C. A drying tube 

was fitted on the top end of a condenser attached to the neck of round-bottom flask 

throughout the reaction. Progress of the reaction was monitored by TLC. After 36 

hours of stirring and heating at 70 C, the progress of the reaction reached a 

saturation stage as per TLC but never reached to completion. Further increasing the 

temperature and reaction time did not improve the progress of the reaction. 

Therefore, K2CO3 was filtered off using a sintered glass funnel and washed with 

acetonitrile. The filtrate and washings were combined, the solvent was distilled off 

at reduced pressure. The final product was obtained (0.082 g, 0.25 mmol, 11.05%) 

from the reaction mixture by column chromatography on silica using 30% ethyl 

acetate in hexane as mobile phase. 

A thick yellow oil. FT-IR (ATR): max (cm-1) = 3319.88, 2963.69, 2863.71, 

1732.15, 1523.99, 1478.00. 1H NMR (600 MHz, CDCl3):  8.11 (s, 1H), 8.07 (dd, 

J = 8.4 Hz, 1.2 Hz, 1H), 7.56 (d, J = 7.2 Hz, 1H), 7.45 (t, J = 7.8 Hz, 1H), 4.62 (t, 

J = 5.1 Hz, 1H), 3.16-3.07 (m, 2H), 2.91 (t, J = 7.2 Hz, 2H), 2.82-2.75 (m, 2H), 

2.70 (q, J = 6.6 Hz, 1H), 2.59 (q, J = 6.6 Hz, 1H), 2.50-2.45 (m, 3H), 2.41 (t, J = 

4.8 Hz, 1H), 1.71 (ABq, J = 10.8 Hz, 2H). 13C NMR (101 MHz, CDCl3):  148.38 

(ArC), 142.13 (ArC), 135.08 (ArCH), 129.22 (ArCH), 123.72 (ArCH), 121.35 

(ArCH), 82.52 (C-11), 62.96 (C-8), 55.42 (CH), 54.75 (CH), 44.84 (CH2NH), 44.63 

(CH), 44.58 (CH), 44.53 (CH), 43.31 (CH2), 43.07 (CH), 41.91 (CH), 41.55 (CH), 

37.04 (Ar-CH2). MS (ESI) m/z: 325.27 (M+H+), 326.28, 236.20. 
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3.3.3.20 8-Phenethylamino-8,11-

oxapentacyclo[5.4.0.02,6.03,10.05,9]undecane 

 

Reaction 3-20 

To the microwave reaction vessel was added 10 ml dry acetonitrile, monoamine 

cage, 8-Amino-8,11-oxapentacyclo[5.4.0.02,6.03,10.05,9]undecane (0.1 g, 0.57 

mmol), potassium carbonate (0.118 g, 0.85 mmol) and tetrabutylammonium 

hydrogensulfate (0.015 g, 0.04 mmol). The resulting suspension was stirred for 10 

minutes. Phenethyl bromide (0.106 g, 0.57 mmol) was added to the reaction vessel 

and the reaction started in microwave conditions (Power = 250 W, T = 150 C, P = 

200 Psi). The reaction was monitored by TLC and was worked up after a total 

reaction time of 3 hours. Reaction turned into a dark brown solution. The K2CO3 

was filtered off using a sintered glass funnel and washed with acetonitrile. The 

filtrate and washings were combined, the solvent was distilled off at reduced 

pressure. The final product was obtained (0.025 g, 0.09 mmol, 15.41%) from the 

crude reaction mixture by column chromatography on silica using 40% ethyl acetate 

in hexane as mobile phase. 

A whitish thick liquid. FT-IR (ATR): max (cm-1) = 3322.51, 2962.94, 2862.52, 

1732.87, 1603.36, 1496.31, 1453.93. 1H NMR (400 MHz, CDCl3):  7.30-7.17 (m, 

5H), 4.62 (t, J = 5.2 Hz, 1H), 3.13-3.02 (m, 2H), 2.81 (t, J = 7.4 Hz, 2H), 2.74-2.56 

(m, 4H), 2.51-2.48 (m, 3H), 2.41 (t, J = 4.8, 1H), 1.71 (ABq, J = 10.4, 2H), 1.25 

(brs, 1H, NH). 13C NMR (101 MHz, CDCl3):  139.89 (ArC), 128.75 (ArCH), 

128.41 (ArCH), 126.12 (ArCH), 82.45 (C-11), 55.35 (CH), 54.76 (CH), 45.01 

(CH2), 44.83 (CH), 44.57 (CH), 44.51 (CH), 43.30 (CH2NH), 43.07 (CH), 41.94 

(CH), 41.54 (CH), 37.24 (Ar-CH2). MS (ESI) m/z: 280.24 (M+H+), 281.33, 236.22. 
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3.3.3.21 Pentacyclo[5.4.0.02,6.03,10.05,9]undecane-8,11-dione ethylene 

acetal 

 

Reaction 3-21 

A mixture of pentacycloundecane (5.0 g, 28.73 mmol), ethylene glycol (1.78 g, 

28.73 mmol) and p-toluenesulphonic acid (0.19 g, 1 mmol) was refluxed with 

stirring in toluene (25 ml) under Dean-Stark conditions. Once the water formation 

in the Dean-Stark apparatus stopped (approx. 5 hours), the reaction mixture was 

removed from heating and cooled. The cooled reaction mixture was poured into 50 

ml ice cold 10% Na2CO3 solution. It was extracted with dichloromethane (3 x 25 

ml). The organic fractions were combined and dried using anhydrous Na2SO4. The 

mixture was passed through a cotton plug in the glass funnel to remove Na2SO4. 

The solvent was evaporated in vacuo. The crude product obtained was in 

quantitative yield and was pure enough (as per TLC) for synthetic purpose. The 

product was used as it is for further reactions. 

A white crystalline solid, Mp: 74-75 C. FT-IR (ATR): max (cm-1) = 2980.25, 

2933.89, 2863.01, 1743.90, 1455.64, 1340.23. 1H NMR (400 MHz, CDCl3):  3.99-

3.83 (m, 4H), 3.00-2.95 (m, 1H), 2.83-2.80 (m, 2H), 2.69-2.56 (m, 3H), 2.53-2.42 

(m, 2H), 1.73 (ABq, J = 11.0 Hz, 2H). 13C NMR (101 MHz, CDCl3):  215.23 

(C=O), 113.97 (C-8), 65.75 (CH2O), 64.55 (CH2O), 53.06, 50.78, 45.88, 42.91, 

42.34, 41.51, 41.37, 38.77, 36.38. 
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3.3.3.22 4-ethanol-4-azahexacyclo[5.4.1.02,6.03,10.05,9.08,11]dodecan-3-ol 

 
Reaction 3-22 

A solution of mono ketal cage (500 mg, 2.29 mmol) and ethanol amine (139 mg, 

2.28 mmol) in 3 ml ethanol was heated in the microwave reactor (Microwave power 

= 150 W, T = 100 C, Pressure = 250 Psi). Reaction progress was monitored by 

TLC. After the reaction was completed in 3 hours, NaBH4 (129 mg, 3.41 mmol, 1.5 

eq.) was added portion-wise to the cooled reaction mixture and it was stirred for 8 

hours at room temperature. After removal of ethanol under vacuum, 10 ml of water 

was added. The suspension was extracted with dichloromethane (3 x 10 ml). The 

organic fractions were combined and washed with 10 ml brine solution. The solvent 

was dried using anhydrous Na2SO4 and evaporated in vacuo. The crude reaction 

product obtained was dissolved in acetone (20 ml) and 15 ml of 4 M HCl was added 

to the solution. The mixture was stirred at room temperature for 12 hours. The 

mixture was further diluted with water (150 ml), basified with 1 M aq. NaOH to pH 

14 and extracted with dichloroform (4 x 30 ml). The organic fractions were 

combined and dried with anhydrous Na2SO4. The reaction mixture was column 

chromatographed using a mobile phase made of 0.5% NH4OH, 4.5% methanol and 

95% dichloromethane. The final product was obtained as white waxy solid (0.08 g, 

0.36 mmol, 15.94%). This reaction was also repeated by changing the reaction 

conditions of the first step from microwave conditions to thermal conditions (100 
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C in a sealed tube for 20 hours). The final yield of the product obtained by using 

thermal conditions for the first step only improved slightly (17.36%). 

A white solid, Mp: 154-157 C. FT-IR (ATR): max (cm-1) = 3239.00, 2962.52, 

2861.22, 1495.85, 1445.46, 1378.55, 1361.02. 1H NMR (200 MHz, CDCl3):  3.64 

(t, J = 4.9 MHz, 2H), 3.40 (t, J = 4.7 Hz, 1H), 2.97-2.87 (m, 2H), 2.78-2.44 (m, 

8H), 1.66 (ABq, J = 10.6 Hz, 2H). 13C NMR (101 MHz, CDCl3):  77.23, 65.76, 

61.25, 54.62, 51.74, 49.94, 45.71, 44.30, 42.91, 42.66, 41.88, 41.08, 40.92. MS 

(ESI) m/z: 220.28 (M+H+), 221.26, 236.22.  

3.3.3.23 4-propanol-4-azahexacyclo[5.4.1.02,6.03,10.05,9.08,11]dodecan-3-ol 

 
Reaction 3-23 

A solution of mono ketal cage (2 g, 9.16 mmol) and propanol amine (0.689 g, 9.17 

mmol) in 20 ml ethanol was reacted in under microwave conditions ( µwave = 150 

W, T = 100 C, P = 200 Psi) in  an 80 ml reaction vessel. Progress of the reaction 

was monitored by TLC. After completion of the reaction (TLC, 4 hours), NaBH4 

(0.7 g, 18.5 mmol) was added portion-wise to the cooled solution and the mixture 

was stirred at room temperature for 8 hours. The solution was then concentrated in 

vacuo, water (40 ml) was added and the crude reaction mixture was extracted with 

dichloromethane (4 x 30 ml). The combined organic extract was washed with brine 

(30 ml), dried with anhydrous Na2SO4 and the solvent was evaporated in vacuo. To 
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the reaction mixture obtained after evaporation of the solvent, acetone (60 ml) and 

aq. 4 M HCl (40 ml) were added with stirring at room temperature for 18 hours. 

After stirring, water (500 ml) was added and the solution was basified to pH 12-13 

with aq. 1 M NaOH and extracted with dichloromethane (3 x 50 ml). The combined 

organic extract was dried with anhydrous Na2SO4 and concentrated to obtain the 

crude reaction mixture. The final product was obtained as white waxy solid (0.286 

g, 1.23 mmol, 13.38%) by column chromatography by using a mobile phase made 

of 0.5% NH4OH, 4.5% methanol and 95% dichloromethane.  

A waxy solid, Mp: 93 C. FT-IR (ATR): max (cm-1) = 3212.94, 2957.39, 2863.71, 

1706.02, 1462.37, 1363.01, 1317.50. 1H NMR (200 MHz, CDCl3):  3.79 (t, J = 

5.1 Hz, 2H), 3.56 (t, J = 5.2 Hz, 1H), 2.88-2.81 (m, 2H), 2.78-2.36 (m, 8H), 1.74-

1.67 (m, 2H), 1.64 (ABq, J = 10.6 Hz, 2H). 13C NMR (75 MHz, CDCl3):  97.17, 

65.76, 64.31, 55.42, 51.03, 47.11, 45.52, 44.84, 43.06, 42.12, 41.83, 41.80, 41.60, 

29.12. MS (ESI) m/z: 238.04 (M+3H+), 176.93 (M - C3H6OH - H+). 

3.3.3.24 3-(4-azahexacyclo[5.4.1.02,6.03,10.05,9.08,11]dodecan-3-ol)propyl 4-

nitrobenzoate 

 

Reaction 3-24 

4-Propanol-4-azahexacyclo[5.4.1.02,6.03,10.05,9.08,11]dodecan-3-ol (0.054 g, 0.23 

mmol) was dissolved in 2 ml of dichloromethane and cooled down the solution to 

0 C on external ice bath. To this solution EDC (0.0429 g, 0.28 m mol), 4-nitro 

benzoic acid (0.0386, 0.23 mmol) and DMAP (0.0034 g, 0.028 mmol) were added 

with stirring on ice bath. After 20 minutes of stirring, the reaction mixture was 

removed from the ice bath and stirred for 72 hours at the room temperature. After 

stirring, the reaction mixture was concentrated under reduced pressure. Saturated 
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NaHCO3 solution (2 ml) was added, followed by extraction with DCM (4 x 1.5 ml). 

Organic extracts were combined and dried with anhydrous Na2SO4. The solvent 

was evaporated in vacuo to yield a light yellow coloured reaction mixture. The 

reaction mixture was washed with ethanol to give a light yellow solid which was 

further purified by using preparative TLC to give final product (0.0151 g, 0.04 

mmol, 17.08%).  

A yellow thick liquid. FT-IR (ATR): max (cm-1) = 3116.68, 3063.46, 2920.12, 

2850.86, 2669.75, 2552.20, 1687.16, 1605.48, 1538.89. 1H NMR (400 MHz, 

CDCl3):  8.27 (d, J = 8.8 Hz, 2H), 8.18 (d, J = 8.4 Hz, 2H), 4.50 (t, J = 6.4 Hz, 2H, 

CH2O), 3.75 (t, J = 5.0 Hz, 1H, C-11), 3.08-3.03 (m, 2H, NCH2), 3.00-2.97 (m, 

1H), 2.93-2.89 (m, 2H), 2.83-2.75 (m, 2H), 2.69-2.64 (m, 1H), 2.49 (t, J = 4.8 Hz, 

2H), 2.10-2.06 (m, 2H), 1.69 (ABq, J = 10.6 Hz, 2H). MS (ESI) m/z: 532.18 

(M+H+), 533.17, 534.17, 383.14, 384.14, 385.17. 

3.3.3.25 4-benzyl-4-azahexacyclo[5.4.1.02,6.03,10.05,9.08,11]dodecan-3-ol 

Reaction 3-25 

A solution of mono ketal cage (0.7 g, 3.20 mmol) and benzyl amine (0.344 g, 3.21 

mmol) in 2.5 ml ethanol was reacted in microwave reactor ( µwave = 150 W, T = 

100 C, P = 250 Psi) in  a sealed 10 ml microwave vessel. Progress of the reaction 

was monitored by TLC. After completion of the reaction (TLC, 1 hour), NaBH4 

(0.243 g, 6.42 mmol) was added portion-wise to the cooled solution and the mixture 
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was stirred at room temperature for 8 hours. The solution was then concentrated in 

vacuo, water (10 ml) was added and the crude reaction mixture was extracted with 

dichloromethane (3 x 10 ml). The combined organic extract was washed with brine 

(10 ml), dried with anhydrous Na2SO4 and the solvent was evaporated in vacuo. To 

the reaction mixture obtained after evaporation of the solvent, was added acetone 

(20 ml) and aq. 4 M HCl (15 ml). The mixture was stirred at room temperature for 

18 hours. After stirring, water (150 ml) was added and the solution was basified to 

pH 12-13 with aq. 1 M NaOH and extracted with dichloromethane (4 x 30 ml). The 

combined organic extract was dried with anhydrous Na2SO4 and concentrated to 

obtain crude reaction mixture. The final product was obtained as white solid (0.372 

g, 1.40 mmol, 43.71%) by column chromatography using a mobile phase made of 

40% ethanol and 60% ethyl acetate.  

A white crystalline solid, Mp: 160-162 C FT-IR (ATR): max (cm-1) = 3111.11, 

3057.35, 2974.44, 2968.25, 2869.19, 2835.05, 1605.29, 1497.46. 1H NMR (200 

MHz, CDCl3):  7.28-7.13 (m, 5H), 3.68 (brs, 1H, OH), 3.55 (ABq, J = 14.9 Hz, 

2H, NCH2) 3.21 (t, J = 4.9 MHz , 1H), 2.90-2.40 (m, 7H), 2.28 (t, J = 4.6, 1H), 1.52 

(ABq, J = 10.4 Hz, 2H). 13C NMR (75 MHz, CDCl3):  139.29, 128.47, 128.32, 

126.74, 64.77, 55.05, 51.65, 50.67, 45.49, 44.59, 42.89, 42.28, 41.62, 41.28. MS 

(ESI) m/z: 265.94 (M+H+), 267.02, 268.02, 78.92. 

3.3.3.26 4-azahexacyclo[5.4.1.02,6.03,10.05,9.08,11]dodecan-3-ol 

 

Reaction 3-26 

A solution of 4-benzyl-4-azahexacyclo[5.4.1.02,6.03,10.05,9.08,11]dodecan-3-ol 

(0.535 g, 2.02 mmol) in ethanol (75 ml) was placed in a pressure reactor along with 

a stirring bar. The pressure reactor was purged with nitrogen as an inert gas. To this 

solution was added 0.0404 g (calculated as 20 mg per mmol of substrate) of 10% 

Pd/C. Special care was taken to make sure that Pd/C is added in small amounts 
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while opening the pressure reactor for as little time as possible considering the 

pyrophoric nature of dry Pd/C. After the addition of Pd/C the pressure tube was 

sealed properly and attached to the hydrogen supply. Hydrogen was flushed through 

the sealed pressure reactor six times before filling it with hydrogen gas at 345 kPa 

( 50 psi) pressure. The reaction mixture in the pressure reactor was stirred for 20 

hours maintaining the internal temperature of the reaction mixture at 50 C. 

Completion of the reaction was confirmed by TLC. On completion of the reaction, 

the mixture was filtered through celite under vacuum through a sintered glass 

funnel. Residual Pd/C waste was transferred to a labelled container which contained 

water. The filtrate was concentrated in vacuo and 6 ml of saturated NaHCO3 was 

added to the residue followed by extraction with dichloromethane (4 x 5 ml). The 

organic fractions were combined, treated with anhydrous sodium sulphate and 

filtered to get clear organic layer. The dichloromethane was evaporated under 

reduced pressure to get crude reaction mixture. Pure secondary amine cage product 

(0.1345 g, 0.77 mmol, 38.10%) was obtained by column chromatography using (1% 

NH4OH, 9% CH3OH and 90% CH2Cl2) mobile phase. The spectroscopic data 

correlated with the literature.200  

A white solid, Mp: 183-186 C. FT-IR (ATR): max (cm-1) = 3237.59, 3065.07, 

2951.94, 2865.35, 1456.71, 1351.95, 1320.89. 1H NMR (400 MHz, CDCl3):  3.56 

(t, J = 5.0 Hz, 1H), 2.85-2.80 (m, 1H), 2.78-2.70 (m, 2H), 2.65-2.61 (m, 2H), 2.50-

2.42 (m, 3H), 1.67 (ABq, J = 10.4 Hz, 2H). 13C NMR (101 MHz, CDCl3):  60.89 

(d), 55.49 (d), 54.46, 46.13 (d), 45.00, 43.52 (d), 42.56, 42.02 (d). MS (ESI) m/z: 

176.02 (M+H+), 177.04. 

3.3.3.27 4-(4-nitrobenzyl)-4-

azahexacyclo[5.4.1.02,6.03,10.05,9.08,11]dodecan-3-ol 

 

Reaction 3-27 
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A suspension of 3-hydroxy-hexacyclo[5.4.1.02,6.03,10.05,9.08,11]dodecyl-4-amine 

(0.0607 g, 0.35 mmol), K2CO3 (0.072 g, 0.52 mmol) and TBAHSO4 (0.011 g, 0.033 

mmol) in dry acetonitrile (2 ml) was stirred at 60 C for 15 minutes. 4-Nitrobenzyl 

bromide (0.0748 g, 0.35 mmol) was added to the reaction mixture and it was stirred 

at 70 C. The progress of the reaction was monitored by TLC. On completion of 

the reaction (TLC, 12 hours), it was taken off from heating and allowed to cool. 

The cooled reaction mixture was filtered through a sintered glass funnel. The 

residue was washed with acetonitrile and then with dichloromethane. The filtrate 

was collected and the solvent was evaporated in vacuo to get the crude reaction 

mixture. The final product (0.064 g, 0.21 mmol, 59.53%) was obtained by column 

chromatography using a mixture of ethanol and ethyl acetate as mobile phase. 

A light yellow solid, Mp: 165-167 C FT-IR (ATR): max (cm-1) = 2960.45, 

2873.53, 1598.38, 1515.06, 1491.83. 1H NMR (400 MHz, CDCl3):  8.18 (d, J = 

8.8 Hz, 2H), 7.53 (d, J = 8.8 Hz, 2H), 3.91 (d, J = 14.8 Hz, 1H, NCH2), 3.56 (brs, 

1H, NCH2), 3.30 (t, J = 4.8Hz, 1H, C-11), 2.95 (q, J = 6.5 Hz, 1H), 2.81-2.74 (m, 

2H), 2.67-2.59 (m, 2H), 2.54-2.51 (m, 2H), 2.44 (t, J = 4.8 Hz, 1H), 1.65 (ABq, J = 

10.6 Hz, 2H). 13C NMR (101 MHz, CDCl3):  147.31, 146.99, 129.06, 123.60, 

65.18, 59.16, 54.96, 51.16, 50.96, 45.59, 44.61, 42.97, 42.31, 41.74, 41.31, 24.23. 

MS (ESI) m/z: 311.23 (M+H+), 312.27, 251.80, 242.41, 243.28, 236.20, 214.22. 

3.3.3.28 3-hydroxy-5-cyano-4-benzyl-4-

azahexacyclo[5.4.1.02,6.03,10.05,9.08,11]dodecane 

 

Reaction 3-28 

The pentacyclo[5.4.1.02,6.03,10.05,9]undecane-8-11-dione (5 g, 28.74 mmol) was 

dissolved in dry tetrahydrofuran (50 ml) in a 500 ml round-bottom flask. The round-

bottom flask was kept in an external ice bath with stirring so as to maintain the 
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temperature below 3 C. Benzylamine (3.08 g, 28.74 mmol) was added drop wise 

using a dropping funnel, while stirring at lower temperature. The carbinolamine 

started to precipitate in 10 minutes and the mixture was stirred for another 20 

minutes, after which dry methanol (250 ml) and acetic acid (15 ml) was added and 

the mixture was removed from the ice bath. Once all the precipitate was dissolved, 

sodium cyanide (2.11 g, 43.06 mmol) was added portion-wise and the reaction 

mixture was stirred overnight. The reaction mixture was concentrated in vacuo and 

water (100 ml) was added to the concentrated reaction mixture in the round-bottom 

flask. Solid NaHCO3 was added to the resulting suspension until effervescence 

resulting from carbon dioxide evolution ceased. Additional solid NaHCO3 was 

added to the suspension and it was extracted with dichloromethane (4 x 50 ml). The 

combined the organic fraction was dried with anhydrous sodium sulphate and the 

dichloromethane was evaporated under reduced pressure. The solid reaction 

mixture obtained was crystallised from isopropanol to give white solid, which was 

further recrystallized from dichloromethane to give long needle shaped crystals of 

the product (3.30 g, 11.37 mmol, 39.61%). 

A white crystalline solid, Mp: 152-155 C FT-IR (ATR): max (cm-1) = 3093.63, 

2957.91, 2871.24, 2237.59, 1606.05, 1496.74, 1454.51, 1371.09, 1331.92. 1H NMR 

(200 MHz, CDCl3):  7.29-7.13 (m, 5H), 3.67 (s, 2H, NCH2), 3.15-2.40 (m, 7H), 

1.96 (brs, 1H, OH), 1.63 (ABq, J = 11.0 Hz, 2H). 13C NMR (75 MHz, CDCl3):  

138.70, 128.67, 128.33, 127.26, 119.92, 101.47, 57.18, 53.67, 51.08, 48.07, 45.76, 

44.47, 42.50, 42.23, 40.53, 40.18. MS (ESI) m/z: 291.11 (M+H+), 292.15, 79.04. 

3.4 Discussion 

3.4.1 Characteristic spectroscopic properties of the cage moiety 

The structure of the cage moiety (Figure 3-2) was one common feature in all the 

structures of the synthesised compounds. This structural component had 

characteristic 1H NMR signal patterns which were used unequivocally to establish 

the presence of cage component in the final structures.  
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Figure 3-2: Cage component in the oxa-cage drivatives with numbered carbon atoms. 

The most characteristic signal for presence of cage is the clear AB quartet because 

of two unsymmetrical protons on C-4. This signal appears at a chemical shift in the 

range of   1.70-1.73 ppm with coupling constant generally in the range of 10.6-

10.8 Hz. Figure 3-3 shows the AB quartet for compound 12 at 1.72 ppm with J = 

10.8 Hz. 

 

Figure 3-3: AB quartet of C-4 proton of compound 12 in 1H NMR at 600 MHz. 

Another typical signal for the presence of an oxa-cage moiety is a triplet at a 

chemical shift in the range of  4.61-4.75 ppm with coupling constant in the range 

of 5.0-5.6 Hz. This triplet corresponds to the single proton at C-11 carbon and its 

multiplicity is attributed to the presence of two protons at the adjacent carbons 

atoms C-1 and C-10. The downfield shift of this methine hydrogen on C-11 carbon 

results from the deshielding effect of the adjacent oxygen atom. Such a typical 

triplet of C-11 proton is shown in Figure 3-4 which is a portion of 1H spectrum of 

compound 12 at a spectrometer frequency of 600 MHz indicating a triplet at  4.64 

with J = 5.4 Hz. 
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Figure 3-4: A typical triplet of C-1 proton of Compound 12 in 1H NMR at 600 MHz. 

The chemical shifts for the rest of the protons in the cage component generally range 

between  3.00-2.00 ppm. These signals might appear simply as multiplets or 

groups of multiplets, apparent quartets and apparent triplets depending upon the 

other structural features in the molecule and spectrometer frequency of the NMR 

instrument.  

 

Figure 3-5: A set of two multiplets, two apparent quartets and two apparent triplets of C-1, C-2, C-

3, C-5, C-6, C-7, C-9, C-10 protons of compound 12 in 1H NMR at 600 MHz of spectrometer 

frequency. 

The signals for eight protons of C-1, C-2, C-3, C-5, C-6, C-7, C-9 and C-10 carbon 

atoms are illustrated in Figure 3-5 as the sets of multiplets, apparent quartets and 

apparent triplets. 
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In 13C NMR, in addition to the other aliphatic carbon signals of cage compound, 

the C-8 and C-11 had distinguished chemical shifts. The chemical shift of C-8 

carbon ranged from  110 to  95 ppm whereas that of C-11 corresponded to  82 

ppm. 

In addition to above mentioned distinctive NMR signals, the IR spectrum of cage 

containing compounds also had a typical IR absorption for sp3 hybridised C-H. The 

absorption for C-H stretching vibration showed two characteristic peaks at  2950 

cm-1 and  2850 cm-1 whereas the absorption because of bending mode of C-H 

vibration displayed two peaks at  1450 cm-1 and  1350 cm-1. The intensity of the 

two stretching absorptions was always strong whereas the bending absorption 

intensity was variable. Generally, the compounds comprising of cage moiety 

showed a medium intensity for absorptions at  1450 cm-1, on the other hand 

absorptions at  1350 cm-1 had strong intensity. It should be mentioned that the 

above cited values of wave numbers varied by a few units for different cage 

containing compounds because of the structural variations in the molecular 

structure. 

3.4.2 Spectroscopic confirmation of the intermediates 2 and 3 

  

2 3 

Figure 3-6: Structures of the intermediates 2 and 3. 

The structure of intermediate compounds 2 and 3 (Figure 3-6) were confirmed by 

NMR and IR spectroscopy. The NMR spectra of compounds 2 and 3 showed signals 

of methylene protons of aminoethanol and aminopropanol units respectively in 

addition to cage protons. The proton NMR spectrum of 2 showed two multiplets for 

–CH2- at  3.60-3.56 and  3.02-2.98 integrating for two protons each. The proton 

spectrum of 3 displayed three peaks for three –CH2- of propyl unit with one triplet 

at  3.79 and two multiplets at 3.05-2.98 and 1.77-1.66. The presence of broad 
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peaks at 3300 and 3100 cm-1 in the IR spectra of compound 2 and 3 respectively 

also confirmed the presence of –OH group. 

3.4.3 Structural confirmation of the final conjugated compounds 

with ester linkage 

The NMR of the final compounds formed by conjugation of intermediates 2 and 3 

with different nitro benzoic acids (Figure 3-7) showed expected peaks in the 

aromatic regions in addition to the peaks of the intermediates. Observation of the 

NMR spectra of conjugated compounds revealed that the -CH2- peaks of ethyl and 

propyl linkers were shifted downfield after conjugation because of the deshielding 

effect of the ester group generated after conjugation. The IR spectra of final 

compounds also showed an intense absorption peak in the region of 1750-1700 cm-

1 because of the ester C=O. The broad absorption peak of OH functional group, 

which was earlier present in the intermediates, was absent in the conjugated oxa-

bridged compounds as the hydroxyl group had reacted with the carboxylic group to 

form new ester linkage. The typical C-H stretching and bending absorptions of the 

cage structure were retained in the IR spectra of conjugated compounds. These 

spectroscopic results corroborated the structures of final compounds. 

 

 

 n Ro Rm Rp 

4 1 H H -NO2 

7 1 H -NO2 H 

8 1 -NO2 H H 

13 1 H H H 

9 2 H -NO2 H 

10 2 -NO2 H H 

11 2 H H -NO2 

12 2 H H H 

Figure 3-7: Chemical structures of the oxa-bridged conjugates (4 and 7-13) with ester linkage. 

Another interesting feature was noted when comparing the methylene –NH-CH2- 

peaks in the 1H NMR of the intermediate 3 and its conjugated compounds 9, 10, 11 

and 12. In the intermediate 3, the –CH2- attached to –NH appears as a triplet of 

doublets with J = 6.15, 1.3 Hz. Once conjugated to the benzoic acid derivatives, 
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this –CH2- peak is shifted downfield because of the reasons cited above but close 

observation of this peak (after zooming in) shows this triplet of doublets flanked by 

two small doublets thus making it an apparent quintet of doublets. This trend is 

universally observed in NMR spectra of all the conjugated compounds of 

intermediate 9, 10, 11 and 12. It is proposed that the conjugation leads to a fixed 

conformational feature in the geometry of these molecules so that the –CH2- group 

attached to the ester functional group comes in close proximity of the –NH-CH2- 

group, leading to the long range coupling. It is further suggested that more 

investigations are needed to establish this proposal. 

In the 1H spectrum of compound 11, the para substituted aromatic protons showed 

two doublets at  8.27 and 8.20 ppm with J = 8.8 Hz thus indicating a strong 

coupling from their respective ortho protons (Figure 3-8-A). On detailed 

observation of the aromatic region, these two doublets appeared as doublet of 

triplets with J = 2 Hz of each triplet (Figure 3-8-B) which substantiates the long 

range coupling of each of the aromatic protons by their respective meta and para 

protons apart from strong coupling from their ortho protons.  

 

Figure 3-8: The aromatic region of the 1H NMR spectrum of compound 11 showing the peaks of p-

substituted protons. (A) the peaks are shown as two doublets (B) the peaks as two doublets of triplets 

after zooming in the aromatic region. 
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3.4.4 Structural elucidation of the N-benzoylated compounds 5 

and 6 

  

Figure 3-9: Chemical structure of compounds 5 and 6. 

The NMR spectrum of the compounds 5 and 6 showed an integration corresponding 

to ten aromatic protons which suggested the benzoylation at the secondary amine 

of the intermediates 2 and 3. This equips the structure of 5 and 6 (Figure 3-9) with 

two different carbonyl functional groups: one from the amide and the other from 

the ester group. This was confirmed by the 13C spectrum of 6 which showed two 

signals at  172.28 (ester C=O) and 166.31 (amide C=O). This has further been 

confirmed by the IR spectra. The IR spectrum of 5 displayed two C=O stretching 

absorptions at 1722.08 cm-1 and 1637.14 cm-1 because of the ester and amide 

functional group respectively. Similarly, the IR spectrum of 6 showed two 

absorptions at 1713.09 cm-1 and 1635.91 cm-1 corresponding to the ester and amide 

C=O stretching. The MS results of the compounds 5 and 6 also corroborated the N-

benzoylated chemical structures. 

3.4.5 Conformational features of the compounds without ester 

linkage - one carbon and two carbon linker between the cage 

and aromatic group 

 

 

 

 n Ro Rm Rp 

14 1 H H H 

16 1 H H -NO2 

17 1 -NO2 H H 

18 1 H -NO2 H 

19 2 H -NO2 H 

20 2 H H H 

Figure 3-10: Structures of the oxa-bridged conjugates (14 and 16-20) without ester linkage. 
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In the 1H spectra of compound 14 (NGP1-01), the bridging –CH2- between the cage 

and aromatic group shows AB quartet pattern. The same pattern is retained in its 

structural analogues (16, 17 and 18) with –NO2 substitution on phenyl group 

(Figure 3-11). It suggests the diastereotopic nature of the bridging –CH2- group and 

conformational rigidity of such molecules with one carbon linker. 

 

Figure 3-11: AB quartets of bridging –CH2- in the 1H NMR spectra of the 14, 16, 17 and 18. 

The AB quartets of the compounds 16, 17 and 18 had coupling constant J = 15.2 

Hz whereas 14 (NGP1-01) had J = 13.2 Hz which proves that the presence of 

substituent on the phenyl group plays a role in deciding the confirmation of such 

molecules. The greater J values in case of 16, 17 and 18 also indicates that a stronger 

coupling is experienced by the diastereotopic protons when –NO2 group is present 

on the phenyl ring. 

The fact that only the compounds with one carbon linker have such fixed 

confirmations, is supported by the complete absence of AB quartet by any of the 

bridging –CH2- in 19 and 20 which have two carbon linker between cage and the 

aromatic group. 

3.4.6 Oxa-bridged and aza-bridged pentacycloundecane 

derivatives- a comparison 

 

 

14 25 

Figure 3-12: Chemical structure of the compounds 14 and 25. 
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For spectroscopic characterisation of the aza-bridged derivatives and differentiating 

them from their oxa-bridged counterparts, a comparative analysis of spectra of the 

compound 14 (NGP1-01) and its aza-bridged analogue 25 was done. The notable 

difference in the proton NMR of both the compounds was the chemical shift of 

triplet corresponding to the proton on C-11. For compound 14, this triplet was at  

4.67 whereas for 25, it showed a chemical shift of  3.21. On a general note, it was 

observed that the chemical shift of the C-11 proton for aza compounds was shifted 

upfield if compared with that of its oxa analogues. This difference is attributed to 

the lesser electronegativity of nitrogen than that of oxygen and thus leading to a 

lesser deshielding effect. The same trend was followed by the protons of C-4 

carbon, although it was less noticeable. The AB quartet of C-4 protons of 25 showed 

a chemical shift of  1.52 whereas that for 14 was at  1.73.  

The 13C spectra of the two compounds also showed the same behaviour although 

the difference was more noticeable for C-8 and C-11 carbons. 

3.4.7 Spectroscopic confirmation of the compound 28 

 

 Figure 3-13: Chemical structure of compound 28. 

The NMR spectrum of the compound 28 lacked the typical triplet of C-11 proton 

as it was substituted by the cyano group. The 13C spectra displayed a peak at  

138.70 corresponding to cyano carbon. The presence of cyanide functional group 

is also supported by the IR spectrum which shows a distinctive absorption of C≡N 

stretching at 2237.59 cm-1. The structure was also confirmed by the MS which 

showed an M+H+ peak at m/z 291.11. 

3.5 Conclusion 

All the compounds were successfully synthesised in low to very good yields. The 

yields of the synthesised compounds varied from 3.96 % to 84.34% although most 

of the compounds had a moderate yield in the range of 30% to 59%. The poorer 
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yields in some of the synthetic procedures were attributed to various reasons like 

formation of possible side-products, lack of 100% completion of reaction in very 

slow reactions and inadequate purification of the final product from the reaction 

mixture. The lower yields could further be improved by standardisation and 

optimisation of reaction conditions in the synthetic procedures. The isolation and 

purification techniques could also be improved to further boost the yields of the 

finals products from the impure fractions obtained in the column chromatographic 

separation. The structure of the synthesised compounds were confirmed by the 

different analytical techniques mentioned in the section 3.2.3 in the beginning of 

this chapter. The structure elucidation of each of the synthesised compound was 

corroborated by characteristic signals in various spectroscopic techniques. To 

achieve the objective of present study, the synthesised compounds were 

biologically evaluated by different assays which are discussed in detail in the 

following chapter.
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Chapter 4 Biological Studies 

4.1 Introduction  

The synthesised compounds were planned to be biologically evaluated for their 

cytotoxicity, neuroprotection behaviour, inhibition of Ca2+ influx in ligand 

mediated NMDA channels, inhibition of Ca2+ influx in voltage gated channels and  

S-nitrosylation ability. This was achieved by different in vitro tests where the PC12 

cell line was used for cytotoxicity and neuroprotection studies and Ca2+ studies were 

performed on synaptoneurosomes. Cytotoxicity assays were performed to assess 

the toxicity profile of the compounds and to select the optimum concentration range 

for neuroprotection studies of the compounds. Neuroprotective studies were done 

to investigate anti-apoptotic behaviour of the synthesised compounds against 

neurotoxin treated PC12 cell lines. Calcium influx studies were conducted to study 

the inhibitory activity of the synthesised compounds towards voltage gated calcium 

channel (VGCC) and N-Methyl-D-aspartate receptor (NMDAR) mediated calcium 

influx which is a crucial event in the aetiology of all neurodegenerative diseases. A 

modified biotin-switch technique (BST) was used to assess the S-nitrosylation 

ability of the compounds with NO-donating moieties. 

4.2 Instrumentation 

Fluorescent spectroscopic readings in the biological assays were obtained by using 

a Biotek Synergy Mx fluorescence plate reader whereas for measuring UV 

absorbances, a POLARstar Omega plate reader, BMG Labtech, Germany and a 

Cintra 202 GBC UV-visible spectrometer were used. All the centrifugation steps 

were performed in a Beckman Coulter Allegra 64R centrifuge. Wherever needed, 

samples were vortexed by using a vortex mixer, Vortex-Genie 2 (Scientific 

Industries, Inc., USA). For dispensing accurate aliquots of different solutions 

during assay studies, P2G, P20G, P100G Pipetman micropipettes (Gilson, Inc.) 

were used. Incubations were done in a Labcon shaking incubator (Labcon 

Laboratory Equipment, (Pty) Ltd., South Africa). A glass tissue homogeniser 

comprising of a tissue grind tube (Kimble Chase, art. No. 885303-0100) and tissue 

grind pestle (Kimble Chase, art. No. 885302-0100) was used for tissue 
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homogenisation and was procured through Sigma-Aldrich.  Black flat bottom 96-

well multiwell plates (mfr. No. Greiner 655076, Greiner Bio-one GmbH) were used 

for fluorescence measurements whereas 96-well flat bottom multiwell plates (mfr. 

No. Greiner 655101, Greiner Bio-one GmbH) were used for measuring UV 

absorbances. 

4.3 Cytotoxicity Studies 

4.3.1 Background 

Cytotoxicity testing is based on the proliferation of normal/cancer cells in the 

presence/absence of a test substance after a specific time period.  Cytotoxicity can 

be used to determine if the cytotoxic effect is cytocidal (cells are killed) or cytostatic 

(cell growth and division inhibited).  The two most commonly used techniques to 

assess cell growth of adherent cell lines are the 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) and 2,3-bis(2-methoxy-4-nitro-5-

sulphophenyl)-2H-tetrazolium-5-carboxanilide sodium salt (XTT) assays.  The 

MTT proliferation assay is a quantitative colourimetric assay, sensitive enough to 

measure cellular proliferation, viability and cytotoxicity.205  The yellow, water 

soluble tetrazolium MTT salt is reduced by metabolically active cells to insoluble 

dark blue-to-purple formazan crystals via the cleavage of the tetrazolium ring by 

succinate dehydrogenase within the mitochondria. The formazan product 

accumulates in viable cells due to its impermeability to the cell membranes.205,206  

The formation of coloured formazan relies on mitochondrial activity.207 

The PC12 cell line has been established from a rat adrenal pheochromocytoma.  

PC12 cells, treated with nerve growth factor, respond by extending long, branching 

neuronal-like processes upon differentiation, which is reversible.  PC12 cells 

synthesise and store the catecholamine neurotransmitters dopamine and 

norepinephrine, but epinephrine synthesis is absent.208  

The main aim of this experiment was to screen synthesised compounds for 

cytotoxicity against the PC12 cell line.   
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4.3.2 Materials and Methods 

4.3.2.1 Cell culture conditions 

The rat pheochromocytoma PC12 cell line (JCRB, Japan) was routinely maintained 

in 10 cm culture dishes without antibiotics in RPMI cell culture medium containing 

25 mM HEPES and L-glutamine (HyClone Laboratories, Inc, South Logan, Utah, 

USA), 10% fetal bovine serum (Biowest, Nuaille, France), and 5% horse serum 

(Biowest, Nuaille, France) in a humidified incubator and 5% CO2 at 37 °C. 

For the sample preparation, the test compounds were reconstituted in dimethyl 

sulfoxide (DMSO) to give a final concentration of 40 mM.  The samples were stored 

at 4°C until required.    

4.3.2.2 Screening protocol 

PC12 cells were seeded into 96 well microtiter plates at a cell density of 60,000 

cells/mL; using 100 μL of the cell suspension per well (6,000 cells/well).  The 

microtiter plates were incubated for 24 h in a humidified incubator and 5% CO2 at 

37°C, prior to addition of the compounds.  The compounds were diluted to double 

the desired final maximum test concentration with complete medium.  Working 

concentrations were prepared by serial dilutions ranging between 3.125 and 400 

µM.  Aliquots of 100 µL of these different compound dilutions were added to the 

appropriate microtiter wells already containing 100 µL of medium, resulting in the 

required final compound concentrations (ranging between 1.5265 and 200 µM).  

Following test sample addition, plates were incubated for 48 h at 37°C and 5% CO2 

in a humidified incubator.    

4.3.2.3 MTT assay 

After 48 h, treatments were removed via aspiration, 100 μL MTT (0.5 mg/mL)205 

dissolved in complete medium added to each well, and incubated for 3 h at 37°C.  

After 3 h, MTT was removed via aspiration, 100 μL DMSO added to each well to 

dissolve the formazan crystals, and the absorbance was read at 540 nm using a 

BioTek® PowerWave XS spectrophotometer. 
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4.3.2.4 Data analysis 

Cell viability was determined using four replicate wells for each concentration.  

Untreated cells were considered to have 100% cell viability (i.e. the mean OD of 

the untreated wells = 100 % viability).  Cell viability in test wells were calculated 

relative to the untreated control and expressed as a percentage. Statistical 

significance was inferred at P < 0.05. 

4.3.3 Results 

The cytotoxicity profiles of the compounds was reported in terms of percentage 

viability of PC12 cells when treated with respective compounds with a 

concentration ranging from 1.5625 M to 200 M. 

 
 

Figure 4-1: Cytotoxicity profile of Compound 4 when treated with PC12 cells in the concentration 

range of 1.5625 µM to 200 µM. 

 

  

 

Figure 4-2: Cytotoxicity profile of Compound 5 when treated with PC12 cells in the concentration 

range of 1.5625 µM to 200 µM. 
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Figure 4-3: Cytotoxicity profile of Compound 6 when treated with PC12 cells in the concentration 

range of 1.5625 µM to 200 µM. 

 

 

 
 

Figure 4-4: Cytotoxicity profile of Compound 7 when treated with PC12 cells in the concentration 

range of 1.5625 µM to 200 µM. 

 

 

 
 

Figure 4-5: Cytotoxicity profile of Compound 8 when treated with PC12 cells in the concentration 

range of 1.5625 µM to 200 µM. 
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Figure 4-6: Cytotoxicity profile of Compound 9 when treated with PC12 cells in the concentration 

range of 1.5625 µM to 200 µM. 

 

 

 

 

Figure 4-7: Cytotoxicity profile of Compound 10 when treated with PC12 cells in the concentration 

range of 1.5625 µM to 200 µM. 

 

 

 

 

Figure 4-8: Cytotoxicity profile of Compound 11 when treated with PC12 cells in the concentration 

range of 1.5625 µM to 200 µM. 
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Figure 4-9: Cytotoxicity profile of Compound 12 when treated with PC12 cells in the concentration 

range of 1.5625 µM to 200 µM. 

 

 

 

 

Figure 4-10: Cytotoxicity profile of Compound 13 when treated with PC12 cells in the 

concentration range of 1.5625 µM to 200 µM. 

 

 

 

 

Figure 4-11: Cytotoxicity profile of Compound 14 when treated with PC12 cells in the 

concentration range of 1.5625 µM to 200 µM. 
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Figure 4-12: Cytotoxicity profile of Compound 16 when treated with PC12 cells in the 

concentration range of 1.5625 µM to 200 µM. 

 

 

 

 

Figure 4-13: Cytotoxicity profile of Compound 17 when treated with PC12 cells in the 

concentration range of 1.5625 µM to 200 µM. 

 

 

 

 

Figure 4-14: Cytotoxicity profile of Compound 18 when treated with PC12 cells in the 

concentration range of 1.5625 µM to 200 µM. 
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Figure 4-15: Cytotoxicity profile of Compound 19 when treated with PC12 cells in the 

concentration range of 1.5625 µM to 200 µM. 

 

 

 

 

Figure 4-16: Cytotoxicity profile of Compound 20 when treated with PC12 cells in the 

concentration range of 1.5625 µM to 200 µM. 

 

 

 

 

Figure 4-17: Cytotoxicity profile of Compound 24 when treated with PC12 cells in the 

concentration range of 1.5625 µM to 200 µM. 
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Figure 4-18: Cytotoxicity profile of Compound 25 when treated with PC12 cells in the 

concentration range of 1.5625 µM to 200 µM. 

 

 

 

Figure 4-19: Cytotoxicity profile of Compound 27 when treated with PC12 cells in the 

concentration range of 1.5625 µM to 200 µM. 

 

 

 

Figure 4-20: Cytotoxicity profile of Compound 28 when treated with PC12 cells in the 

concentration range of 1.5625 µM to 200 µM. 

Figure 4-1 to Figure 4-20 shows the cytotoxicity effects of the compounds against 

the PC12 rat phaeochromocytoma cell line.  The error bars represent the standard 

deviation of quadruplicate values. 
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4.3.4 Discussion 

All the synthesized compounds showed very good toxicity profiles. All the 

compounds except compound 6 has CC50 values (cytotoxic concentration of the 

compounds to cause death to the 50% of the viable cells) of more than 200 µM. 

Some of the compounds showed more than 100 percent cell viability; this might be 

because of the fact that those compounds, on treatment of the cells, increased the 

activity of the succinate dehydrogenase enzyme within the mitochondria without 

effecting the cell viability. Some of these compounds might be preventing the 

baseline apoptosis. Another reason can be the natural variations in the cellular 

metabolism or seeding of more cells in the well than control due to the pipetting 

errors. 

Introduction of a nitro group didn’t affect the cytotoxicity profiles of the molecules 

significantly as indicated by the comparison of cytotoxicity of compounds 13, 12 

and 14 with that of compounds 4, 11 and 16 respectively. The former group of 

compounds (13, 12 and 14) being the compounds without the nitro group and the 

latter with the nitro group at the para position.  

 

Figure 4-21: Cytotoxicity profiles of the compounds without any nitro functional group and with 

nitro at the para position of the phenyl group. Comparative graphs for 13 & 4, 12 & 11 and 14 & 16. 

By studying the cytotoxicity profiles of three different sets of compounds (Figure 

4-22 to Figure 4-24), it is observed that the position of substitution of nitro on the 
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phenyl group also does not play any significant role towards the cytotoxicity of the 

compounds.  

Compound 8, 7 and 4

 

Figure 4-22: Cytotoxicity of o-, m- and p-nitro substituted compounds 8, 7 and 4 respectively. 

 

 Compound 10, 9 and 11 

 

Figure 4-23: Cytotoxicity of o-, m- and p-nitro substituted compounds 10, 9 and 11 respectively. 
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 Compound 17, 18 and 16 

 

Figure 4-24: Cytotoxicity of o-, m- and p-nitro substituted compounds 17, 18 and 16 respectively. 

The ortho, meta and para-substituted compounds in each of these three sets of 

compounds (8, 7, 4; 10, 9, 11 and 17, 18, 16) had similar viability percentage at a 

specific concentrations. 

The highest concentration where the compounds did not show any cytotoxicity was 

50 µM, so this concentration was selected as the maximum concentration for the 

neuroprotection studies in the following section. 

4.4 Neuroprotection Studies 

4.4.1 Background 

Neurodegenerative disease is an umbrella term used to describe a range of 

conditions which primarily affect cells in the human brain.  Apoptotic cell death is 

common to many neuronal diseases including Parkinson’s and Alzheimer’s disease, 

Multiple Sclerosis and Amyotrophic Lateral Sclerosis. Mitochondrial dysfunction 

and oxidative stress are implicated as the primary causal factors responsible for the 

activation of neuronal apoptotic cell death. Consequently various animal and cell 

based models designed to mimic neurodegeneration make use of mitochondrial 

toxins and/or pro-oxidant compounds to activate cell death. Mitochondrial toxins 

such as paraquat, rotenone and MPTP are frequently used to model various 
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neurodegenerative diseases and as a tool to identify new therapeutic strategies in 

the treatment of these diseases.   

Paraquat (1,1-dimethyl-4,4-bipyrimidyl chloride) is an agricultural pesticide that 

has emerged as a putative risk factor for the development of Parkinson’s disease 

due to its close structural homology to 1-methyl-4-phenyl-pyridine (MPP), a 

neurotoxin that induces Parkinson’s-like features. Previous studies have established 

that paraquat induces oxidative stress and concomitant apoptosis in PC12 neuronal 

cells, supporting its use as a model to screen for putative neuroprotectants.   

Considering the involvement of oxidative stress in the induction of apoptotic cell 

death, antioxidants such as N-acetyl-cysteine (NAC) are known to protect cells 

against apoptosis.209 

Although in vitro assays provide a convenient experimental approach to screen for 

putative neuronal protection agents, it is important to keep in mind that such assays 

do not take into consideration factors such as movement across the blood brain 

barrier and potential drug metabolism in other cell types. Furthermore, the 

pathogenic mechanism relating to mitochondrial dysfunction and subsequent 

oxidative stress in neuronal cell death represents only one of many potential 

therapeutic possibilities.    

4.4.2 Experimental design 

To assess potential neuroprotective activity, test samples were first screened to 

determine the toxicity profile of each compound and to define a suitable working 

concentration range that may be considered independent of basal cytotoxicity as 

mentioned in the section 4.3.  It should however be noted that the basal cytotoxicity 

properties of the test compounds may change when cells are stressed by the toxins 

used to model neurodegeneration and thus the absence of test compound 

cytotoxicity in the initial screening does not guarantee complete absence of the 

cytotoxicity of compounds in the neuroprotection assay.   

Since apoptosis is essentially an irreversible process, it is important to establish a 

neurotoxic response that is mild enough to provide sufficient scope for 

neuroprotective compounds to counteract the initial cytotoxic events leading to 

paraquat-induced cell death.  A dose dependent cytotoxicity response of paraquat 
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towards PC12 cells was established to determine a suitable concentration and 

incubation time to model neuroprotection.  At a concentration of 250 μM and a 

treatment period of 24 hr, paraquat induced approximately 30% cell death while 

pretreatment with NAC restored the cell viability to 85%.  Cell viability was 

determined using the CellTiter-Blue reagent (Promega). 

The CellTiter-Blue® Cell Viability assay is an estimation of the number of viable 

cells present after treatment.  It uses the indicator dye, resazurin, to measure the 

metabolic capacity of cells, which is an indicator of cell viability.  Viable cells 

reduce resazurin (dark blue) into resorufin (pink).  Non-viable cells do not reduce 

the indicator dye, due to the loss of metabolic capacity (Promega, 2013). 

4.4.3 Materials and Methods 

4.4.3.1 Cell culture conditions 

The rat pheochromocytoma PC12 cell line (JCRB, Japan) was routinely maintained 

in 10 cm culture dishes without antibiotics in RPMI cell culture medium containing 

25 mM HEPES and L-glutamine (HyClone Laboratories, Inc, South Logan, Utah, 

USA), 10% fetal bovine serum (Biowest, Nuaille, France), and 5% horse serum 

(Biowest, Nuaille, France) in a humidified incubator and 5% CO2 at 37°C. 

4.4.3.2 Sample preparation 

Test compounds were reconstituted in dimethyl sulfoxide (DMSO) to give a final 

concentration of 40 mM.  Samples were stored at 4°C until required.    

4.4.3.3 Neuroprotection protocol 

PC12 cells were seeded into 96 well microtiter plates at a cell density of 100,000 

cells/mL; using 100 μL of the cell suspension per well (10,000 cells/well).  The 

microtiter plates were incubated for 24 h in a humidified incubator and 5% CO2 at 

37°C, prior to addition of the compounds.  The compounds were diluted to triple 

the desired working test concentrations (i.e. 15, 75 and 150 µM) with complete 

medium [containing RPMI, 10% fetal bovine serum, 5% horse serum and 1% 

penicillin/streptomycin (Biowest, Nuaille, France)].  Aliquots (50 µL) of the 

working concentrations were added to the appropriate microtiter wells; yielding test 

concentrations of 5, 25 and 50 µM of each compound.  N-acetyl-L-cysteine (Sigma) 
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was used as positive control.  An N-acetyl-L-cysteine stock (500 mM) was prepared 

in sterile water and filter-sterilised.  Aliquots (50 µL) of the working N-acetyl-L-

cysteine concentration (1.5 mM) were added to the appropriate microtiter wells; 

yielding a final test concentration of 500 M.  Microtiter plates were incubated for 

24 h in a humidified incubator and 5% CO2 at 37°C, following test sample addition.  

Paraquat dichloride (Sigma, St. Louis, MO, USA) was used as neurotoxin.  A 

paraquat dichloride stock (10 mM) was prepared in sterile water and sterilised by 

filtration prior to use.  Aliquots (50 µL) of a working paraquat dichloride solution 

(1 mM) were added to half of the microtiter plates’ wells, yielding a test 

concentration of 250 µM.  The addition of 50 µL complete medium to the remaining 

wells served as sample controls representing cell viability in the absence of added 

neurotoxin, but in the presence of the test compound.  Microtiter plates were further 

incubated for 24 h in a humidified incubator and 5% CO2 at 37°C, following 

neurotoxin addition.     

4.4.3.4 CellTiter-Blue® Cell Viability Assay 

 After 20 h of neurotoxin treatment, 20 μL of CellTiter-Blue® Reagent (Promega, 

Madison, MO, USA) was added to each well and it was incubated for a further 4 h 

in a humidified incubator and 5% CO2 at 37°C.  Fluorescence was measured using 

a BioTek SYNERGY Mx fluorometer (Winooski, VT, USA) at excitation- and 

emission wavelengths of 560 nm and 590 nm, respectively. 

4.4.3.5 Data analysis  

The cell viability was determined using replicate wells for each treatment and 

percentage protection was calculated as the difference between paraquat containing 

and paraquat free wells. Statistical significance was inferred at P < 0.05. 

4.4.4 Results 

Following figures summarise the neuroprotective potential of the test compounds 

(5, 25 and 50 μM) obtained when PC12 cells were treated with the neurotoxin 

paraquat at a concentration of 250 μM.  NAC (500 M) was used as a positive 

control for each experiment to ensure that cell death was induced at a level that is 

at least partially restorable. 
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Figure 4-25: Neuro-protective effects of compound 4 against paraquat induced cell death in PC12 

cells. The test concentration of the positive control NAC was 500 M. Error bars represent the 

standard deviation of triplicate values. Statistical significance indicated as: *, p < 0.05 and **, p < 

0.005. 

 

 

 
 

Figure 4-26: Neuro-protective effects of compound 5 against paraquat induced cell death in PC12 

cells. The test concentration of the positive control NAC was 500 M. Error bars represent the 

standard deviation of triplicate values. Statistical significance indicated as: *, p < 0.05 and **, p < 

0.005.   

 

 

 

Figure 4-27: Neuro-protective effects of compound 6 against paraquat induced cell death in PC12 

cells. The test concentration of the positive control NAC was 500 M. Error bars represent the 

standard deviation of triplicate values. Statistical significance indicated as: *, p < 0.05 and **, p < 

0.005. 
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Figure 4-28: Neuro-protective effects of compound 7 against paraquat induced cell death in PC12 

cells. The test concentration of the positive control NAC was 500 M. Error bars represent the 

standard deviation of triplicate values. Statistical significance indicated as: *, p < 0.05 and **, p < 

0.005. 

 

 

 

Figure 4-29: Neuro-protective effects of compound 8 against paraquat induced cell death in PC12 

cells. The test concentration of the positive control NAC was 500 M. Error bars represent the 

standard deviation of triplicate values. Statistical significance indicated as: *, p < 0.05 and **, p < 

0.005. 

 

 
 

Figure 4-30: Neuro-protective effects of compound 9 against paraquat induced cell death in PC12 

cells. The test concentration of the positive control NAC was 500 M. Error bars represent the 

standard deviation of triplicate values. Statistical significance indicated as: *, p < 0.05 and **, p < 

0.005. 
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Figure 4-31: Neuro-protective effects of compound 10 against paraquat induced cell death in PC12 

cells. The test concentration of the positive control NAC was 500 M. Error bars represent the 

standard deviation of triplicate values. Statistical significance indicated as: *, p < 0.05 and **, p < 

0.005. 

 

 

 

Figure 4-32: Neuro-protective effects of compound 11 against paraquat induced cell death in PC12 

cells. The test concentration of the positive control NAC was 500 M. Error bars represent the 

standard deviation of triplicate values. Statistical significance indicated as: *, p < 0.05 and **, p < 

0.005. 

 

 

 

 

Figure 4-33: Neuro-protective effects of compound 12 against paraquat induced cell death in PC12 

cells. The test concentration of the positive control NAC was 500 M. Error bars represent the 

standard deviation of triplicate values. Statistical significance indicated as: *, p < 0.05 and **, p < 

0.005. 
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Figure 4-34: Neuro-protective effects of compound 13 against paraquat induced cell death in PC12 

cells. The test concentration of the positive control NAC was 500 M. Error bars represent the 

standard deviation of triplicate values. Statistical significance indicated as: *, p < 0.05 and **, p < 

0.005. 

 

 

 

Figure 4-35: Neuro-protective effects of compound 14 against paraquat induced cell death in PC12 

cells. The test concentration of the positive control NAC was 500 M. Error bars represent the 

standard deviation of triplicate values. Statistical significance indicated as: *, p < 0.05 and **, p < 

0.005. 

 

 

 

Figure 4-36: Neuro-protective effects of compound 16 against paraquat induced cell death in PC12 

cells. The test concentration of the positive control NAC was 500 M. Error bars represent the 

standard deviation of triplicate values. Statistical significance indicated as: *, p < 0.05 and **, p < 

0.005. 
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Figure 4-37: Neuro-protective effects of compound 17 against paraquat induced cell death in PC12 

cells. The test concentration of the positive control NAC was 500 M. Error bars represent the 

standard deviation of triplicate values. Statistical significance indicated as: *, p < 0.05 and **, p < 

0.005. 

 

 

 

 

Figure 4-38: Neuro-protective effects of compound 18 against paraquat induced cell death in PC12 

cells. The test concentration of the positive control NAC was 500 M. Error bars represent the 

standard deviation of triplicate values. Statistical significance indicated as: *, p < 0.05 and **, p < 

0.005. 

 

 

 

Figure 4-39: Neuro-protective effects of compound 19 against paraquat induced cell death in PC12 

cells. The test concentration of the positive control NAC was 500 M. Error bars represent the 

standard deviation of triplicate values. Statistical significance indicated as: *, p < 0.05 and **, p < 

0.005. 
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Figure 4-40: Neuro-protective effects of compound 20 against paraquat induced cell death in PC12 

cells. The test concentration of the positive control NAC was 500 M. Error bars represent the 

standard deviation of triplicate values. Statistical significance indicated as: *, p < 0.05 and **, p < 

0.005. 

 

  

Figure 4-41: Neuro-protective effects of compound 24 against paraquat induced cell death in PC12 

cells. The test concentration of the positive control NAC was 500 M. Error bars represent the 

standard deviation of triplicate values. Statistical significance indicated as: *, p < 0.05 and **, p < 

0.005. 

 

 

 

Figure 4-42: Neuro-protective effects of compound 25 against paraquat induced cell death in PC12 

cells. The test concentration of the positive control NAC was 500 M. Error bars represent the 

standard deviation of triplicate values. Statistical significance indicated as: *, p < 0.05 and **, p < 

0.005. 
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Figure 4-43: Neuro-protective effects of compound 27 against paraquat induced cell death in PC12 

cells. The test concentration of the positive control NAC was 500 M. Error bars represent the 

standard deviation of triplicate values. Statistical significance indicated as: *, p < 0.05 and **, p < 

0.005. 

 

 

 

Figure 4-44: Neuro-protective effects of compound 28 against paraquat induced cell death in PC12 

cells. The test concentration of the positive control NAC was 500 M. Error bars represent the 

standard deviation of triplicate values. Statistical significance indicated as: *, p < 0.05 and **, p < 

0.005. 

4.4.5 Discussion 

For the neuroprotection study, PC12 cells were pre-treated with 50 µM, 25 µM and 

5 µM concentration of each test compound. Most of the compounds showed very 

good neuroprotection when compared with neuroprotectant NAC. It is to be noted 

that in all the tests conducted to study the neuroprotection, the concentration of the 

positive control NAC was 500 M whereas the maximum concentration used for 

test compounds was 50 M. The NAC functions as a precursor for GSH synthesis 

and thus protects against oxidative stress as an antioxidant210 and as such it may 

become rapidly exhausted through paraquat induced oxidative stress. 

Consequently, there is a need for continuous supply to provide sufficient protection. 

-20

0

20

40

60

80

100

5 25 50 NAC

%
 P

ro
te

ct
io

n
 

[Compound 27]  (μM)

*

*

-20

0

20

40

60

80

100

5 25 50 NAC

%
 P

ro
te

ct
io

n
 

[Compound 28]  (μM)

* * 

* * 

http://etd.uwc.ac.za/



 

 

 

 

Synthesis & Biological Evaluation of Neuroprotective Molecules with Polycyclic Scaffolds 

Chapter 4: Biological studies 131 

 

The relatively high concentrations of NAC required to afford neuroprotection may 

also relate to the enzymatic process necessary for biosynthesis of GSH. Excessive 

concentrations of extracellular NAC shifts the equilibrium for both its transport into 

the cell as well as the enzymatic pathway required for synthesis of GSH. These 

features together necessitate a relative high concentration of NAC to be used in 

order to provide significant protection. Unless the mechanism of action of the test 

compounds is assumed to be similar to that of NAC, it is not possible to make a 

direct comparison in terms of efficacy. In this assay, most of the test compounds 

showed a dose dependent neuroprotection behavior although some of the 

compounds had a negative percentage of neuroptotection at one of the 

concentrations under test.  

It is notable that the negative values were not very large and mostly statistically 

insignificant. It is also noted that in most cases, the negative values were seen at 

lower concentrations tested. The toxicity of the compounds in the previous section 

was determined on PC12 cells which were not exposed to neurotoxin. In this 

neuroprotection assay, the compounds were tested on the PC12 cells that were 

challenged with neurotoxin and in that condition they were most likely to be more 

sensitive to the tested compounds. Therefore some compounds might have 

enhanced the toxicity of the neurotoxin which resulted in the negative values. In 

summary, the negative values suggest that although the compounds were not 

cytotoxic in unchallenged PC12 cells at the concentration tested, but they were 

slightly toxic to the cells exposed to the neurotoxin. 

The comparison of neuroprotection study results of the compounds without any 

nitro group (13, 12 and 14) with those of their analogues with a nitro group (4, 11 

and 16 respectively) shows that compounds with the nitro functional group has 

more neuroprotection ability when tested against the neurotoxin (Figure 4-45). The 

pair of compounds 12 and 11, which has a three carbon chain between the amine 

and ester groups, was an exception. The difference in the neuroprotection caused 

by compounds 12 and 11 was statistically insignificant. 
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Figure 4-45: Percentage neuroprotection of compounds without and with nitro functional groups at 

50 M concentration when tested against neurotoxin paraquat. The statistical significance of the 

difference between the two percentage protection values is determined by the t-test and it is indicated 

as: *, p < 0.05 and **, p < 0.005. 

At 50 M concentration of the test compounds, compound 13 showed 1.38% 

neuroprotection whereas its analogous structure with nitro functional group 4 had 

26.55% neuroprotection. Similarly compound 14 showed 3.38% neuroprotection 

and its nitro analogue 16 showed 18.71% neuroprotection. The pair of aza-bridged 

compounds 25 and 27 also showed higher percentage neuroprotection for the nitro 

containing compound 27 which was 24.92% whereas 25, the compound without 

nitro group, showed only 0.29% neuroprotection. Contrary to this trend, for the pair 

of compounds 12 and 11, the compound without the nitro had a higher value 

(9.52%) of neuroprotection than the compound with the nitro functional group 

which showed 3.41% neuroprotection under test conditions. These results suggest 

that the presence of NO donating moiety in the structure of the molecule enhances 

its neuroprotection ability but simultaneously the other features of the molecule also 

contribute towards its neuroprotection profile. 

To study the effect of hydrocarbon chain length between the cage amine and the 

ethereal oxygen of the ester group, neuroprotection data of 2-carbon linker 
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compounds (8, 7 & 4) was compared with that of compounds with the 3-carbon 

linker (10, 9 & 11).  

 

 

 

Figure 4-46: Effect of hydrocarbon chain length between the cage and NO donating group. The test 

concentration of each of the compound is at 50 M when tested against neurotoxin paraquat. The 

statistical significance of the difference between the two percentage protection values is determined 

by the t-test and it is indicated as: *, p < 0.05. 

The compounds 8 and 4 with a 2-carbon chain linker showed better neuroprotection 

than their 3-carbon counterparts 10 and 11 (Figure 4-46). Compounds 7 and 9 which 

have nitro functional group at the meta position however showed an anomalous 

trend where 9, the compound with the 3-carbon linker, displayed higher 

neuroprotection. Analysis from the Figure 4-46 also suggests that the position of 

nitro functional group on the phenyl ring of the molecule did not correlate with its 

neuroprotection ability. The neuroprotection assay results for three series of o-, m- 

and p- nitro position isomers are depicted in the Figure 4-47.  
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Figure 4-47: Neuroprotection profile of three different sets of o-, m- and p- position isomers of 

compounds viz. 8,7 & 4; 10, 9 & 11 and 17, 18 & 16 at a test concentration of 50 M. The statistical 

significance of the difference between the two percentage protection values is determined by the t-

test and it is indicated as: *, p < 0.05. 

Amongst the positional isomers 8, 7 and 4, the o-nitro isomer had the highest 

neuroprotection of 28.17% followed by the p-nitro isomer with 26.55% 

neuroprotection under test conditions. Similarly, the o-, m- and p-nitro positional 

isomers 17, 18 and 16 showed 24.87%, 11.21% and 18.71% neuroprotection. 

Although in both these sets of positional isomers, the percentage of neuroprotection 

followed the order ortho > para > meta, the set of positional isomers 10, 9 and 11 

displayed an anomalous trend where the meta isomer (9) had the highest 

neuroprotection of 39.62% followed by para isomer (11) with 3.42% whereas the 

ortho isomer (10) displayed a negative value of neuroprotection. 

In the neurotoxicity model used in these tests paraquat, an inducer of oxidative 

stress, was used as the neurotoxin. It is possible that not all the neuroprotective 

compounds would necessarily be able to counteract the effects of paraquat due to 

their specific mechanisms of action. Interestingly, compound 14 (NGP1-01), which 

shows neuroprotective properties through NMDA and L-type voltage operated 

calcium channels,211,212 exhibited only 3.38% neuroprotection at 50 M 

concentration under the test conditions. It might show a better neuroprotection 
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against other neurotoxins with different neurotoxic mechanism. It is also interesting 

to note that compound 14 and 28 gave better and more statistically significant 

results at 25 M concentration but not at 50 M. Compound 7 also showed a better 

neuroprotection at 25 M than at 50 M although it was with larger standard 

deviation. The better neuroprotection at lower concentration can be a result of the 

fact that these compounds became toxic to the stressed cells at the higher 

concentrations, as mentioned in the beginning of this discussion. The same can be 

applied to other compounds (10, 13 and 20) which showed highest neuroprotection 

at 5 M concentration followed by the neuroprotection at 25 M concentration 

under given test conditions. Compounds 10, 13 and 20 showed 14.53%, 14.25% 

and 12.72% neuroprotection at 5 M vs 5.98%, 9.37% and 5.52% at 25 M 

respectively. The N-benzamido derivatives 5 and 6 showed 37.49% and 7.29% 

neuroprotection respectively at 50 M. The larger neuroprotection of compound 5 

can be because of the better steric fitting as a result of probable hydrogen bond 

interactions of the amide carbonyl group with the amino acids in their vicinity. 

Change in the basicity of the cage amine as a result of amide bond formation and 

additional lipophilicity introduced because of the benzoyl group can be other 

contributory factors for greater neuroprotection of this molecule. The larger 

standard deviations in some of the results can be attributed to the nature of this 

neuroprotection assay, where unhealthy cells (as a result of the exposure to the 

neurotoxin) were used. The unhealthy cells result in larger standard deviations than 

in assays where healthy cells are used. Such biological assays are more prone to 

variations especially when attempting to reverse cell death. 

4.5 NMDA mediated Ca2+ studies: 

4.5.1 Background 

Measurement of intracellular ion concentration in real time is difficult with 

conventional fluorescent methods as it is dependent on a number of factors like 

differences in cell morphologies, variable dye concentration, bleaching, fluctuation 

in laser intensity etc. Ratiometric fluorescent methods offer advantages over non-

ratiometric or absolute fluorescence measuring techniques. Ratiometric methods 

bypass these issues and allow correction of the artefacts caused by the confounding 
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variables. In ratiometric quantification, intensity ratio is calculated where difference 

of fluorescence between free and bound fluorophore is maximum.  

Fura-2 is a ratiometric dye whose spectrum shifts to higher wavelength when bound 

to Ca2+. In the presence of Ca2+ (Ca2+ bound fluorophore), the maximum 

fluorescence is observed at an excitation wavelength of 340 nm and in Ca2+ free 

conditions (Ca2+ free fluorophore) it is observed at 380 nm. The detection 

wavelength is the emission wavelength of 510 nm irrespective of the excitation 

wavelength. The concentration of free intracellular Ca2+ is proportional to the ratio 

of fluorescence at 340/380.  

Fura-2 is however a free acid which is Ca2+ sensitive and membrane impermeable. 

For cell loading, the cells are incubated with Fura-2/AM (Fura-2 

pentaacetoxymethhyl ester) which is Ca2+ insensitive. Once inside the cell, the 

pentaacetoxymethyl ester is cleaved by esterase enzymes leaving Fura-2 free acid, 

which is able to bind Ca2+. In the current experiment Fur-2/AM was used to load 

the cells for the purpose of measuring intracellular Ca2+ concentration.  

In the present study, the quantitative ratiometric Ca2+ fluorescent indicator Fura-

2/AM was used to study the Ca2+ influx in synaptoneurosomes. Synaptoneurosomes 

consists of the presynaptic terminal, including mitochondria and synaptic vesicles, 

with the postsynaptic membrane and the postsynaptic density proteins.213 These are 

obtained by homogenisation and fractionation of the rat brain cortex. The resealed 

vesicles or isolated terminals break away from the axon terminals during the 

homogenisation of the cortical tissues. The synaptoneurosomes retain the pre- and 

postsynaptic properties, which makes them useful for the synaptic transmission 

study. The molecular machinery used in neuronal signalling is also retained in the 

synaptoneurosomes, which are capable of uptake, storage and the release of 

neurotransmitters.214 

4.5.2 Experimental design 

NMDAR activity of the test compounds was evaluated on murine 

synaptoneurosomes using fluorescent ratiometric calcium indicator, Fura-2/AM. 

Pure DMSO was used as the control. MK-801 and NGP1-01 were used as positive 
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controls. Freshly isolated synaptoneurosomes were loaded with Fura-2/AM by 

incubating in calcium free buffer so that the membrane permeable Fura-2/AM 

enters the synaptoneurosomes. These synaptoneurosomes are then suspended in 

calcium containing buffer. NMDAR are activated by injecting NMDA/glycine 

stimulation buffer, thus leading to NMDA mediated calcium influx. The changes in 

the fluorescence intensity is measured before and after the activation of NMDAR. 

The effect of the test compounds on this calcium influx is measured by monitoring 

the changes in the fluorescence intensities. 

4.5.3 Materials and Methods 

The solutions used in the assay were stored at 20C and were used within 15 days 

of preparation. Solutions or materials required for this assay and the stepwise 

method is discussed as follows: 

4.5.3.1 Calcium and magnesium free buffer 

Sodium chloride (118 mM), potassium chloride (4.7 mM), HEPES (20 mM) and 

glucose monohydrate (30.9 mM) were added to a 1 litre volumetric flask and diluted 

the contents up to one litre with distilled water to make the calcium and magnesium 

free buffer. The final pH of the solution was adjusted to 7.4 using either of 

hydrochloric acid (HCl) or sodium hydroxide (NaOH). 

4.5.3.2 Incubation buffer 

Calcium chloride dihydrate (0.1 mM) was added to a 200 ml volumetric flask and 

was diluted with previously prepared calcium and magnesium free buffer up to 200 

ml to make the final solution. 

4.5.3.3 Calcium containing buffer 

Calcium chloride dihydrate (2 mM) was added to a 200 ml volumetric flask and 

diluted with calcium and magnesium free buffer to make the final volume 200 ml. 

4.5.3.4 Stimulation buffer 

Calcium chloride dehydrate (0.1 mM), glycine (0.1 mM) and NMDA (0.1 mM) 

were added to a 200 ml volumetric flask and diluted with calcium and magnesium 

free buffer to make 200 ml of the stimulation buffer. 
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4.5.3.5 Animals 

The study protocol was approved by the institutional ethical committee (ethics 

approval number: SRIRC2012/06/13) for research and university guidelines were 

followed throughout the experiments. Adult Wistar rats (250-300 g) were used. 

They were allowed free access to food and water and maintained at 12 h day/night 

cycle. 

4.5.3.6 Isolation of the rat brain 

Rats were anaesthetised with ether by exposure in a closed container and placed in 

a prone position over the dissection table. Using a sharp scissor, the spinal cord was 

cut at the base of the skull and the skin was removed from the top of the skull. The 

skull was cut laterally between the parietal bone and the interparietal bone or 

between the cerebrum and the cortex regions.  

 

Figure 4-48: Anatomy of the rat skull 

The skull was then cut from the base to the nose along the sagital suture. The soft 

parietal bone was carefully removed by pulling each hemisphere to the side and 

then removing the cortex with a spatula.214 The spatula was inserted into the brain 

above the cerebellum and the cortex was then scooped out and placed on an ice-

cold glass petri dish. 

http://etd.uwc.ac.za/



 

 

 

 

Synthesis & Biological Evaluation of Neuroprotective Molecules with Polycyclic Scaffolds 

Chapter 4: Biological studies 139 

 

4.5.3.7 Preparation of synaptoneurosomes 

Freshly isolated rat brain was put into 15 ml of ice-cooled incubation buffer taken 

in a 50 ml Falcon tube. Incubation buffer was decanted into the waste and 15 ml of 

incubation buffer was added into the falcon tube holding the brain. The incubation 

buffer was again decanted to get the clear brain. 20 ml of ice cooled incubation 

buffer was transferred to the Falcon tube with the brain. The contents of the Falcon 

tube were transferred into the glass homogeniser. The brain tissue was homogenised 

by 8 strokes of 3 seconds each. The tissue suspension was transferred into two 15 

ml Falcon tubes so that each one had approximately 10 ml of the tissue suspension. 

The tubes were then centrifuged at 1100 g for 5 minutes at 4 C. After the 

centrifugation, the supernatant of both the tubes was transferred to another 50 ml 

Falcon tube and kept in an ice-box. This supernatant was then divided as 2 ml 

aliquots in pre-weighed 2 ml eppendorfs. The eppendorfs were centrifuged at 15000 

g for 20 minutes at 4 C. The supernatant in these eppendorfs was discarded and 

the eppendorfs were again weighed to find the weight of 

synaptoneurosomes/protein pellet in each eppendorf. The pellets were further 

diluted with calcium free buffer to get a protein concentration of 3 mg/ml. The 

resulting suspensions were vortexed to thoroughly mix the suspension. This 

suspension (1990 µl) was added into another 2 ml eppendorf and allowed to reach 

room temperature followed by a 10 µl addition of 1 mM solution of Fura-2/AM in 

DMSO, making sure that all the solutions involving Fura-2/AM were protected 

from light all the times. The solution was gently vortexed to mix Fura-2/AM 

thoroughly and then incubated it at 37 C for 30 minutes with shaking at the rate of 

280 rpm. The suspension was again centrifuged at 15000 g for 5 minutes to remove 

extra-synaptoneurosomal Fura-2/AM. The supernantant was decanted and the 

resulting pellets were re-suspended in calcium containing buffer. The re-suspended 

suspension was vortexed to make it uniform. This solution, which had a 

synaptoneurosome/protein concentration of 3 mg/ml, was further diluted with 

calcium containing buffer so that the final concentration of the suspension was 0.6 

mg/ml. This suspension was kept in the dark at room temperature for further use in 

the next step of the experiment. 
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4.5.3.8 Measurement of intracellular calcium 

Stock solutions of all the test compounds (10 mM) were prepared by dissolving 

them in DMSO. Stock solutions (2 µl) of each of the reference and the test 

compounds were transferred into individual wells on a 96 well-plate in triplicate. 

The stock solutions in the wells were further diluted with 200 µl of 

synaptoneurosomal-Fura-2/AM solution so that the final concentration of the 

reference and the test compounds in the wells was 100 µM. The well plate was then 

placed into the fluorescent plate reader where incubation was done at 37 C for 30 

minutes followed by a shaking for 10 seconds before fluorescent readings. Dual 

wavelength excitation was done at 340 and 380 nm whereas emission fluorescence 

was measured at 510 nm. The fluorescent measurements of each well were done at 

intervals of 0.5 seconds for 35 seconds. The stimulation buffer (10 µl) was 

introduced in the wells at 10 seconds after initiation of the experiment by an auto-

injector built into the plate reader to activate NMDAR mediated calcium influx. 

The experiments were repeated three times on different tissue preparations. 

4.5.3.9 Statistical analysis 

Data analysis was done using GraphPad Prism version 6.05 for Windows 

(GraphPad Software, La Jolla California, USA). Statistical significance was 

evaluated by using one-way analysis of variance (ANOVA) followed by Dunnett’s 

multiple comparisons test by comparing the mean to the control. The statistical 

significance of the difference between the two mean values was determined by 

unpaired Student’s the t-test. Statistical significance was inferred at P < 0.05. 

4.5.4 Results 

All the compounds were investigated for their inhibitory effect on NMDA mediated 

calcium influx at a concentration of 100 M. The percentage inhibition of calcium 

influx obtained after statistical analysis of raw data is depicted in Figure 4-49 for 

all the compounds under investigation. MK-801 and compound 14 (NGP1-01) were 

used as positive controls at a concentration of 100 M. Pure DMSO in place of test 

samples was used as the control. 
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Figure 4-49: Screening of test compounds (100 M) for their inhibitory effect on NMDA-mediated 

calcium influx when tested with murine synaptoneurosomes. Each bar represents mean percentage 

of inhibition and standard deviation. The asterisks indicate the statistical significance (*, p < 0.05; 

**, p < 0.005; ***, p < 0.001 and ****, p < 0.0001) when compared to the control. 

4.5.5 Discussion 

All the tested compounds showed moderate to good inhibition of NMDA mediated 

calcium influx. The control, which had pure DMSO in place of test sample solution 

had 0% inhibition. The positive controls MK-801 and compound 14 (NGP1-01) 

showed 72.77% and 50.84% inhibition respectively. To examine the effect of the 

presence of the nitro group on the NMDA-mediated calcium influx, a comparative 

study of the percentage inhibition of the compounds without any nitro group on the 

phenyl ring (the compounds 13, 12, 14) was done with their analogues with nitro 

groups at any of the ortho, meta or para position of the phenyl group. All the 

compounds with the nitrophenyl group showed better inhibitory activity than their 

respective parent compounds without any nitro on the phenyl ring although the 

difference in the activities of non-nitro and nitro compounds was statistically not 

significant. Compound 10, which is an ortho-nitro analogue of compound 12, was 

an exception to the above trend and exhibited 49.26% inhibition whereas 12 showed 

62.92%. The para-nitro analogue 27 of the aza-bridged compound 25 also showed 

higher percentage inhibition. The nitro compound 27 showed 55.22% inhibition 
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whereas 25, the compounds without nitro group, showed only 24.92% inhibition. 

The inhibitory activity of the p-nitro analogues (4, 11, 16 and 27) and their 

respective non-nitro compounds (13, 12, 14 and 16) is shown graphically in the 

Figure 4-50 as a representative example. 

 

 

 

Figure 4-50: Percentage inhibition of NMDA-mediated calcium influx by compounds without and 

with p-nitro functional groups at 100 M concentration. The statistical significance of the difference 

between the two percentage inhibition values is determined by the t-test using a significance level 

of 0.05. 

From the study of percentage inhibition of NMDA mediated calcium influx of 

different o-, m-, and p-nitro positional isomers, it is observed that the position of 

the nitro group on the phenyl group in the test compounds also plays a role in their 

inhibitory activities. The inhibitory activity of the three different sets of o-, m-, and 

p-nitro positional isomers (8, 7, 4; 10, 9, 11 & 17, 18, 16) is shown in Figure 4-51. 

In the set of 8, 7, 4 and 10, 9, 11, the order of inhibitory activity followed by the 

compounds is para > meta > ortho, where the geometrical symmetry of the p-nitro 

compounds could be the reason for better inhibitory activity. In the o-, m-, and p-

positional isomer set of 17, 18 and 16, the m-nitro isomer (18) has highest activity. 

It is interesting to note that this set of the compounds (17, 18 and 16) has an effective 

two bond distance between the cage amine and the nitro phenyl as against the five 

and six bond distance in the former two sets. As discussed in section 3.4.5, in the 
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1H spectra of these compounds (17, 18 and 16), the bridging –CH2- between the 

cage and aromatic group showed an AB quartet pattern, suggesting the 

diastereotopic nature of the bridging –CH2- group and thus leading to the 

conformational rigidity of such molecules with one carbon linker. The 

conformational rigidity of these compounds might thus be a more dominating factor 

than the symmetry factor leading to the para > meta > ortho rank order of the other 

sets of compounds (8, 7, 4 and 10, 9, 11). 

 

 

 

Figure 4-51: Percentage inhibition of NMDA-mediated calcium influx by three different sets of o-, 

m- and p- position isomers of compounds viz. 8,7 & 4; 10, 9 & 11 and 17, 18 & 16 at a test 

concentration of 100 M. The statistical significance of the difference between the two percentage 

inhibition values is determined by the t-test and it is indicated as: *, p < 0.05. 

To study the effect of hydrocarbon chain length between cage amine and ethereal 

oxygen of the ester group, the inhibitory activity results of the 2-carbon linker 

compounds (8, 7 & 4) were compared with those of the compounds with a 3-carbon 

linker (10, 9 & 11). From the Figure 4-52, the three carbon chain compounds 9 and 

11 had higher percentage inhibition than their two carbon counterparts 7 and 4. The 

pair of compounds 8 (2C-hydrocarbon chain) and compound 10 (3C-hydrocarbon 

0

20

40

60

80

100

120

ortho meta para ortho meta para ortho meta para

%
 I

n
h
ib

it
io

n

   10 9 11 17 18 16 

*  *  

8 7 4 

http://etd.uwc.ac.za/



 

 

 

 

Synthesis & Biological Evaluation of Neuroprotective Molecules with Polycyclic Scaffolds 

Chapter 4: Biological studies 144 

 

chain) shows an anomaly to this trend as their inhibitory activities was in the same 

range. 

 

 

 

Figure 4-52: Effect of hydrocarbon chain length between the cage and NO donating group on the 

calcium influx mediated by NMDA. The statistical significance of the difference between the two 

percentage inhibition values is determined by the t-test using a significance level of 0.05. 

The N-benzamido derivatives 5 and 6 exhibited high inhibitory activities for 

NMDA-mediated calcium influx although they lack any NO-donating group. This 

appeared to be because of the steric and conformational reasons as discussed in the 

section 4.4.5. The 5-cyano aza-bridged compound 28 showed moderate inhibition 

(30.78%). 

4.6 Voltage gated Ca2+ influx studies 

4.6.1 Background 

As discussed in the section 4.5.1, a ratiometric fluorescent method was used for the 

measurement of intracellular calcium because of its obvious advantages over non 

ratiometric techniques. The ratiometric Ca2+ fluorescent indicator Fura-2/AM was 

used to study the voltage gated calcium influx in synaptoneurosomes. 

Synaptoneurosomes are considered a unique “physiologically active synapse” 

preparation, which simulate in vivo conditions more closely than cultured neurons. 
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4.6.2 Experimental design 

The effect of the test compounds on VGCC was evaluated on murine 

synaptoneurosomes using the fluorescent ratiometric calcium indicator, Fura-

2/AM. Pure DMSO was used as the control whereas nimodipine and NGP1-01 were 

used as positive controls. Freshly isolated synaptoneurosomes were loaded with 

Fura-2/AM by incubating it in calcium free buffer so that the membrane permeable 

Fura-2/AM enters the synaptoneurosomes. Once inside the synaptoneurosomes, 

Fura-2/AM is hydrolysed to Fura-2 by the esterase enzymes. These 

synaptoneurosomes are then suspended in calcium containing buffer. At 

physiologic or resting membrane potential, VGCCs are closed. These channels are 

opened by injecting the depolarisation buffer (containing 140 mM of K+) and thus 

allowing VGCC mediated calcium influx into the cells which results in an increase 

in the fluorescent ratio in the presence of calcium. The fluorescence intensity is 

measured before and after the activation of VGCC. The effect of test compounds 

on this calcium influx is measured by monitoring the changes in the fluorescence 

intensities. 

4.6.3 Materials and Methods 

The solutions used in this assay were stored at 20 C after their preparation and 

were used within 15 days. The solutions, materials and other methods used in this 

assay are explained stepwise in the following sections. 

4.6.3.1 Calcium free buffer 

Sodium chloride (118 mM), potassium chloride (4.7 mM), magnesium chloride 

hexahydrate (1.18 mM), HEPES (20 mM) and glucose monohydrate (30.9 mM) 

were added to a 1 litre volumetric flask and made up to volume with distilled water 

to make the calcium free buffer. The pH of the solution was adjusted to 7.4 using 

either hydrochloric acid (HCl) or sodium hydroxide (NaOH). 

4.6.3.2 Incubation buffer 

Calcium chloride dihydrate (0.1 mM) was added to a 200 ml volumetric flask and 

it was diluted with previously prepared calcium free buffer up to 200 ml to make 

the final solution. 
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4.6.3.3 Calcium containing buffer 

Calcium chloride dihydrate (2 mM) was added to a 200 ml volumetric flask and 

diluted with calcium free buffer to make the final volume 200 ml. 

4.6.3.4 Depolarising buffer 

Sodium chloride (5.4 mM), potassium chloride (140 mM), calcium chloride 

dihydrate (1.4 mM), HEPES (20 mM), glucose monohydrate (5.5 mM), sodium 

bicarbonate (10 mM), potassium dihydrogen phosphate (0.6 mM), disodium 

hydrogen phosphate dodecahydrate (0.6 mM) and magnesium sulphate (0.9 mM) 

were added to a 100 ml volumetric flask and made up to volume using distilled 

water. The final pH was adjusted to 7.4 at room temperature using either 

hydrochloric acid or sodium hydroxide. 

4.6.3.5 Animals 

The study protocol was approved by the institutional ethical committee (ethics 

approval number: SRIRC2012/06/13) for research and university guidelines were 

followed throughout the experiments. Adult Wistar rats (250-300 g) were used. 

They were allowed free access to food and water and maintained at 12 h day/night 

cycle. 

4.6.3.6 Preparation of synaptoneurosomes 

Freshly isolated rat brain obtained by the procedure mentioned in the section 

4.5.3.6, was put into 15 ml of ice-cooled incubation buffer in a 50 ml Falcon tube. 

The incubation buffer was decanted into the waste and a further 15 ml of incubation 

buffer was added into the falcon tube containing the brain. The incubation buffer 

was again decanted to get the clear brain. 20 ml of ice cooled incubation buffer was 

transferred to the Falcon tube with the brain. The contents of the Falcon tube were 

transferred into the glass homogeniser. The brain tissue was homogenised by 8 

strokes of 3 seconds each. The tissue suspension was transferred into two 15 ml 

Falcon tubes so that each one has approximately 10 ml of the tissue suspension. The 

tubes were then centrifuged at 1100 g for 5 minutes at 4 C. After the centrifugation, 

the supernatant of both the tubes was transferred to another 50 ml Falcon tube and 

it was kept in an ice-box. This supernatant was then divided as 2 ml aliquots in pre-
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weighed 2 ml eppendorfs. The eppendorfs were centrifuged at 15000 g for 20 

minutes at 4 C. The supernatant in these eppendorfs was discarded and the 

eppendorfs were again weighed to find the weight of synaptoneurosomes/protein 

pellet in each eppendorf. The pellets were diluted with calcium free buffer to get a 

protein concentration of 3 mg/ml. The resulting suspensions were vortexed to 

thoroughly mix the suspension. Then 1990 µl of this suspension was added into 

another 2 ml eppendorf and it was allowed to reach room temperature, followed by 

a 10 µl addition of 1 mM solution of Fura-2/AM in DMSO, making sure that all the 

solutions involving Fura-2/AM were protected from light all the times. It was again 

gently vortexed to mix Fura-2/AM thoroughly and then incubated it at 37 C for 30 

minutes with shaking at the rate of 280 rpm. The suspension was again centriguged 

at 15000 g for 5 minutes to remove extra-synaptoneurosomal Fura-2/AM. The 

supernantant was decanted and the resulting pellets were re-suspended in calcium 

containing buffer. The re-suspended suspension was vortexed to make it uniform. 

This solution, which had a synaptoneurosome/protein concentration of 3 mg/ml, 

was further diluted with calcium containing buffer so that final concentration of the 

suspension was 0.6 mg/ml. This suspension was kept in the dark at room 

temperature for further use in the next step. 

4.6.3.7 Measurement of intracellular calcium 

Stock solutions of all the test compounds (10 mM) were prepared by dissolving 

them in DMSO. Stock solutions (2 l) of each of the reference and the test 

compounds were transferred into individual wells on a 96 well-plate in triplicate. 

The stock solutions in the wells were further diluted with 200 µl of 

synaptoneurosomal-Fura-2/AM solution so that the final concentration of the 

reference and the test compounds in the wells is 100 µM. The well plate was then 

placed into the fluorescent plate reader where incubation was done at 37 C for 30 

minutes followed by a shaking for 10 seconds before fluorescent readings. Dual 

wavelength excitation was done at 340 and 380 nm whereas emission fluorescence 

was measured at 510 nm. The fluorescent measurements of each well were done at 

an interval of 0.5 seconds for 35 seconds. The depolarising buffer (10 µl) was 

introduced in the wells at 10 seconds after initiation of the experiment by auto-
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injector built into the plate reader to activate VGCC mediated calcium influx. The 

experiments were repeated three times on different tissue preparation. 

4.6.3.8 Statistical analysis 

Data analysis was done using GraphPad Prism version 6.05 for Windows 

(GraphPad Software, La Jolla California, USA). Statistical significance was 

evaluated by using one-way analysis of variance (ANOVA) followed by Dunnett’s 

multiple comparisons test by comparing the mean to the control. The statistical 

significance of the difference between the two mean values was determined by 

unpaired Student’s the t-test. Statistical significance was inferred at P < 0.05. 

4.6.4 Results 

The effect of the test compounds on the calcium influx through VGCCs was 

measured by using depolarising buffer containing 140 mM K+ ions to open the 

VGCCs. The nimodipine and compound 14 (NGP1-01) were used as the positive 

controls at a concentration of 100 M. Pure DMSO in place of test samples was 

used as the control. The screening results of the test compounds are depicted in the 

Figure 4-53. 
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Figure 4-53: Screening of test compounds (100 M) for their voltage gated calcium influx when 

tested with murine synaptoneurosomes. Each bar represents mean percentage of inhibition and 

standard deviation. The asterisks indicate the statistical significance (*, p < 0.05; **, p < 0.005; ***, 

p < 0.001 and ****, p < 0.0001) when compared to the control. 
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4.6.5 Discussion 

The compounds under investigation showed low to moderate voltage gated calcium 

influx inhibition. The control, which had pure DMSO in place of test sample 

solution had 0% inhibition. The positive controls nimodipine and compound 14 

(NGP1-01) showed 74.64% and 30.71% inhibition respectively although the latter 

value showed statistical insignificance. To study the effect of the presence of nitro 

group on the voltage gated calcium influx, the percentage inhibition of 13, 12, 14 

and 25 (the compounds without any nitro group on the phenyl ring) was compared 

with their analogues with a nitro group at any ortho, meta or para position of the 

phenyl group. The comparative results are depicted in the Figure 4-54.  

 

 

 

 

Figure 4-54: Percentage inhibition of voltage-mediated calcium influx by compounds without and 

with nitro functional groups at 100 M concentration. The statistical significance of the difference 

between the two percentage inhibition values is determined by the t-test using a significance level 

of 0.05. 

With a few exceptions, introduction of a nitro group enhanced the percentage 

inhibition of voltage mediated calcium influx. All the ortho, meta and para nitro 

substituted variants of 13 had better percentage inhibition of calcium influx 

although these values were statistically insignificant. The three compounds 8, 7 and 

4 respectively had 30.54%, 37.91% and 39.95% inhibition whereas 13 showed 
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30.33% inhibition. Similarly ortho (17) and para-nitro (16) substituted counterparts 

of compound 14 showed a higher inhibition of 36.79% and 47.13% respectively. 

Its meta-nitro (18) counterpart showed slightly lower inhibitory activity (29.35%) 

than its parent variant 14 (30.71%) and it was insignificant statistically. Compound 

27, which is the para-nitro analogue of aza-bridged compound 25, also showed an 

enhanced percentage inhibition value of 43.76% vs the 35.69% value of its non-

nitro substituted variant 25. On the basis of these results, in general, the introduction 

of a nitro group in the structure of these compounds enhanced their inhibitory 

ability. Compound 12 and its respective ortho, meta and para analogues 10, 9 and 

11 however presented a clear exception to this generalisation where incorporation 

of a nitro group seemed to attenuate inhibitory activity. The greater chain length 

between the cage amine and the NO-donating group and thus more conformational 

flexibility in these compounds can be a contributory factor for this anomalous trend. 

With respect to the influence on the percentage inhibition on the basis of ortho, 

meta and para positions, a definite rank order cannot be suggested on the basis of 

above results although the set of compounds 8, 7 and 4 exhibited a para > meta > 

ortho order for their inhibitory activity.  

 

 

 

Figure 4-55: Percentage inhibition of voltage-mediated calcium influx by compounds without and 

with p-nitro functional groups at 100 M concentration. The statistical significance of the difference 

between the two percentage inhibition values is determined by the t-test using a significance level 

of 0.05. 
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Another interesting inference that can be drawn from above data is that the para-

nitro positional isomer always had the highest percentage inhibition, barring the 

exceptional case of the set of ortho, meta and para-substituted variants of the 

compound 12 (Figure 4-55). This indicates the para position as the more favourable 

nitro substitution position for inhibition of voltage-mediated calcium influx among 

this series of compounds.  

As indicated by the Figure 4-56, there was no consensus on the effect of carbon 

linker between the cage amine and nitrophenyl ring on the percentage inhibition of 

voltage-mediated calcium influx. 

 

 

Figure 4-56: Effect of hydrocarbon chain length between the cage amine and nitro phenyl ring on 

the percentage inhibition of voltage-mediated calcium influx. The statistical significance of the 

difference between the two percentage inhibition values is determined by the t-test using a 

significance level of 0.05. 

The N-benzamido derivatives 5 and 6 displayed higher inhibitory properties for 

voltage-mediated calcium influx which is similar to their inhibitory behaviour for 

NMDA-mediated calcium influx. Steric reasons, lesser basicity of amide nitrogen 

and higher lipophilicity as discussed in the section 4.4.5 can be cited for such 

enhanced inhibitory profiles against calcium influx. The 5-cyano aza-bridged 

compound 28 showed moderate inhibition of 26.68% in this assay. 
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4.7 S-Nitrosylation studies 

4.7.1 Background 

Protein S-nitrosylation is the major mechanism by which the biological effects of 

NO are employed. Among different methods for studying protein S-nitrosylation, 

the biotin switch technique (BST) is most common, simply because of the ease with 

which individual S-nitrosylated proteins are detected in the biological systems.215 

Since its introduction,216 BST is the most used indirect method for studying S-

nitrosylation both in vitro and in vivo. This technique has been extensively used for 

identifying SNOs.217,218 

The S-nitrosylation assay is based on a three step method (Scheme 4-1), where 

nitrosylated cysteines are converted into biotinylated cysteines. In the first step, the 

free thiols are blocked by incubation with thiol-specific methylthiolating agent 

methyl methanethiosulfonate (MMTS). After blocking of thiols, nitrosothiols are 

reduced to thiols. In the final step, the newly formed thiols are reacted with a 

sulphydryl-specific biotinylating reagent, N-[6-(biotinamido)hexyl]-3’-(2’-

pyridyldithio)propionamide (biotin-HPDP).216 

 

Scheme 4-1: Schematic diagram of the S-nitrosylation assay, where a theoretical protein with 

cysteine residue is indicated either as a free thiol, disulphide or nitrosothiol.
216
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Biotin-HPDP is a membrane permeable, sulfhydryl-reactive reversible 

biotinylation reagent. The 2-pyridyldithio group of Biotin-HPDP reacts optimally 

with sulfhydryl (-SH) groups at pH 7-8 forming a reversible disulphide bond and 

thus rendering Biotin-HPDP to be used as a biotin labelling reagent (Scheme 4-2). 

This reaction results in the displacement of a pyridine-2-thione group, the 

concentration of which can be determined by measuring the absorbance at 343 nm. 

The resulting disulphide bond between the target sulfhydryl and the biotin group 

can be cleaved by reducing agents to release the biotin group and regenerate the 

protein in its original form. 

In this assay, the absorbance of pyridine-2-thione was used to assess the extent of 

S-nitrosylation by the test compounds. The intensity of the absorbance was 

indicative of the biotin-HPDP reacted and the amount of biotin-HPDP reacted was 

directly proportional to the extent of S-nitrosylation. 

 

Scheme 4-2: Schematic diagram for biotinylation of sulfhydryl groups with Biotin-HPDP.
219
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4.7.2 Experimental design 

For evaluating the S-nitrosylation ability of the test compounds, the BST assay was 

implemented with some experimental modifications from the original reported 

method. The rat brain homogenate was substituted with cysteine-glycine dipeptide. 

The ultraviolet absorbance of pyridine-2-thione at 343 nm, which was used to detect 

S-nitrosylation in the reported method, was also employed to quantify the S-

nitrosylation ability. After S-methylthiolation, ascorbate was not added for 

nitrosothiol decomposition considering the spontaneous decomposition of 

nitrosothiol before the biotin-HPDP addition.216,217 The cysteine thiols were 

allowed to react with equimolar quantities of NO-donors by mixing the two in 1:1 

stoichiometric ratio in HEN the buffer. The mixture was then incubated with 

MMTS to block the free thiols left after treatment with NO-donor. Acetone was 

used to precipitate the excess MMTS. Biotin-HPDP was added to form S-

biotinylated product from the free thiols generated by the spontaneous nitrosothiol 

decomposition. The amount of the by-product, pyridine-2-thione, of this reaction 

was estimated by noting down the absorbance at 343 nm which was directly 

proportional to the amount of biotin-HPDP used and hence to the extent of S-

nitrosylation. The average ultraviolet absorbance at five minutes interval for 15 

minutes into the reaction was measured and the S-nitrosyltaion potency was 

expressed as percentage relative to the control of each experimental run. All the 

compounds with nitro groups were used for the S-nitrosylation study. Sodium 

nitroprusside and 2-(N,N-diethylamino)-diazenolate 2-oxide sodium salt hydrate 

(Diethylamine NONOate) were used as positive controls whereas the compound 14 

(NGP1-01) was used as a negative control. 

4.7.3 Material and Methods 

Following equipment and chemicals were used to study the S-nitrosylation ability 

of test compounds by the modified biotin switch method. 

4.7.3.1 HEN buffer 

HEPES (250 mM), EDTA (1 mM) and neocuproine (0.1 mM) were added to 100 

ml volumetric flask and the contents of the flask were dissolved with distilled water 
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and diluted up to 100 ml. The final pH of the HEN buffer was adjusted to 7.7 by 

using NaOH solution. 

4.7.3.2 Cysteine-glycine dipeptide (Cys-glyc) solution  

Cystein-glycine dipeptide (4 mM) was dissolved in HEN buffer to make cysteine-

glycine solution. The solution was stored at -20C before use. 

4.7.3.3 Methyl methanethiosulfonate (MMTS) solution 

MMTS (94.39 l) was dissolved in 50 ml DMF to make 20 mM MMTS solution. 

The solution was stored at 2-8 C. 

4.7.3.4 Biotin-HPDP 

Biotin-HPDP (0.00432 g) was dissolved in 2 ml DMF to make 4 mM biotin-HPDP 

solution. The biotin HPDP solution was stored at 4 C. 

4.7.3.5 Stock solutions of test samples 

The stock solution of all the NO-donor test samples (10 mM) were prepared in 

DMSO and stored at 4 C before use. The positive controls, sodium nitroprusside 

dihydrate (SNP) and diethylamine NONOate (DEA/NONOate), were also made in 

DMSO and were stored in dark. The DEA/NONOate was stored at -20 C. 

4.7.3.6 Instrument 

The UV absorbance was measured using POLARstar Omega plate reader, BMG 

Labtech, Germany. The 96 well microplates, F-bottom, Greiner bio-one, Germany 

were used for UV absorbance measurements from UV plate reader. 

4.7.3.7 Assay protocol 

The equimolar quantities of cysteine-glycine and NO-donor were taken in 

eppendorfs. This was achieved by mixing 200 µl of 4 mM Cys-glyc solution and 

80 µM of 10 mM NO-donor stock solution in 2 ml eppendorfs. The mixture was 

stirred at room temperature in dark for one hour and 200 µl of 20 mM MMTS 

solution was added to each eppendorf and it was incubated at 50 C for 20 minutes 

with frequent shaking. To each eppendorf was added 200 µl of acetone and it was 

vortexed for 10 minutes. No MMTS precipitates were formed contrary to the 
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reported methods. An aliquot of 85 µl was transferred from each eppendorf to a 

separate well in the microplate and 25 µl of biotin-HPDP (4 mM) was added to each 

well in the micro plate. The UV absorbance at 343 nm was measured up to 15 

minutes with five minute time intervals. The absorbance of each sample test run 

was zeroed with the absorbance of its reagent blank solution. For a reagent blank 

sample, the same procedure was used but without the addition of cys-glyc dipeptide 

solution as this was the only solution in the assay without any UV absorbance 

ability. For the control, the same procedure was followed but without the addition 

of NO-donor and MMTS, allowing the cysteine to react completely with the biotin-

HPDP and give an indicative UV absorbance for 100% S-nitrosylation. The 

absorbance of the control solution was also adjusted with the absorbance of its own 

blank solution which had only HEN buffer and biotin-HPDP. 

4.7.3.8 Statistical analysis 

Data analysis was done using GraphPad Prism version 6.05 for Windows 

(GraphPad Software, La Jolla California, USA). Statistical significance was 

evaluated by using one-way analysis of variance (ANOVA) followed by Dunnett’s 

multiple comparisons test by comparing the mean to the control. The statistical 

significance of the difference between the two mean values was determined by 

unpaired Student’s the t-test. Statistical significance was inferred at P < 0.05. 

4.7.4 Results 

The extent of S-nitrosylation caused by each compound is expressed as percentage 

relative to that of the control. Sodium nitroprusside (SNP) and DEA/NONOate 

were used as the positive controls whereas compound 14 (NGP1-01) was used as 

the negative control. The combined result of all the compounds is depicted in Figure 

4-57. 
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Figure 4-57: Percentage S-nitrosylation caused by the test compounds relative to the control. The 

test was conducted at 10 mM concentration of the test samples. Each bar represents mean percentage 

S-nitrosylation and standard deviation. The asterisks indicate the statistical significance (*, p < 0.05; 

**, p < 0.005 and ****, p < 0.0001) when compared to the control. 

4.7.5 Discussion 

The positive controls SNP and DEA/NONOate showed 18.39% and 16.87% S-

nitrosylation of the cysteine thiol residue of the cysteine-glycine dipeptide. As 

expected, the negative control 14 (NGP1-01), which did not have any NO-donating 

group, showed practically no S-nitrosylation (experimental value of -0.96%). The 

tested compounds showed low to good S-nitrosylation ability compared to the 

positive controls (Figure 4-57). 

By observing the percentage S-nitrosylayion results of ortho, meta and para 

positional isomers of three different series of compounds (Figure 4-58), the sets of 

compounds 10, 9, 11 and 17, 18, 16 exhibited a trend of para > meta > ortho. 

However, the above mentioned trend was reversed in the positional isomer series 

of compounds 8, 7, 4 although all the three compounds, in this series, showed 

almost similar nitrosylation potency with a variation of less than 1% among each 

other and the difference was statistically non-significant.. The respective ortho, 

meta and para positional isomers 8, 7, 4 caused 8.14%, 7.81% and 7.76% S-

nitrosylation respectively. 
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Figure 4-58: Percentage S-nitrosylation caused by the ortho, meta and para positional isomers of 

three sets of compounds. The statistical significance of the difference between the two percentage 

inhibition values was determined by the t-test using a significance level of 0.05. 

The ortho, meta and para compounds 10, 9, 11 effected 1.61%, 2.09% and 2.42% 

S-nitrosylation respectively. Amongst the set of compounds 17, 18 and 16, the p-

nitro isomer 16 showed 9.77% S-nitrosylation whereas the m-nitro isomer 18 

exhibited 7.89%. The o-nitro isomer 17 caused 0.68% S-nitrosylation, which is very 

low value when compared to those of its para and meta isomers. This unusually 

low value of S-nitrosylation can be attributed to the steric hindrance because of the 

ortho position in case of conformationally rigid molecules like 17, 18 and 16. The 

aza-bridged compounds 24 and 27 with p-nitro phenyl functional group showed 

4.35% and 5.40% S-nitrosylation in comparison to their oxa-bridged analogues 11 

and 16 with values of 2.42% and 9.77% respectively.  

From the S-nitrosylation assay results, the linker between the cage and NO-donating 

moiety seemed to play more important role for nitrosylation ability. The compounds 

16 and 18 with one carbon hydrocarbon linker (two bond distance) between cage 

amine and nitro phenyl group showed the highest S-nitrosylation percentage of 

9.77% and 7.89% respectively. Compound 17 was an exception with the one carbon 

hydrocarbon linker and had a very low S-nitrosylation ability because of the steric 

hindrance as discussed in the above paragraph. The S-nitrosylation potency of 
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compounds 8, 7 and 4, with two carbon hydrocarbon with ester linkage (five bond 

distance) between the cage amine and nitrophenyl, was second highest with the 

values of 8.14%, 7.81% and 7.76% respectively. The compounds with a three 

carbon hydrocarbon and ester linkage (six bond distance) showed the lowest S-

nitrosylation with 2.42%, 2.09% and 1.61% for the compounds 11, 9 and 10.  The 

percentage S-nitrosylation by the compound 19, with 2C-hydrocarbon linker, was 

8.34% whereas its one carbon analogue 18 caused 7.89% S-nitrosylation. This 

discussion leads to the fact that for determining the S-nitrosylating ability, the steric 

and conformational factors resulting from bond distance and position of nitro group 

on phenyl ring are more critical than the electronic effects generated by the presence 

or absence of ester linkage. 

The value of standard deviation was not very high for most of the compounds 

contrary to the results obtained in the assays described in previous sections. This is 

because of the nature of these assays where the test conditions are better controlled 

in comparison to the biological assays in previous sections. 

4.8 Conclusion 

The results of all the five biological studies done on the test compounds are 

consolidated in the table below (Table 4-1), CYT = % viability at 50 M 

concentration, NP = % neuroprotection of test compounds when tested against 

neurotoxin paraquat at 50 M concentration unless specified in the table, NMD = 

Mean percentage of inhibition of NMDA-mediated calcium influx when tested with 

murine synaptoneurosomes at 100 M concentration of test compounds, VG = 

Mean percentage of inhibition of voltage gated calcium influx when tested with 

murine synaptoneurosome at 100 M concentration of test compounds, S-NO = 

Percent S-nitrosylation caused by the test compounds relative to the control. n.d. 

stands for not determined. 
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Table 4-1: Consolidated biological results of the test compounds.  

Code Structure %CYT 

50 µM 

%NP 

50 µM 

%NMD 

100 µM 

%VG 

100 µM 

%S-NO 

4 

 

98.27 26.55 62.17 39.95 7.76 

5 

 

92.27 37.49 74.35 86.58 n. d. 

6 

 

88.90 7.29 74.67 81.69 n. d. 

7 

 

84.30 24.48 

at 

25 M 

57.74 37.91 7.81 

8 

 

93.68 28.17 51.04 30.54 8.14 

9 

 

111.05 39.62 71.66 41.18 2.09 
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Code Structure %CYT 

50 µM 

%NP 

50 µM 

%NMD 

100 µM 

%VG 

100 µM 

%S-NO 

10 

 

109.14 14.53 

at 

5 M 

49.26 38.51 1.61 

11 

 

113.29 3.42 80.29 23.61 2.42 

12 

 

117.10 9.52 62.92 46.03 n. d. 

13 

 

97.62 14.25 

at 

5 M 

41.88 30.33 n. d. 

14 

 

100.13 19.88 

at 

25 M 

50.84 30.71 n. d. 

16 

 

93.21 18.71 59.60 47.15 9.77 

17 

 

90.37 24.87 53.19 36.79 0.68 

18 

 

109.08 11.21 94.48 29.35 7.893 
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Code Structure %CYT 

50 µM 

%NP 

50 µM 

%NMD 

100 µM 

%VG 

100 µM 

%S-NO 

19 

 

102.91 16.69 50.47 38.91 8.34 

20 

 

92.45 12.72 

at 

5 M 

55.43 49.69 n. d. 

24 

 

91.85 -1.56 22.51 33.54 4.34 

25 

 

88.05 0.29 24.92 35.69 n. d. 

27 

 

130.70 24.92 55.22 43.76 5.40 

28 

 

128.73 15.33 30.78 26.68 n. d. 

 

All the compounds showed very low toxicity when tested in the MTT proliferation 

assay in PC12 cell lines. The presence or absence of the nitro group as well as the 

position of the nitro group on phenyl ring didn’t affect the cytotoxicity profiles of 

the test compounds.  

With a few exceptions, most of the compounds showed good neuroprotection in 

comparison to that of NAC. Compound 9 showed the highest neuroprotection 
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(39.62%) at 50 M concentration. Other compounds, showing close to 25% or 

higher neuroprotection at 50 M, were the oxa-bridged compounds 5 (37.49%), 8 

(28.17%), 4 (26.55%) and the aza-bridged compound 27 (24.92%). Compounds like 

24 (-1.56%) and 25 (0.29%) exhibited very low neuroprotection ability, such 

compounds might have increased the toxicity of the neurotoxin used in the assay as 

discussed in the section 4.4.5. In general, the presence of the nitro group resulted in 

an enhanced percentage neuroprotection of the tested compounds. The position of 

the nitro group on the phenyl ring and the chain length between the cage amine and 

nitro phenyl group didn’t correlate with the neuroprotection ability. 

The study of the NMDA-mediated calcium influx inhibitory ability of the test 

compounds revealed a range of values among the tested compounds. The 

compounds were broadly classified into three main classes as per their percentage 

inhibition obtained in the assay. Compounds 5, 6, 9, 11 and 18 showed high (> 

70%) inhibition of NMDA-mediated calcium influx. A larger number of 

compounds (4, 7, 8, 10, 12, 13, 14, 16, 17, 19, 20 and 27) showed medium (40% - 

69%) inhibitory effects whereas three compounds (24, 25 and 28) showed low (< 

39%) inhibition. Out of the five compounds showing more than 70% inhibition, two 

compounds 5 and 6 are N-benzamido derivatives of the oxa-cage compounds used 

in this series without any nitro group on the phenyl ring. Out of the other three 

compounds showing high percentage inhibition, two compounds 9 and 11 are meta 

and para nitro substituted with three carbon chain length with ester whereas the 

third compound 18 has only one carbon hydrocarbon linker between the cage amine 

and the m-nitro phenyl ring. It is interesting to note here that this compound 18 has 

been shown to have high dopamine release.211 In general, all the compounds with a 

nitro group on the phenyl ring had better inhibition for calcium influx mediated by 

NMDA. With a few exceptions, the inhibitory activity among positional nitro 

isomers follows the order para > meta > ortho. 

In the inhibition study of voltage gated calcium influx, the N-benzamido derivatives 

(5 and 6) showed the highest inhibition of 86.58% and 81.69% respectively. 

Compounds 4, 9, 12, 16, 20, and 27 showed medium (39.95% - 49.69%) inhibition 

of voltage gated calcium influx. All the other compounds showed low VGCC 
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inhibition. Introduction of nitro group also appeared to increase the VGCC 

inhibitory effects and this effect was more pronounced in the p-substituted nitro 

groups. 

In the S-nitrosylation assay, the compounds with the nitro as the NO-donating group 

exhibited low to good nitrosylation potency as compared to the positive controls. 

The S-nitrosylation ability followed the para > meta > ortho order for nitro phenyl 

substituents. Compounds with shorter hydrocarbon chain length between the cage 

amine and nitro phenyl group showed better nitrosylation ability with compounds 

16, 19, 8, 18, 7 and 4 showing the highest S-nitrosylation ability of 9.77%, 8.34%, 

8.14%, 7.89% and 7.81% respectively at the test sample concentration of 10 mM. 

The positive controls SNP and DEA/NONOate showed 18.39% and 16.87% 

nitrosylation.  

As is evident from the results obtained in the five different biological studies (Table 

4-1) for the tested compounds, it was difficult to draw a simple correlation which 

could explain the results across all the biological study domains. It can be seen that 

the first five compounds (9, 5, 8, 4 and 27) with the best neuroprotection behaviour 

also had high to medium inhibitory effect on NMDA mediated and voltage 

mediated calcium influx. However, not all the compounds with good inhibitory 

activity showed better neuroprotection, e.g., compound 18 & 11 had the highest 

NMDA inhibiting activity (94.48% and 80.29% respectively) amongst the tested 

compounds but displayed a mediocre neuroprotection behaviour with only 11.21%  

and 3.42% neuroprotection respectively. As discussed in the above paragraphs, it 

was possible to define general correlation between two biological study parameters 

but a uniform correlation could not be defined across all the biological results. The 

compounds with nitro groups generally showed improved NMDA and voltage 

mediated calcium influx inhibition and neuroprotection but the extent of S-

nitrosylation was not in agreement with the neuroprotection and calcium channel 

activities.  

These inferences reiterate the fact that neuroprotection is a result of multifactorial 

biochemical mechanisms and interactions. There can be the case when a good 

inhibition of NMDA mediated or depolarisation mediated calcium influx is not 
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reflected as an overall better neuroprotectant as a result of other factors contributing 

to neurodegeneration. The channel activity and the NMDAR antagonism is also 

controlled by the non-covalent interactions between the receptor and the antagonist, 

and this is where the geometric and steric factors sometimes can dominate the other 

biochemical factors. It has also been suggested earlier that the steric and geometric 

considerations of such cage molecules tend to play more important role for 

controlling the calcium channel activity and the NMDAR antagonism.220,221 This 

can, in part, explain the discrepancies in the correlation between the  

neuroprotective behaviour and calcium channel activity.  

The absence of any direct correlation between the extent of nitrosylating ability of 

these cage amines and inhibition of calcium influx is in agreement with the previous 

report.168 For the compounds not showing expected neuroprotection or calcium 

channel inhibition in spite of some appreciable S-nitrosylation, the extent of 

nitrosylation and hence the modulation of calcium channel might not be enough to 

challenge the other factors contributing towards neuroprotection and inhibition of 

calcium influx. This hypothesis can be established by attaching NO-donating 

groups with higher S-nitrosylating ability to these compounds and testing their 

effect on NMDA and depolarisation induced calcium influx. 
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Chapter 5 Summary 

5.1 Introduction  

With the population ageing,1 prevalence of neurodegenerative disorders is 

increasing worldwide. Neurodegenerative disorders like Parkinson’s disease (PD), 

Alzheimer’s disease (AD), Huntington’s disease (HD) and Amyotrophic lateral 

sclerosis (ALS or Lou Gehrig’s disease) and glaucoma are results of 

neurodegenerative processes. As per WHO report on neurological disorders, the 

global burden of disease estimates that neurodegenerative diseases like Alzheimer 

disease and dementia, Parkinson’s disease and multiple sclerosis rank second after 

cerebrovascular disease in terms of disability-adjusted life years.2 Both developed 

and developing countries are facing challenges with the increase in the prevalence 

of neurodegenerative diseases, which adds to the economic burden as well the need 

for development of effective neuroprotective drugs. This scenario indicates a clear 

need for the development of effective neuroprotective drugs. 

Excitotoxicity, which takes place by over-activation of receptors for excitatory 

neurotransmitters like the NMDA and AMPA receptors, is a major contributing 

factor to the pathophysiology of neurodegenerative disorders.222 The over 

activation of NMDA receptors causes an excessive calcium ion influx which 

triggers a series of cytoplasmic and nuclear processes leading to neuronal cell 

death.9 Due to the relevance of NMDA receptors and excitotoxic processes, 

research to antagonise or desensitise NMDA receptors as a therapeutic tool has been 

extremely dynamic.  

Polycyclic cage compounds like amantadine, nitromemantine and 

pentacycloundecane have a relative rigid conformation and various derivatives of 

different polycyclic cage compounds have been used for the design and synthesis 

of potential drugs against neurodegenerative11,12 and infectious diseases.13,14 In this 

study, polycyclic structures are used to inhibit excitotoxicity and to provide a 

molecular platform to carry nitric oxide donating moieties across the blood brain 

barrier. The potential neuroprotective approach in the current study was to 

synthesise compounds where NO donating moieties are linked to polycyclic cage 
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compounds. The rationale for this was that the NMDA receptor has an S-

nitrosylation site as a modulatory site and its modulation can be utilised in the 

development of neuroprotective drugs. 

NO releasing drugs have an important therapeutic effect in the treatment of many 

diseases such as arteriopathies (atherosclerosis and its sequelae, arterial 

hypertension and some forms of male sexual impotence), various acute and chronic 

inflammatory conditions (colitis, rheumatoid arthritis and tissue remodelling), and 

several degenerative diseases (Alzheimer's disease and cancer).223 Among various 

types of NO-donating groups used in drug design, the nitro moiety is the least 

discussed and reviewed class of NO donating group. Nitrofuran based antibacterial 

drugs,148 nitroimidazole based anti-protozoan drugs (metronidazole and 

tinidazole),150,151 bicyclic nitroimidazoles antitubercular agents like Pretomanid 

(PA-824) and Delamanid (OPC-67683),155 the anti-androgen drug flautamide,161 

anti-anginal drugs (FK-409 and FR-144420)165,166 and nitro fatty acids169 are some 

of the nitro group containing drugs/lead compounds where the pharmacological 

action is explained by NO-donation. In spite of such a wide-range of drugs with 

nitro as a NO-donating moiety, many of the reviews covering various NO donors 

do not even mention these as NO donors.  

The aim of this study was to conjugate the neuroprotective properties of the cage 

compounds and the NO-releasing property of the nitro group to develop potential 

neuroprotective compounds. Another aim of this study was to explore the nitro 

group as an S-nitrosylating agent and its subsequent use in the design of 

neuroprotectants by modulating NMDA receptors. 

5.2 Synthesis 

In the present research, a series of compounds were proposed for synthesis in which 

NO donating moieties are attached to different polycyclic amine scaffolds through 

carbon spacers of different lengths and functionalities. Among the polycyclic 

structures, oxa and aza pentacycloundecane derivatives were used as scaffolds to 

which nitrogen donating moieties were embedded using carbon spacers. Different 

carbon spacers from 1C to 3C spacers were used between the polycyclic scaffold 
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and NO donating moiety. The nitro group was used as NO donating moiety where 

it is attached to the phenyl group at the o, m or p-position. 

 

Figure 5-1: Chemical structures of synthesised compounds. 

 The oxa-bridged cage compound intermediates 2 and 3 were synthesised by 

reductive amination of the pentacycloundecane dione followed by reduction and 

subsequent transannular cyclisation by NaBH4. The aza-bridged intermediates 22 

and 23 were synthesised by condensation of the mono ketal cage 21 with the 

http://etd.uwc.ac.za/



 

 

 

 

Synthesis & Biological Evaluation of Neuroprotective Molecules with Polycyclic Scaffolds 

Chapter 5: Summary 169 

 

appropriate amine, followed by reduction of the imine by NaBH4 and subsequent 

acid hydrolysis. These intermediates were reacted with respective nitro benzoic 

acids using activational chemistry to yield final compound 4-13 and 24. The amine 

cage compounds 15 and 26 were synthesised by debenzylation of 14 and 26 

respectively using 10% Pd/C under high pressure catalytic hydrogentaion. The 

compounds 16-20 and 27 were synthesised by nucleophilic substitution (SN2) of 

the mono amine cage by appropriate nitrobenzyl bromides or phenethyl bromides.  

All the proposed compounds were successfully synthesised (Figure 5-1) in low to 

very good yields. The yields varied from 3.96% to 84.34% although most of the 

compounds had a moderate yield in the range of 30% to 59%. The structures of the 

synthesised compounds were confirmed by using NMR, FT-IR and mass 

spectrometry techniques. In the NMR spectroscopy, 1H, 13C and DEPT analysis 

were performed for structural elucidation. The physical characterisation of the 

compounds was done by reporting the physical state, colour and melting points. 

5.3 Biological Studies 

The synthesised compounds were biologically evaluated for their cytotoxicity, 

neuroprotection ability, inhibitory activity for NMDA mediated Ca2+ influx, voltage 

gated Ca2+ influx and S-nitrosylation ability. The cytotoxicity (MTT assay) and the 

neuroprotection studies by paraquat induced Parkinsonian model were performed 

on PC12 cell lines whereas the NMDA and voltage mediated Ca2+ influx studies 

were done on synaptoneurosomes. The assessment of S-nitrosylation ability of the 

compounds was done by using a modified biotin-switch technique. 

All the synthesised compounds showed very good toxicity profiles. The 

introduction of the nitro group did not affect the cytotoxicity of the molecules and 

the position of the nitro group on the phenyl ring was also insignificant with regards 

to the cytotoxicity of the compounds. The maximum concentration, where the 

compounds did not show any toxicity was 50 M and this concentration was 

selected as the maximum concentration for neuroprotection studies. 

The neuroprotection studies were done at the test concentrations of 50 µM, 25 µM 

and 5 µM concentration of each test compound. Most of the compounds showed 

good neuroprotection ability when compared with that of the neuroprotectant NAC 
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which was used as a positive control at 500 M concentration. Compound 9 showed 

the highest neuroprotection (39.62%) at 50 M concentration. Other compounds, 

showing close to 25% or higher neuroprotection at 50 M, were the oxa-bridged 

compounds 5 (37.49%), 8 (28.17%), 4 (26.55%) and the aza-bridged compound 27 

(24.92%). In general, the introduction of the nitro group in the molecule resulted in 

a better neuroprotection ability. The position of the nitro group on the phenyl ring 

did not show any correlation to the neuroprotection ability. The compounds with 

the 2-carbon chain linker between the cage amine and nitrophenyl group showed 

better neuroprotection ability than their 3-carbon counterparts. 

All the tested compounds showed moderate to good inhibition of NMDA mediated 

calcium influx. Compounds 5, 6, 9, 11 and 18 showed high (> 70%) inhibition of 

NMDA-mediated calcium influx whereas the compounds (4, 7, 8, 10, 12, 13, 14, 

16, 17, 19, 20 and 27) showed medium (40% - 69%) inhibitory effects. With a few 

exceptions, the compounds with the nitrophenyl group showed better inhibitory 

activity than their respective parent compounds without any nitro on the phenyl 

ring. The position of the nitro group on the phenyl group in the test compounds also 

played a role in their inhibitory activities. Among the compounds with an ester 

linkage between the cage amine and nitrophenyl group, the order of inhibitory 

activity followed by the compounds was para > meta > ortho. In general, the 

compounds with 3-carbon chain linker between the cage amine and the nitrophenyl 

ring had higher inhibitory activity than the compounds with 2-carbon chain linker. 

The N-benzamido derivatives 5 and 6 exhibited high inhibitory activities for 

NMDA-mediated calcium influx although they lack any NO-donating group. Steric 

and conformational factors are proposed to play a more important role in the higher 

inhibitory activity of these compounds. 

In the voltage gated calcium influx studies, the tested compounds showed low to 

moderate inhibitory activity. The N-benzamido derivatives (5 and 6) showed the 

highest inhibition of 86.58% and 81.69% respectively whereas the compounds 4, 9, 

12, 16, 20, and 27 showed medium (39.95% - 49.69%) inhibition of voltage gated 

calcium influx. With a few exceptions, introduction of a nitro group enhanced the 

percentage inhibition of voltage mediated calcium influx. From the results obtained 

in these assays, a definite rank order could not be suggested for the ortho, meta and 
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para positional isomers for their percentage inhibition although the results indicated 

that the para position was more favourable nitro substitution position for inhibition 

of voltage-mediated calcium influx among this series of compounds. There was no 

consensus on the effect of carbon linker between the cage amine and nitrophenyl 

ring on the percentage inhibition of voltage-mediated calcium influx. The higher 

inhibitory properties for voltage-mediated calcium influx of N-benzamido 

derivatives 5 and 6 showed an inhibitory trend similar to that for NMDA-mediated 

calcium influx. Steric reasons, decreased basicity of the amide nitrogen and higher 

lipophilicity could be cited for such enhanced inhibitory profiles against calcium 

influx. 

In the S-nitrosylation studies evaluated using the modified biotin-switch technique, 

the compounds under investigation showed low to good S-nitrosylation ability 

compared to the positive controls. The compounds 16, 19, 8, 18, 7 and 4 showed 

the highest S-nitrosylation ability of 9.77%, 8.34%, 8.14%, 7.89% and 7.81% 

respectively at the test sample concentration of 10 mM. The general trend for S-

nitrosylation ability by the positional isomers was found to be para > meta > ortho. 

From the S-nitrosylation assay results, the linker between the cage and NO-donating 

moiety seemed to play an important role for nitrosylation ability. Compounds 16 

and 18 with a one carbon linker (two bond distance) between the cage amine and 

nitro phenyl group showed the highest S-nitrosylation percentage of 9.77% and 

7.89% respectively. From the results, it is proposed that for determining the S-

nitrosylating ability, the steric and conformational factors resulting from bond 

distance and position of the nitro group on phenyl ring are more critical than the 

electronic effects generated by the presence or absence of ester linkage. 

5.4 Conclusion 

A simple correlation could not be drawn to explain the biological activity of test 

compounds across the different biological study domains. This again confirms the 

multifactorial nature of neuroprotection which results from different biochemical 

mechanisms and interactions. Different geometric and steric factors and hence the 

non-covalent interactions could dominate the other biochemical factors for 

determining NMDAR antagonism. 
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One of the interpretations of these biological data is that the presence of a nitro 

group on the phenyl ring in general enhanced the neuroprotection and calcium 

channel activity. Apart from effecting the S-nitrosylation, the nitro group also 

effects the -electron density on the phenyl ring by its electron withdrawing effect. 

One hypothesis for the functional antagonism of such cage compounds was to 

suggest that the phenyl ring undergoes - interactions with aromatic amino acid 

located at the entrance of the NMDA receptor.221 This helps the molecule to be 

anchored by the phenyl ring so that the cage enters through the length of the channel 

and interacts at its binding site. The electron withdrawing effect of the nitro group 

may provide favourable electron density for effective - interactions. According 

to a mathematical model based on  and  atomic charges, relative orientations and 

van der Waals interactions to determine the electrostatics of substituent effect,224 

the electron withdrawing groups decrease the negative quadropole of the aromatic 

ring and thus favour the parallel displaced and sandwich conformations. On the 

other hand, electron donating groups increase the negative quadropole, which may 

increase the interaction in a T-shaped configuration with required geometry. In the 

experimental evidence for this model, it is reported that the phenyl rings with 

electron withdrawing substituents had higher barriers to rotation.225 This implicates 

that these groups reduce the electron density of the phenyl groups, allowing more 

favourable sandwich - interactions and thus a higher barrier. Thus electron 

withdrawing groups resulted in less unfavourable electrostatic interactions in the 

ground state. This could explain the better calcium channel inhibitory properties of 

compounds with nitro groups by better anchoring of these molecules at the entrance 

of the calcium channel. Improved NMDA antagonism by the electron donating 

methoxy substituted phenyl group in this class of compounds221 may be because of 

the increased interaction in the T-shaped - interaction as discussed above.  

The higher inhibition of NMDA-mediated and voltage-mediated calcium influx by 

N-benzamido derivatives 5 and 6 and higher neuroprotection by 5 can be credited 

to the better steric and conformational alignment of the cage at the required site in 

the calcium channel. The oxygen of the polar carbonyl group of the amide could be 

http://etd.uwc.ac.za/



 

 

 

 

Synthesis & Biological Evaluation of Neuroprotective Molecules with Polycyclic Scaffolds 

Chapter 5: Summary 173 

 

involved in hydrogen bonding with the suitable amino acid in the proximity of the 

binding site, resulting in a favourable orientation for enhanced effect. 

The above studies reveal important aspects of the structure activity relationships of 

pentacylcoundecyl amine based neuroprotective compounds across different 

biological study realms. The observed neuroprotection, NMDAR & VGCC channel 

inhibition, nitrosylating ability of NO-donating compounds combined with very 

good cytotoxicity profiles of all the compounds make these studies a useful 

contribution in neuroprotective drug discovery. 

As discussed above, the selected approach in the design of the compounds was 

successful and could be translated to design compounds with different chemical 

functionalities and for different therapeutic targets. This has paved the way for 

further research, which is not limited to, but may include using better NO-donors 

on the same/similar molecular scaffolds, incorporating similar aspects of 

S-nitrosylation for other therapeutic compounds and further in vivo studies of these 

compounds that could shed light on the functional application of these compounds. 
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Compound 5-Mass spectrum 
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Spectra 

Compound 6-1H spectrum (400 MHz) 
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Compound 7-1H spectrum 
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Spectra 

Compound 7-DEPT spectrum 
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Compound 7-Mass spectrum 
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Compound 8-IR spectrum 
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Spectra 

Compound 9-1H spectrum 
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Spectra 

Compound 9-DEPT spectrum 
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Spectra 

Compound 9-Mass spectrum 

 

 

Compound 10-1H spectrum 

 

http://etd.uwc.ac.za/



 

 

 

 

Synthesis & Biological Evaluation of Neuroprotective Molecules with Polycyclic Scaffolds 

210 

Spectra 

Compound 10-13C spectrum 
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Compound 10-IR spectrum 
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Spectra 

Compound 11-1H spectrum 
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Compound 11-DEPT spectrum 
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Compound 11-Mass spectrum 
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Spectra 

Compound 12-13C spectrum 
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Compound 12-IR spectrum 
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Compound 13-1H spectrum 
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Spectra 

Compound 13-DEPT spectrum 
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Compound 13-Mass spectrum 
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Spectra 

Compound 14-13C spectrum 
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Spectra 

Compound 15-1H spectrum 
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Compound 15-IR spectrum 
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Spectra 

Compound 16-1H spectrum 
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Spectra 

Compound 16-DEPT spectrum  
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Spectra 

Compound 16-Mass spectrum 

 

 

Compound 17-1H spectrum 

 

http://etd.uwc.ac.za/



 

 

 

 

Synthesis & Biological Evaluation of Neuroprotective Molecules with Polycyclic Scaffolds 

226 

Spectra 

Compound 17-13C spectrum 
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Compound 17-IR spectrum 
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Spectra 

Compound 18-1H spectrum 
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Spectra 

Compound 18-DEPT spectrum 
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Spectra 

Compound 18-Mass spectrum 

 

 

Compound 19-1H spectrum (600 MHz) 
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Spectra 

Compound 19-13C spectrum 
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Spectra 

Compound 19-Mass spectrum 

 

 

Compound 20-1H spectrum 
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Spectra 

Compound 20-13C spectrum 
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Spectra 

Compound 20-Mass spectrum 

 

 

Compound 21-1H spectrum 
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Spectra 

Compound 21-13C spectrum 
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Spectra 

Compound 22-1H spectrum 
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Spectra 

Compound 22-IR spectrum 
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Spectra 

Compound 23-1H spectrum 

 

 

Compound 23-13C spectrum 
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Spectra 

Compound 23-IR spectrum 
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Spectra 

Compound 24-1H spectrum 
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Spectra 

Compound 24-Mass spectrum 
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Spectra 

Compound 25-13C spectrum 
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Spectra 

Compound 25-Mass spectrum 

 

Compound 26-1H spectrum 
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Spectra 

Compound 26-13C spectrum 

 

 

Compound 26-IR spectrum 

 4000.0 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 650.0

47.4

50

52

54

56

58

60

62

64

66

68

70

72

74

76

78

80

82

84

86

88

90

92

94

96.2

cm-1

%T 

3237.59

3065.07

2951.94

2865.35

1456.71

1381.42

1351.95

1320.89

1290.80

1273.32

1245.35

1234.04

1219.41

1198.66

1187.74

1167.00

1152.41

1126.27

1105.59

1041.09

1003.39

950.94

928.26

919.37

907.22

864.06

817.37

787.14

759.72

717.58

http://etd.uwc.ac.za/



 

 

 

 

Synthesis & Biological Evaluation of Neuroprotective Molecules with Polycyclic Scaffolds 

245 

Spectra 

Compound 26-Mass spectrum 
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Spectra 

Compound 27-13C spectrum 
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Spectra 

Compound 27-Mass spectrum 

 

 

Compound 28-1H spectrum 
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Spectra 

Compound 28-13C spectrum 

 

 

Compound 28-IR spectrum 

 4000.0 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 650.0

66.7

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

96.6

cm-1

%T 

3093.63

2957.91

2871.24

2237.59 1606.05

1496.74

1454.51

1371.09

1331.92

1295.26

1276.32

1266.37

1214.30

1175.15

1146.14

1132.89

1119.06

1104.13

1060.74

1043.80

1028.38

999.01

972.48

950.76

926.18

901.34

872.57

862.66

828.06

788.05

763.85

754.58

697.06

669.75

http://etd.uwc.ac.za/



 

 

 

 

Synthesis & Biological Evaluation of Neuroprotective Molecules with Polycyclic Scaffolds 

249 

Spectra 

Compound 28-Mass spectrum 
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