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Summary

Nitric oxide (NO) is produced by three isoforms of nitric oxide synthase
(NNOS, INOS and eNOS). Depending on the concentration, NO functions as either a
signaling agent or a cytotoxic agent. Overproduction of nNOS-derived NO is
implicated in various neurodegenerative diseases. Hence, selective inhibition NNOS
isdesirable.

Numerous NOS inhibitors have been developed, but relatively few are nNOS
selective and none is clinically available yet. Most of the NOS inhibitors contain a
guanidino-mimicking group, which is essential for inhibitor binding. In addition,
severa active dite interacting groups modify the binding affinity and isoform
selectivity of theinhibitors.

Among the ligand-interacting sites, the region adjacent to the guanidino
binding site (RegG) was less studied. Limited data suggested the involvement of
hydrophobic interaction in RegG; and hydrophobic interaction is the maor driving
force in the induced-fitting of aligand to its binding site. Hence, it was hypothesised
that by exploiting the RegG, selective nNOS inhibition and improved nNOS binding
affinity could be achieved through differently substituted guanidino compounds, and
thus may give rise to useful therapeutic values.

63 compounds from six series of guanidino analogues were synthesised and
evaluated as selective NNOS inhibitor and molecular probe of RegG. While the
syntheses of N»-alkylguanidines, N*-akyl-N%nitroguanidines and 1-akyl-4-
nitroimino-1,3,5-triazinanes (TZN) were rather straight forward, the syntheses of
N*,N2-dialkylguanidines, 2-(2-nitroguanidino)alkanoic acids (NGAA) and 6-anilino-

4-amino-1,2-dihydro-2,2-dimethyl-1,3,5-triazines (TZA) were challenging and time
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consuming, and the reaction optimisation required a good understanding of the
reaction mechanisms.

As compared to N-alkylguanidines, N* N (disubstituted)guanidines were
more potent and NNOS selective inhibition was achievable, provided the haem iron
(Fenaem) interacting groups were able to bind to the size-restricted proximal guanidino
binding site. Both Fenem-interacting N%-nitro and N*-propyl substituents showed
similar activity profile. For the N'-alkyl-Nnitroguanidines, N*-benzyl substituent
resulted in enhanced binding affinity and a tendency towards nNOS inhibition. Ring
substituents on the N*-benzyl group modified the binding affinity but provided no
improvement in NNOS selectivity. However, with large and hydrophobic aromatic
group, as in compound XXXXII (N-(diphenyl)methyl-N*nitroguanidine), nNOS
selective inhibition was achieved together with improved binding affinity (ICsp 585
nmM). On the other hand, compounds with charged groups (NGAA, TZN and TZA)
were inactive.

Hence, hydrophobic and p-p stacking interactions were involved in the RegG,
while charged species were not tolerated. The surface topology of the RegG seemed
to be highly conserved provided the RegG-interacting group was not steric
challenging. With bulky, hydrophobic and aromatic RegG-interacting group, the
RegG of nNOS, but not iNOS or eNOS, could undergo induced-conformational
change to accommodate the compound. Thus, nNOS inhibition was achievable via a
size-exclusion mechanism in the RegG.

The lead compound, compound XXXXII, was tested using PTZ and rotarod
tests. Compound XXXXII exhibited partia in vivo nNOS inhibition with minimum
neuromotor side effects. Although compound XXXXII could not prevent the

initialisation of convulsion, it minimised convulsion-induced neurological injuries. In

Vii



conclusion, the current study suggested that selective nNOS inhibition could be
achieved via a size-excluson mechanism in the RegG, and the in vitro nNOS

inhibition was translatable into in vivo neuroprotective activity.

Keywords: Nitric oxide synthase; Selective inhibition; Size-exclusion mechanism;

Neuroprotection; N*-(Diphenyl)methyl-N>-nitroguanidine.
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Chapter 1 Nitric Oxide and Nitric Oxide Synthase

In 1998, the Nobel Prize in Biology / Medicine was awarded to three
scientists, Robert Furchgott, Louis Ignarro and Ferid Murad®. In the same year, Pfizer
Inc. introduced a blockbuster drug, sildenafil (Viagra®), which attracted much public
attention”. Both events were related to each other via nitric oxide (NO), which was
named as “Molecule of The Year” in 1992 for being a startlingly simple molecule
uniting neuroscience, physiology, and immunology®.

Nitric Oxide (NO): Properties and Biological Effects

NO is a diatomic gaseous molecule which is hydrophobic and uncharged. NO
has low water solubility of 1.9 10> M (25 °C, Pyo 1 atm), comparable to other non-
hydrolysable gases such as nitrogen and carbon monoxide*®. NO is a radical with
eleven valence shell electrons, but the occupation of the unpaired electron in the p
antibonding orbital resulted in the higher stability of NO as compared to other
radicals®. Although NO is almost inert to water, the half-life (t.) of NO is relatively
short in the physiological system (5 to 15 seconds’) due to the redox breakdown of
NO, the reactions of NO with O, and O,", and the scavenging systems of NO.

By itself, NO is not a nitrosating agent. The NO-related chemical reactions
are attributable to the redox products (NO" and NO") and the autoxidative product
(RSwo) of NO®. NO is readily oxidised and reduced into NO" and NO™ (conjugate
base of HNO) respectively, but the roles of NO* and NO™ are limited physiologically®.
The major physiological nitrosating agent is the reactive nitric oxide species (RSyo)

(Scheme 1°%), which serves as NO* donor®.



NO + O,
Oxidation
Nitrosation
OONO e ONO-ONO “N2O3"
! HZO N02

Scheme 1. The autoxidation of NO.

Guanylcyclase, haemoglobin,
Transition metals —— cytochrome P450,
/ hypervalent Feyaem
NO . . ,
\ Eliminate/"neutralise” radicals
Radicals —> Peroxynitrite ONOO
Oxidation Biological target modification
at high [NQ]
Thiol, amino, Modification of biomolecules
zinc motif, —> Scavenger systems
Cystein, Tyrosine (glutathione, metalloprotein)
RSNO \
Redox product ~—» |pactivation of enzymatic products

Scheme 2. Direct and indirect biological effects of NO.

The RSyo formation is dependent on [NO] and [O,]. Since [Oy] is high in
physiological systems, NO becomes the limiting reagent. The kinetics of RSyo
formation has a second order dependency on [NO]'**. At low [NO], the t,, of NOis
long. Thus NO remains intact for alonger duration and responsible for the biological
effects at low [NQ]. In contrary, at high [NO], the t, of NO is short. NO is rapidly
oxidised into RSyo, Which is responsible for the biological effects observed at high
[NQO]. Asaresult, the second order [NO] dependency separates the direct and indirect
biological effects of NO. The direct biological effects of NO are attributed to NO
itself while the indirect biological effects of NO are attributed to the oxidative

products of NO (mainly the RSyo) (Scheme 2).



The direct biological effects of NO are resulted from the reactions of NO with
metals and other radicals. NO has an affinity to react with some transition metals
such as Fe** and Fe** to give metal-NO* adducts”'®>. Hence, NO interacts with
various metalloproteins such as guanyl cyclase™, cytochrome P450 enzymes,
haemoglobin®, and myoglobin®. The interaction between NO and guanyl cyclase is
the basis for physiological effects of NO. The guanyl cyclase is stimulated by NO
and produces the second messenger cGMP, which initiates a cascade of downstream
signaling events. Besides that, through the interruption of the Fe-O, complex
formation and the subsequent oxidative reactions, NO reversibly inhibits the
cytochrome P450 enzymes. NO aso reacts with oxyhaemoglobin and oxymyoglobin
to give methaemoglobin and metmyoglobin respectively, with the generation of
nitrate. Hence, the haemoglobin and the intact red blood cells are NO scavengers that
prevent NO related oxidative damages. Furthermore, the affinity of NO towards high
valent Fe(IV/V)*, an intermediary product of peroxide-induced toxicity, also helps to
minimise peroxide related injuries.

NO reacts with various radicals, such as nitrogen dioxide®, hydroxyl radical’,
peroxide radical, superoxide (O,) radica, akyl radical, alkoxy radical, and
akylperoxide radicals®, thus consuming and inactivating the radicals.
Physiologically the most important reaction is the formation of peroxynitrite (OONO™
) from NO and O,. The formation of OONO", which is 5 times faster than
superoxide dismutase (SOD)®, can be both detoxifying™ and potentially deleterious®.
Under basic pH, the OONO™ is relatively inert and slowly dismutates into nitrite and
oxygen®, thus serves to inactivate O,~. Under acidic pH, OONO" is protonated as

peroxynitrous acid (HOONO), which either self-isomerises into nitrate or oxidises



various biological substrates. Since HOONO is a weaker oxidant as compared to O,
less overall oxidative damage is resulted as compared to O, %%

Other than being an oxidant, HOONO also exhibits destructive roles through
reaction with sulfhydryl (—SH) to give disulfide?®, and in the presence of metal ions,
nitriation of tyrosine®. As a result, the structures, and thus the activities, of the
proteins are modified. Nevertheless, the formation (which isin competition with high
level of SOD) and oxidising effect of OONO™ (which is scavenged by SOD and GSH)
are tightly regulated, and thus the toxicity due to OONQO™ is rather limited.

The indirect effect of NO is mainly attributed to RSyo®. In agueous system,
the primary RSyo is NOyx, which is postulated to have the empirical formula of
N,Os>. In physiological system, NOx is rapidly hydrolysed to nitrite’. The aqueous
hydrolysis of NOx is in competition with the nitrosation and oxidation reactions, in
which NOy nitrosates, and thus modifies the functions of, amine- and thiol-containing
biomolecules, as well as oxidizes redox-active complexes”'®?®. RSyo covalently
modifies the thiol moieties or zinc motifs of various enzymes, such as ribonucleotide
reductase?’, protein kinase C%, glyceraldehydes-3-phophate dehydrogenase®, DNA
alkyltransferase®, and Fpq protein®, and thus inhibiting the enzymes. In addition,
NOy reacts with thiol groups in glutathione, which is an important NO scavenger, to
give S-nitrosothiol adducts?®. The thiol-rich metallothionein also provides scavenging
protection against NOx toxicity®®>. On the other hand, instead of acting directly on
enzyme, the NOyx is shown to oxidise the redox-active enzymatic products. For
example, athough the xanthine oxidase activity is not affected by NOx, the enzymatic
effect islimited asthe O, that is produced is rapidly intercepted by NOy 193334

The interplay between direct and indirect effects of NO is [NO] dependence®.

Since the [NQ] changes as the NO diffuses away from the NO producing source, the



observed NO effects are varied®™. Generally at low [NO] on a cellular scale, the

diffusion diameter is 150 — 300 mm and a rather wide area of cells (typical cell radius

is4 —15 mm) is regulated to varying degree®™. In cases of high local [NO] production,

the destructive damage is rather localised at the high [NO] producing source, and
normal regulatory effects of NO are observed at the peripheral low [NO] regions as
the NO diffuses away™.

As a result, the overal in vivo effect of NO is regulated by the reactivity,
selectivity and diffusibility of NO®. NO is produced in vivo under both constitutive

and inducible mode®.

In constitutive mode, NO is produced in concentration of
picomolar range, at which regulatory direct biological NO effects are involved. On
the other hand, micromolar range of [NQ] is produced under inducible mode, and the
high [NQ] is associated with mainly destructive indirect NO biological effects.

In vivo NO Production: Nitric Oxide Synthase (NOS)

NO is produced in human body by a family of enzymes known as nitric oxide
synthase (NOS; EC1.14.13.39). NOS oxidises L-arginine (L-Arg) into NO and L-
citrulline (L-Cit). There are three isoforms of NOS, the neuronal NOS (nNOS),
inducible NOS (iNOS) and endothelial NOS (eNOS), each with different structures,
expression modes, regulations, localisations and functions.

When NOS is represented as a single peptidic chain, it has a reductase domain
on its C-terminus and an oxygenase domain on its N-terminus (Figure 1). The
reductase domain bears more than 50% sequence similarity with NADPH-cytochrome
P450 reductases from different species®™. The electrons produced through NADPH
oxidation are transferred through flavin adenine dinucleotide (FAD) to flavin

mononucleotide (FMN), and subsequently into the oxygenase domain. The

oxygenase domain consists of binding sites for L-Arg, (6R)-5,6,7,8-tetrahydro-L-



biopterin (BH.), and iron protoporphyrin IX (haem)®**#3°. The haem is the catalytic
site for oxidising the substrate L-Arg, and it shows a reduced CO (carbon monoxide)

es*04142 | the absence

difference spectrum characteristic of cytochrome P450 enzym
of L-Arg and BH,, the Fenen exists predominantly in six-coordinated low spin
inactive form (I max @ 420 nm), but it is activated to the five-coordinated high spin
form (I max @ 450 nm) in the presence of L-Arg and BH,. The role of BH,4 has been
controversial®®. It has been suggested to act as allosteric modulator®, high-spin state
promoter*!, protein stabilizer* and activity enhancer®. Interconnecting the reductase
and oxygenase domains is the calmodulin (CaM) binding domain®. The enzyme is
inactive without CaM, the binding of which is essentia for intra-reductase and
reductase-oxygenase electron transfers, and thus the initiation of the enzyme catalytic

machinery*64748,

N'—f NADPH FAD FMN CaM BH4 Haem L-Arg | C
Reductase domain Oxygenase domain

Figure 1. Schematic representation of NOS structures with bindings sites for
substrates and cofactors.

GO0 coo coo
* _CH + _CH + CH
HaN"a b NaDPH  HaN 1/2 NADPH  H3N”
9d
+ O H O,
HNS __NH, HN. * N-OH HN_ _O
i c- < +no
o NH, NH, NH,
L-Arg L-OH-Arg L-Cit

Scheme 3. Two-monooxygenations enzymatic synthesis of NO.

Despite having a self-sufficient redox system on single monomer, NOS is

active only in the homodimeric form. The dimerisation enables proper orientation of



the functional domains, thus allowing efficient inter-domain electron transfer®®. As
a catalyticaly active NOS dimer, an electron is transferred from the reductase domain
of one monomer into the oxygenase domain of the other monomer. It was found that
both haem and BH, are essential for the formation and stabilization of the dimeric
conformation**>°2,

The catalytically active NOS produces NO via oxidation of L-Arg, with
stoichiometric production of L-Cit*® (Scheme 3). The NO is synthesised through two
congtitutive steps. The first step is the monooxygenation of L-Arg, which results in
the hydroxylation of the N“ of the guanidino moiety®®. In order to oxidise 1 mole of
L-Arg, 1 mole of NADPH (provides 2 moles of electrons) and 1 mole of O, are
required. This is a classical cytochrome P450 mixed-function hydroxylation.
Initially, an electron derived from NADPH reduces the Fesem, Which is subsequently
bound to O,. After that, a second NADPH-derived electron reduces the bound O; to
give Fénaem-Ox(reduced)-  Subsequently a proton is abstracted from the L-Arg guanidino
moiety to give prooxo-Feen complex, which loses a water molecule to generate
hypervalent oxo-Fe radical. This hypervalent oxo-Fe radical is responsible for the
radical-based hydroxylation of the guanidino moiety of L-Arg, giving rise to the
product N“-hydroxyl-L-Arg (L-NHA)>.

With the L-NHA tightly bound at the NOS active site, the second
monooxygenation reaction occurs. The reaction requires 0.5 mole of NADPH
(provides 1 moles of electrons) and 1 mole of O, for every 1 mole of L-NHA, and
generates equimolar of L-Cit and NO as fina products™. This single NADPH-
derived electron monooxygenation step is unique and different from other reported
monooxygenases. The reaction is initiated by the reduction of Feem by an NADPH-

derived electron. Another reducing electron is derived from the L-NHA>>, and results



iN Fenaem- Oo(reducesy COMplex. By abstracting a proton from L-NHA, peroxo-Fe
complex is generated. Subsequently the peroxo-Fe complex attacks the N-OH-Arg
radical to give L-Cit and NO.
| soforms of Nitric Oxide Synthase

Three distinct NOS isoforms are identified in mammals® (Table 1). These
isoforms are named according to the cell types or conditions in which they were first
discovered, namely the neuronal NOS (nNOS, Type |), inducible or inflammatory
NOS (iNOS, Type 1) and endothelial NOS (eNOS, Type Ill). All the isoforms
contain the basic structural domains as described above. The smallest among the
three isoformsisiNOS (125 kDa monomeric molecular mass). On the other hand, the
largest among al the isoforms is NNOS (155 kDa monomeric molecular mass). The
extramass in NNOS is attributed to an additional 250 amino acids sequence at the N-
terminal which contains a postsynaptic density zipper (PDZ) motif that is responsible
for the subcellular targeting of NNOS™®. The eNOS (monomeric molecular weight of
133 kDa) is acylated at the N-terminal. Post-trandational acylation such as
myristoylation and palmitoylation are required for stabilising the association of eNOS

to cell membrane and targeting eNOS to caveolag™.

nNOS INOS eNOS
Monomer size 155 kDa 125 kDa 133 kDa
Major location Neura system Immune system Endothelium
Expression Constitutive Inducible Constitutive
Ca”* dependency Dependent Independent Dependent

Table 1. A brief comparison of the three isoforms of NOS.



The NOS isoforms vary in their localisation®®®. Each NOS isoform is
distributed in wider ranges of tissues and cells than being suggested by the name
aone. While found mainly on the neurons of both central and peripheral nervous
systems, NNOS is also highly expressed in skeletal muscles, and also found in cardiac
muscle and kidneys. The iNOS is mainly distributed in the macrophages and other
cells of immune system, and is aso isolated in hepatocytes, chondrocytes, myocytes,
asterocytes, endothelium and unstriped muscles. The eNOS is mainly found in
endothelium, as well as the heart and the brain.

Each NOS isoform is highly conversed when compared across different
mammalian species. The amino acid sequences of NNOS and eNOS show more than
90 % homology across the mammalian species, while the INOS shows more than 80
% homology. For example, the rat NNOS shares 94% and 98% sequence homology
with human nNOS and murine nNOS respectively®™. Hence, the high inter-species
homology of NOS isoforms enable the extrapolation the experimental results from
one species to the other. However, the inter-isoform sequence homology is less
within the same species. In human, the three NOS isoforms share less than 59%
homology in the amino acid sequences™.

The three NOS isoforms are expressed from distinct DNA sequences, and the
modes of protein expression are varied among the isoforms®. Both nNOS and eNOS
are congtitutively expressed in human body, and collectively they are known as
congtitutive NOS (cNOS). The nNOS expression may be varied to give differently
spliced enzymes®, while the activity of eNOS may be modified post-translationally®°.
On the other hand, INOS is usually unexpressed in healthy cells, but is rapidly
expressed upon a variety of inflammatory and immunological stimuli, such as

lipopolysaccharides (endotoxins), cytokines and glucocorticoids®®.  Interestingly,



some variants of iINOS are congtitutively expressed in intestines®®, while the
expression of NNOS and eNOS are induced by elevated oestrogen level and shear
stressin vascular endothelium respectivel y**.

The enzymatic activity of the three NOS isoforms is regulated by different
mechanisms®. The constitutive NOS (NNOS and eNOS) is regulated by intracellular
free Ca?* concentration ([Ca2+]i’f). In contrast, the activity of iINOS is independent on
[Ca’"]is and is instead determined by protein expression. An autoinhibitory domain,
that is present in the FMN binding domain of constitutive NOS but absent in iNOS,
prevents the binding of CaM to constitutive NOS at physiological [Caz‘“]i,f (~80
nM)%. At elevated [Ca?*];s, the autoinhibitory domain is displaced by CaM and thus
the constitutive NOS is activated. The constitutive NOS remains catalytically active
until the [Ca®]is returns to resting level, at which the CaM dissociates from
constitutive NOS.  During this brief period of elevated [Ca?*]i, NO is produced in
picomolar concentration®®. On the other hand, CaM is tightly bound to iNOS’.
Hence, once INOS is expressed and dimerised, it is able to generate NO in
micromolar range for a prolonged period of time®. Other than Ca’*/CaM regulation,
the activity of NOS is affected by protein-protein interactions and post-translational
modifications®®. The nNOS is inhibited by PIN (protein inhibitor of NNOS)®%, while
the eNOS activity is increased with phosphorylation of Ser1179  and is reduced by
association with membrane protein caveolin-1".

Physiological Roles of NO and Pathology of NO Over production

NO performs diverse and important physiological roles in the human body.
The diverse physiological roles of NO have been elucidated mainly through the use of
NOS inhibitors (nonselective and selective) and NOS knockout animals®. An

appreciation of the physiological roles of NO is important for the understanding of the
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possible consequences in modulating NOS activity. It is generally accepted that long-
term inhibition of eNOS (except under special circumstances such as septic shock) is
unfavourable®®. On the other hand, the inhibition of both NNOS and iNOS can be
potentially beneficial and harmful®®.

In the nervous system, NnNOS plays an important physiological role in
producing NO as a neurotransmitter. In the peripheral nervous system, NO induces
the relaxation of vascular and non-vascular smooth muscle’™, leading to the relaxation
of intestinal sphincters, corpus cavernosum, urinary bladders, urethra, and bronchi®®,
In the central nervous system, nNOS is widely expressed but the role of the produced
NO is not precisely identified®. Due to the abundance of nNOS in the cerebellum,
NNOS knockout and inhibition lead to abnormality in balancing and coordination,
especially in dark environment when visual cues are reduced’?. The nNOS knockout
mice also show an increase in inappropriate mounting and aggressive behaviours, thus
suggesting the role of NO in behavioural inhibition™. Studies using NOS inhibitors
suggest the involvement of NNOS-derived NO in long-term memory potentiation, but
this is not apparent in NOS knockout animals™. The nNOS-derived NO is aso
implicated in pain-perception, neuronal plasticity and fertility> .

Highly expressed in skeletal muscle™, the nNOS is associated with dystrophin
in fast-twitch fibres and the produced NO prevents muscular dystrophy’™. The nNOS-
derived NO also regulates myotube development, innervation and contractility of
skeletal muscles, as well as the muscular arteriolar tone and exercise-induced glucose
uptake in the muscles®®. The nNOS is also expressed in renal tissue, and the produced
NO plays a role in regulating rennin-angiotensin system’®. Besides that, NNOS-
derived NO is also shown to exert positive inotropic response in the heart’’ and

prevent ovalbumin-induced airway hyperreponsiveness’®.
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On the other hand, the iINOS-derived NO plays important cytotoxic and
cytostatic roles for host defence against invading pathogens (such as protozoa,
bacteria, fungi and viruses) and tumour cells®®°. The iNOS-derived NO also
regulates the cytokine production and T-helper (Type 1) cell expansion®. On the
other hand, some evidence from iNOS knockout studies indicated the involvement of
iNOS in normal physiological processes, such as oesteoclastic bone resorption®,
ischaemic preconditioning of heart®®, wound healing (angiogenesis and collagen
synthesis)®*, and resolution of certain inflammations®?.

Through smooth muscle relaxation, the eNOS-derived NO plays a very critica
role in maintaining the basal vasculature tone, and thus the basal blood pressure®®.
This forms the basis of the life-saving effect of nitroglycerin'. Besides that, the NO
produced is also involved in the regulation of platelet aggregation, white blood cells
adhesion, vascular-endothelial growth factor expression and angiogenesis®. The
eNOS-derived NO is found to exert negative inotropic response in the heart’’, and
involved in long-term potentiation of memory®.

Inhibition of eNOS has been shown to be beneficia in cases such as
hyperoxia-induced retinopathy and septic shock®’. However, most data suggested that
prolonged eNOS inhibition is harmful in view of its important cardioprotective
roles®8. On the other hand, over-expression of iINOS has been observed in chronic
inflammations. Improper induction of iINOS as aresult of chronic inflammation leads
to the high production of NO, which, on top of eradicating pathogens, damages the
host cells as observed in various autoimmune diseases, such as diabetes and
rheumatoid arthritis®. Induction of iINOS has been observed in septic shock®,

90,91

asthma®, pain®*!, and others inflanmatory diseases™.
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In pathological condition with elevated [Ca®']; s, NNOS is constantly activated,
leading to NO overproduction and neurotoxicity. Various neurodegenerative
conditions such as Parkinsonism, Alzheimer's disease, Huntington's disease, and
brain ischaemias are implicated with nNOS-derived NO overproduction®®°%%%%_ The
neurotoxicity of NO has been attributed to DNA damage™®’. Following DNA
damage, repair mechanism involving PARS (Poly (ADP ribose) synthetase), which
consumes a lot of ATPs, is activated. Continual activation of PARS, an abundant
enzyme in the cell, leads to energy depletion and cell death. Furthermore, O, is
produced through NADPH oxidation in the reductase domain of nNNOS in conditions
of high consumption and low supply of L-Arg and/or BH,*®%. Either by itself or
through OONQO™, O, leads to cellular damages and aggravates the acute ischaemic
injuries.

As aresult, NOS represents a viable biological target in terms of drug design,
in view of the ubiquitous presence and important roles of NO in virtually every part of
human body, as well as the devastating effects of NO overproduction. The selective
inhibition of either NNOS or iNOS is highly desirable. For the current study, it is of
interest to search for selective nNOS inhibitors.

Inhibition of Nitric Oxide Synthase

Literature reviews often reveal contradictory views on the beneficial or
harmful roles of NO®®. The dual effects of NO are resulted from the conflicting roles
of different NOS isoforms, the rate of NO synthesis and the cellular redox state.
Furthermore, the diverse roles of NO in virtually every part of the body implied that
attempts to control NO production on one site might turn out to be harmful to other

sites. Thus, any attempt to regulate NO should be carefully planned.
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Several pharmacological interventions in the production and downstream
effects of NO have been suggested®, which include interferences on enzyme
expression; interferences on enzyme dimerisation and protein-protein interactions;
interferences on availability and accessibility of L-Arg; interferences on availability
and accessibility of co-factors (Ca®*, CaM, BH.); interferences on haem, NADPH,
FAD and FMN; and inactivation of NO produced.

Among the available approaches, the most commonly applied and extensively
studied approach is the use of NOS inhibitors®, which prevent the binding of the L-
Arg to the NOS active site. A lot of studies have been carried out on NOS inhibition.
However, the complex roles of NO complicate the use of NOS inhibitors. The
isoform selectivity is an important consideration for minimising the disruptions on
physiological functioning of NO, especialy the regulatory role of eNOS-derived NO
on basal pressure. However, it is often difficult to achieve isoform selectivity with
appropriate degree of inhibition, not mentioning selected targeting of tissues and

cells®%,

Furthermore, it is important to have inhibitors showing minimum side
effects on non-NOS targets™.

A review on NOS inhibitors and their selectivity will be presented (Chapter
2). Prior to that, it is necessary to understand the active site and its environment. The
X-ray Crystalography and molecular probing studies provided useful information
regarding the active site of NOS.
X-Ray Crystallographic Structure of NOS

The first x-ray crystalography of NOS was published by Crane et. al. in
1997%°. However, this was areport on the inactive monomeric iNOS. The dimeric X-

ray crystallographic structure of murine INOS was reported in the following year,

setting the foundation for understanding the protein structure and the active site!®. In
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the same year, bovine eNOS haem domain structure was aso reported, and a novel
zinc tetrathiolate motif was identified®. Subsequently in 1999, Fischmann et. al.
reported the X-ray crystallography of the more clinically relevant human iNOS and
eNOS'®. |t was shown that the active sites of human iNOS and eNOS are highly
conserved. Similar conclusion was obtained by Li et. al. by comparing the structure
of human iNOS to bovine eNOS'%31%4,

At the initiation of the current research in year 2000, the X-ray
crystalographies of INOS and eNOS were available. However, no report on nNOS

X-ray crystallographic structure was available until the mid of 2002 %.

The year
2000 seemed to be a turning point for NOS X-ray crystallography research. Prior to
the year 2000, more effort were put in understanding the native structure of NOS and
the L-Arg binding in the active site. However, after the year 2000, the focus was
shifted to the understanding of the inhibitor binding, elucidation of metabolic
pathways and exploration of structural variation for isoform selectivity.

The monomeric NOS oxygenase resembles a “left-handed baseball catcher’s
mitt”, with a shallow (~10 A depth) haem pocket’®. Upon dimerisation (Figure 2),
the mobile and exposed hydrophobic region refolds and becomes part of the substrate-
access channel and substrate-binding site, and at the same time sequesters two
molecules of BHs; a the centre of the dimer interface'®.  Incomplete
complementarities at the dimer interface result in two water-filled cavities, one of
which was located near to the cavity opening and adjacent to BH,*%.
Protein dimerisation produces a deep (~ 30 A) substrate access channel

towards the active site'®.

The substrate access channel has the shape of a funnel,
with the larger opening being the channel opening (~ 10 © 15 A? in cross section),

which is large enough for the diffusion of both L-Arg and L-Cit'®2. The narrow end
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Figure 2. Left: Active dimer of NOS (Brookhaven code: 2NSE) consists of two
monomers interfacing at the centre. The active site opening is located on near to the
dimer interface, and the catalytic haem moiety is visible (the right monomer). Right:
Cartoon view of the NOS dimer with the haem (in CPK view) located at the centre of
each monomer.

Figure 3. Various views of haem, L-Arg and BH4; in NOS (Brookhaven code:
2NSE). The Fenem is coordinated by the pyrrole nitrogens of haem, a cysteine
residue, and the guanidino N of the L-Arg. The haem is slightly concave. The BH,4
is roughly perpendicular to the haem, which comprises of four pyrrole rings (ring A,
B, C and D), with the ring A located nearest to the BH4. Both ring A and ring D have
propionate side chains.
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Figure 4. Binding environment around the guanidino group of L-Arg in NOS active
site (Brookhaven code: 2NSE). Upper left: The N' of guanidino group of L-Arg is
hydrogen bonded to both Trp and Glu. The Glu is involved in bidendate interaction
with both N; and N of guanidino group. Upper right: The residues Pro, Phe and Val
form a hydrophobic cavity above pyrrole ring C of haem. The Ny, of guanidino group
of L-Arg is pointed towards the Fenaem. Lower: The alkyl chain of L-Argisin slight
non-bonded contact with Val residue.

of this channel is a small opening on the opposite surface of the enzyme, which only
allows one molecule of water to pass through'®. The catalytic site (haem) is located
at the centre of the funnel shaped substrate access channel .

The oxygenase domain has an elongated shape with three structural sub-
domains'®. The first sub-domain is a crescent shaped substrate-binding sub-domain,

and the haem group is located between the closing tips of the crescent. The second

sub-domain is the ellipsoidal shaped BH4-binding sub-domain, which caps the cavity
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of the crescent shaped substrate-binding sub-domain. The third sub-domain consists
of hydrophobic two-helix bundles that bear structural role, as compared to the
enzymatic role of the other two sub-domains.

The haem (Figure 3), located opposite to the dimer interface, is buried in the
protein interior through van der Waals (VDW) forces, with the one of the haem
surface making most of the contact with protein (residue Trp, Met, Trp, Phe/Tyr)'%,
The pyrrole ring A and ring D of the haem possess propionate groups which are
oriented towards the dimer interface, facing the substrate access channel, and forming
several hydrogen bonds with water molecules inside the large catalytic cavity [r1504].
At the centre of the haem, the iron is penta-coordinated by the pyrrole nitrogens and
cysteine thiol, thus providing a single axial coordination available for O, binding'®.
On the whole, the haem has a curved shape with the haem iron being significantly out
of plane, and the protein-interacting surface being the protruding side'%.

The BH4-binding sub-domain is located adjacent to the dimerisation interface,
and is found at the side of the access channel and away from the bulk solvent’®. The
BH, is sequestered into protein interior though various hydrophobic, aromatic p-p
stacking, and hydrogen bonding interactions'®. This BH4-binding sub-domain is
positioned proximal and perpendicular to the haem, and the BH, is hydrogen bonded
with the propionate of pyrrolering A of haem'®.

The L-Arg binds to the active site in an extended conformation with the side

chain terminal fitting tightly into the narrow corner of the active site cavity'®

(Figure
4). The guanidino group is found to be coplanar to the haem, forming p-p stacking
interaction with pyrrole ring A of haem, and the NeH and NyH, of the guanidino

moiety are involved in a bidendate interaction with the Trp and Glu residues'®*%. A

closer examination on the charged guanidino group shows that terminal amino (NpH>)
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and imino (NwH.") groups, despite being chemically equivalent under physiological
pH, are located in distinctly different environments'®. The distal, non-hydroxylated
NH, is positioned in a narrow cavity, and the two hydrogens are respectively
hydrogen bonded to the backbone carbonyl oxygen of Trp and one of the side chain
carbonyl oxygen of Glu'®. On the other hand, the proximal NH is oriented towards
the Fenem, and ready to be hydroxylated. The binding cavity for the proximal
guanidino NH is larger than that of the distal guanidino NH,'%*®. In addition, a
hydrophobic cavity is identified above pyrrole ring C of haem'®. The hydrophobic
cavity forms arather rigid roof over the active site. Inside the hydrophobic cavity, the
side chains of Pro, Val and Phe are orientated inward to the active site'™.

The alkyl moiety (- CpH2- CgHo- CyHs- ) between the guanidino group and the
C, is found to be involved in slight non-bonded contact with the hydrophobic Val
residue'®. The a-NH, group of L-Arg is found to be hydrogen bonded to the
propionate of the pyrrole ring A of haem. On the other hand, the a-COOH group of
L-Arg is found to be hydrogen bonded to various residues, namely Arg, Gin, Tyr and
Asp/Asn (an Asp is found in iINOS but an Asn is found in both eNOS and
nNOS)'®1% The Asn residue in eNOS or nNOS is not a hydrogen bond acceptor and
does not interact with the adjacent protein Arg residue as the alternative Asp residue
iniINOS does. Thisisthe only protein structural difference that comesin contact with
L-Arg'®, Acting together, the a-amino and a-acid binding pockets are specific for
the L-a-amino acids. On the other hand, the propionate of the pyrrole ring A of haem
is hydrogen bonded to NoH and N3 of BH,4 as well as water-bridged to O, of BH4'®.
The protein Arg residue adjacent to the Asn/Asp residue is also hydrogen bonded with
BH,. As aresult, an extensive network of hydrogen bonding between dimerisation

elements, the haem propionates and the BH, is formed upon L-Arg binding, and this
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explains the cooperativity observed among the events such as BH4 binding, L-Arg
binding, and enzyme dimerisation'®,

At the initiation of this work at year 2000, the X-ray crystallographic data
suggested that the active site of the iINOS and eNOS are highly conserved %1%,
While the X-ray crystallographic data of NNOS was not available, there were reports
citing unpublished data claiming the nNOS active site to be highly similar to that of
INOS and eNOS. Subsequent publication of nNOS X-ray crystallography by end of
2002 finally justified the claim'®. The report by Li et. al. in 2002 is the first report on
NNOS X-ray crystallography. The binding of L-NHA in nNOS is identical to the
binding in human eNOS and murine iINOS, thus supporting the common claims on the
conservation of active sites among the three NOS isoforms. As a result, the design of
isoform specific inhibitors is suggested to be a great challenge. However, the
availability of existing isoform selective NOS inhibitors suggests that isoform
selectivity can be achieved despite conserved active site.

Several strategies to achieve selectivity have been proposed. The variation in
protein residue (Asn/Asp) of a-COOH binding pocket can be exploited for selective
inhibition'®. On the other hand, some of the amino acid side chains that do not make
direct contact with the substrate but line the periphery of the active site are also
different, thus can be used to achieve isoform selectivity'®'®. Another suggested
approach is to design inhibitor that extends out of the L-Arg binding site into the
substrate access channel where more variation in protein residues exists'®.

Molecular Probing on NOS Active Site

The main limitation of X-ray crystallography is the loss of information on

protein dynamics when the protein is crystallized'”’. The theory of induced-fitting

enjoys popular acceptance over the traditional theory of rigid lock-and-key for
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explaining the interaction between a drug and its biological target'®. The induced-fit

of a drug molecule to a target is widely observed™®" 1%,

However, X-ray
crystalography is ineffective for studying the induced-fit of aligand to a protein. In
addition, the structure observed in a crystal lattice might be different from the native
state of aprotein. Asaresult, the X-ray crystallographic datais to be interpreted with
caution.

Protein NMR study is useful in providing complementary information on the
native protein structures in solution, and the protein dynamics'®. However, no NMR
study on NOS is reported to date because the molecular weight of the dimeric NOS is
too large for NMR protein study. As a result, in order to understand the native
structure of the NOS the active site, and dynamic interactions in involved, molecular
probing study emerges as a useful tool.

Using resonance Raman spectroscopy of Fewem coordinated with carbon
monoxide, it has been shown that the structures of guanidino binding sites are
different among the NOS isoforms*'°. The guanidino binding site is more open in the
direction of the haem iron, than that of INOS and eNOS. This inference is consistent
with the observed nNOS selective inhibition demonstrated by L-N"-propylarginine
(L-NPA)'™, Besides that, as suggested by the study on rate of phenyl-iron complex
formation, the size of the ceiling forming the haem active site is also different?. The
ceiling isfound to be larger in NNOS, followed by iNOS and smallest in eNOS.

The molecular probing study on the guanidino binding site conducted by Babu
et. al.'® further suggested that the distal non-hydroxylated NH, binding pocket is
small and less hydrophobic. It cannot even accommodate methyl substitution on the
distal guanidino NH, group. In addition, replacement of distal guanidino NH, with

methyl resulted in weaker binding. Asaresult, it is proposed that the distal guanidino
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binding pocket has highest affinity for -NH, and =NH,", moderate affinity for =S,
substantially less affinity for =O, and very little affinity for -CH3. On the other hand,
the proximal N (near haem) is relatively larger in size, and shows highest affinity for
=S (and -S-alkyl), moderate affinity for akyl, -NH-R, -NH,/=NH," (approximate
order), and very little affinity for =O.

The Glu residue, the only charged residue that points into the guanidino
binding site'®, is involved in four hydrogen bonding interactions, namely two
hydrogen bondings with the L-Arg guanidino group, one hydrogen bonding with the
a-NH,, and another hydrogen bonding with the backbone amide NH of Met residue.
However, thermodynamic calculation shows that the hydrogen bonding of the distal
non-hydroxylated NH, with Glu residue is rather weak (< 2 kcal/mol), much weaker
than the expected normal value of a hydrogen bond (3-6 kcal/mol)*®. This relative
weakness reflects either unfavourable hydrogen bond length, or very favourable
interaction of Glu residue with water molecules which are lost upon inhibitor binding.
Hence, the importance of bidendate interaction with Glu residue is less than expected.
The hydrogen bonding network with Glu alone is insufficient for ensuring the binding
of inhibitors. Indeed, unsubstituted thiourea is found to be inactive as NOS inhibitor
despite capable of forming the hydrogen bonding network with Glu residue.

Binding sites around the active site of NOS

The active site of NOS is the enzymatic site that binds to and oxidises the

guanidino moiety of L-Arg. Based on the understanding of the interaction of L-Arg

with the active site through the molecular probing and the X-ray crystallographic

studies, severa binding sites are identified in the NOS active sites (Figure 5).
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Figure 5. The active site of NOS bound with L-Arg, showing potential binding sites
for inhibitor interaction.

The guanidino binding site (GBS) is the catalytic site generating NO from L-
Arg. The GBS can be subdivided into proximal GBS and distal GBS. In the proximal
GBS, the Feyen binds to one of the terminal guanidino NH, of L-Arg, and oxidises
the NH to give NO. The binding cavity of proximal GBS is able to accommodate
moderately sized groups, such as propyl and allyl, in a hydrophobic pocket identified
above the haem. The size and ligand-compatibility of proximal GBS vary among the
NOS isoforms, thus enabling some degree of isoform selectivity to be achieved™.
On the other hand, the distal GBS accommodates the other non-oxidised terminal NH>
of L-Arg. This cavity is small and cannot tolerate even methyl substitution on NH,
group. Extensive hydrogen bonding network is found around the distal GBS, and a
positively charge Glu residue was located in adjacent to the distal GBS. Hence distal
GBS s suited for the binding of hydrogen-bond donating and polar groups.

The a-amino binding site (NBS) and a-acid binding site (CBS) are
extensively exploited in the design of inhibitors. Extensive hydrogen bonding
networks and electrostatic interactions are found around these binding sites. With
both binding sites acting together, stereospecific preference towards L-amino acids is
observed. Interaction with either one or both of the binding sites greatly enhances the

binding affinity of an inhibitor, usually resulting in ICsp values in the low niM or nM

range, provided the inhibitor fulfils other binding requirements. However, in terms of
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isoform selectivity, both binding sites do not alow much differentiation of the
isoforms. The only difference of protein residues that contact directly with the L-Arg
isidentified in CBS, in which Asp is found in INOS and Asn is found in both NNOS
and eNOS.

Further away from the Feem IS the substrate access channel binding site
(SacBS).  Several differences in protein residues are identified, thus providing
promise for isoform selectivity'®, However, more work is needed to further
characterise the SacBS.

Not al the reported inhibitors binds to al the available binding sites
mentioned above. Generadly, the groups binding to GBS is essential, and this
interaction determines the binding affinity of the inhibitors, as well as the selectivity
of the inhibitors. Groups binding to NBS and CBS usually provide enhancement in
inhibitor binding. The SacBS, though being relatively unexplored area, offers
potential for isoform selective binding.

From literature reviews, it is found that the region adjacent to the GBS (RegG)
is often neglected (Figure 6). The RegG is not regarded as a key binding site, and it
is rarely discussed in literature. The only information about RegG is that the
hydrophobic portions of inhibitors, such as the alkyl and phenyl groups, are often
found in this region. The general tendency to ignore RegG might be attributed to a
biased perception that only hydrophobic interaction, a weaker interaction than ionic
and hydrogen bonding interactions, is involved in this region.

However, the importance of RegG should not be dismissed due to its strategic
location. The RegG is located in immediate vicinity of GBS. It is an important

bridging region between the GBS and NBS/CBS, not mentioning the SacBS. Hence,
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in order for a compound to bind to the active site, inevitably it has to interact with

RegG. Thelack of compatibility with RegG will result in reduced binding affinity.

Proximal

SacBS

Figure 6. The often neglected, yet strategil\(l:zi/ located, RegG.

Furthermore, dissimilarities are found in the protein core near to the periphery
of the active site, and thus the NOS isoforms may have different abilities to undergo
conformational changes caused by induced fitting of inhibitors. Since the
hydrophobic interaction is non-specific and weak, the reorganisation of hydrophobic
moieties bound by hydrophobic interactions is likely be involved in the ligand-
induced conformational change. As a result, the RegG, likely to be hydrophobic
based on limited data, could possibly play a role in terms of ligand-induced
conformational changes and result in improved inhibitor binding to, as well as

sdlective inhibition of, the NOS.
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Chapter 2 NOS Inhibitors I nteracting with Guanidino Binding Site

A large number of NOS inhibitors have been developed to date. To review
these NOS inhibitors, the compounds are classified according to the groups that bind
to the GBS. For each GBS-interacting group, discussions are elaborated on structural
modifications of the RegG-interacting groups, NBS-interacting groups, CBS-
interacting groups and SacBS-interacting groups.

The isoform selectivity has not been clearly defined and applied across various
studies. In this review, the selectivity of an inhibitor between two isoforms is
measured by comparing the in vitro ICsp (or K;) values of the inhibitor against both
isoforms. A compound with ICsp (or K;) value that is at least 20 folds lower towards
an isoform over that of the other isoform is a selective inhibitor of the former isoform.
Since there are three NOS isoforms, for a compound to be considered as a NOS
isoform selective inhibitor, its ICsg (or K;j) value against a particular NOS isoform has
to be at least 20-fold lower than those of the remaining two (but not either one) NOS
isoforms.

A few limitations of the current reviews on NOS inhibitors should be noted.
The review is focused on inhibitors with GBS-interacting groups that mimic the
guanidino moiety of L-Arg, and show similar binding interactions in GBS as the
guanidino moiety of L-Arg. As a result, some of the heterocyclic inhibitors, which
bind to the active site through different binding interactions as compared to guanidino
moiety of L-Arg, are not included in the review. Besides that, in some reports, the
compounds are not tested against al three isoforms, and thus no selectivity
information can be derived for these compounds. In addition, the inhibitors in the

review are sourced from journal publications while patented compounds are not
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included. Nevertheless, it is believed that the information obtained is sufficient to
give arather complete picture of the NOS inhibitors and their isoform selectivity.
Inhibitorswith Guanidino M oiety

Alkylguanidino compounds have been reported to be NOS inhibitors.
Methylguanidine (01) is a weak and nonselective inhibitor of NOS™*. Disubstituted
guanidines, without NBS-interacting group and CBS-interacting group, are weak
inhibitors. For example, N-propyl-N>-butylguanidine (02) has been reported as a

115

non-selective, weak binding inhibitor™=. Cyclic 2-iminodiazanane (03) is shown to

be weaker than the corresponding amidine counterpart, the 2-iminopiperidine (25)*°.
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The binding affinity of guanidino compounds is enhanced by the presence of
NBS-interacting group and/or CBS-interacting group. The prototypical inhibitor, L-
NC-monomethyl-arginine (L-NMMA) (04), is one of the earliest discovered NOS
inhibitor™'’. L-NMMA is a non-selective, competitive inhibitor of NOS*®. With
additional methylation on the terminal guanidino group, L-N® NC-dimethyl-arginine
(L-AMMA) (05) is a non-selective NOS inhibitor which is present naturally in the
body™®.  With dlightly longer akyl substituent, L-N®-alylarginine (06) is a
nonselective inhibitor, while L-N®-propylarginine (L-NPA) (07) and L-N®-
cyclopropylarginine (08) has been found to be a potent NNOS selective inhibitor*°,
This suggests that the proximal GBS of nNOS is larger than those of the other
isoforms. Structural constraint has been introduced on guanidino moiety of L-Arg
using Nd,NW-etherne bridge, resulting in cyclic guanidine. However, no biological

activity has been reported with this series of compounds?’. The phenylguanidino
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based amino-acids (09) are nonselective inhibitors (eNOS inhibitory data is not
reported)’?’. The activities of these compounds are less than that of phenylthioureido
counterparts (55), while the activity profiles are different from those of N-
phenylamidino counterparts (43), which have been demonstrated as nNOS
selective'®. In order to constrain the flexibility of the alkyl chain in L-Arg, alkenyl,
carbonyl and ring structures have been introduced. However, the compounds are
found to be nonselective'*#, 10 and 11 are both substrates and inhibitors of NOS,
while 12 and 13 are pure inhibitors.

| H
HN_N
N A N

H
HN\\I/N\ HN
NH NH NH

4{

HN™ “COOH 1y N">coon  HeN™ “COOH

04 05 06
H
HNYNV\ HNYN
NH AN
H,N~ > COOH H,N” > COOH
07 08
o X Iy oo
HN™ “NH, HN" "NH; HN™ "NH, HN™ "NH, HN N/\/
X
|‘ COOH | cooh . |
Z Yo NH, COOH NH, COOH COOH
NH,
NH, NH,
09 10 11 12 13

The removal of NBS-interacting group with the retention of CBS-interacting
group has been demonstrated in a-guanidinoglutaric acid (11). This endogenous
convulsant is an nNNOS inhibitor (iNOS and eNOS inhibitory data is not reported)®°.

For some inhibitors, the CBS-interacting group is removed while modifying the NBS-
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interacting group. Simple aminoguanidines (12) and agmatine (13) are weak
nonselective inhibitors of NOS™*. Imidazole has been also used as NBS-interacting
group, leading to weak inhibitors'?® (14). With three methylene spacing between the
imidazole and the guanidines, iINOS selective inhibition is achieved. However, this
information should be interpreted with caution, as it is possible to have imidazole

instead of guanidine acting as the haem interfering entity.
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Nitro substitution confers NOS inhibitory activity to guanidino compounds
and demonstrates distinct inhibitory profile. With the presence of NBS-interacting
group and/or CBS-interacting group, potent inhibitions are achievable. L-N®-nitro-
arginine (L-NA) (15) is a potent prototypical NOS inhibitor'®’. It is isoform non-
selective, despite showing a tendency of inhibiting constitutive NOS selectively over
INOS. The inhibition is competitive in nature, but prolonged incubation results in
tight-binding complex with nNOS. Due to the poor oral bioavailability, L-NA has
been formulated as L-N®-nitro-arginine methy! ester (L-NAME)*?® (16). By itself, L-
NAME is a non-selective NOS inhibitor, and it is less potent than L-NA due to either
a lack of CBS-interacting group or the incompatibility of the methyl group with the

CBS.
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Dipeptides and peptidomimetics, with L-NA as one of the residues, have been
evaluated as NOS inhibitors, and selective inhibition of various isoforms is

achievable'®.

Selective nNOS inhibition has been reported for dipeptides and
peptidomimetics containing L-NAY>*3, |t is believed that the enhanced NNOS
selectivity is attributed to structural differences in the SacBS. Other than nNOS
selectivity, dipeptides have also been suggested as iINOS selective with limited data

(eNOS inhibitory datais not reported)*3*.
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Another modification of the guanidino moeity involves the use of heterocyclic
substitution.  N®-(Imidazolylalkyl)arginines (17) are shown to display weak
nonselective NOS inhibition'?®. With one of the guanidino nitrogen incorporated into
a heterocycle, 1H-pyrazole-1-carboxamidines (18) have been shown to be
nonselective NOS inhibitors™™®. The presence of terminal amino function (19) results
in increased potency but not selectivity. With phenyl substitution (20), no selective
inhibition is achieved, which is different from the case of NnNOS selective N-
phenylamidines?? (43).

Amidine and Related Inhibitors

Amidine based inhibitors represent a large group of NOS inhibitors. The
amidino group is bioisosteric with the guanidino group, with the non-nitrogen group
interfering with the haem. The simplest form of amidine, formamidine (21), is a

135

nonselective inhibitor™>. Substitutions on the central carbon of amidino group (22)
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with various alkyl, heterocyclic, heteroatom-containing alkyl chains produce non-
selective inhibitors'*. Cyclopropylamidine (23) and 2-thienylamidine (24) are found

to be potent inhibitorsin this series.
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Cyclic amidines are able to inhibit NOS. 2-iminoazaheterocycles (25) are
non-selective inhibitors despite displaying iNOS selectivity over eNOS™*!%, Similar

inhibition profile is observed for 2-iminohomopeperidine™’

(26), 2-iminopyrrolidines
(27), 4-methyl-5-pentyl-2-iminopyrrolidines (28) and the 3-hydroxyl analogues
(29)131%9  Interestingly for the 3-hydroxyl substituted analogues, one of the
stereoisomersis an iNOS selective inhibitor. Bicyclic amidines are highly potent with
ICs0 in nanomolar range, but the inhibitors are non-selective (NNOS inhibitory datais

not reported)** (30). Dihydropyridin-2-imines and analogues (31) (32) (33) (34)

have been shown to be isoform nonselective (NNOS inhibitory data is not

31



reported) ™42, With the appropriate substituents, azepines are better than piperidines
in terms of iINOS selectivity over eNOS (nNOS inhibitory data is not reported). 2-
Azabicyclo[4.1.0]heptan3-imine (35) has been evaluated and shown to be
nonselective™
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Similar to guanidino compounds, amidino compounds with NBS-interacting
group and/or CBS-interacting group generaly demonstate good binding affinity. L-
N-iminoethyllysine (L-NIL) (36, n=1) isiNOS selective over eNOS (nNNOS inhibitory
data is not reported). With shorter alkyl bridge, the L-N-iminoethylornitine (L-NIO)
(36, n=0) is more potent than NIL, but with longer alkyl bridge, L-N-

iminoethylhomolysine (36, n=2) is less potent*.

A prodrug of L-NIL has been
developed™. L-NIL with tetrazole-amide group is reported to be inactive, thus
implying either the carboxylic group is important, or the protonated tetrazole is
incompatible with CBS. Based on L-NIL, N°-(1-imino-3-butenyl)-L-ornithine (37) is
an nNOS selective inhibitor'*®. In addition, several conformationally restricted
amidinyl amino acids (38) (39) (40) have been synthesised and shown to inhibit INOS

(NNOS and eNOS inhibitory data is not reported)**. On the other hand, selective
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iNOS inhibition is observed for 3,4-cyclopropylarginine analogue (41)**". With the
introduction of heteroatom into the alkyl bridge between the amidine and the amino-
acid groups, the resultant compounds (42) are iINOS selective, and the inhibitory

148 \When conformational

activities are dependent on the position of the heteroatom
restriction being applied to these compounds, they are shown to be inactive as NOS
inhibitor'®.
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Attempts to remove the NBS-interacting group and/or CBS-interacting group
have been performed. The a-amino and a-acid groups of L-NIL are not required for
iNOS inhibition, but the hydrogen bonding of a-amino is important for catalysis'°.
L-NIL analogues with vicinal diol, which is an isostere of the carboxylic acid, are
non-selective™. On the other hand, CBS-interacting group is often left out in the
design of NOS inhibitor, while NBS-interacting group is retained. An extensive study
has been performed to elucidate the tolerence of the guanidino binding site using
pheny! substituted amidines (43)*%2. The imino nitrogen is to be kept unsubstituted.
Thisis consistent with the guanidino binding site model, which dictates that the distal
GBSissmall and intolerant with simple methyl substitution'®. On the other hand, for
NNOS but not INOS or eNOS, the proximal GBS is able to accommodate a range of
akyl, alkyl with heteroatom terminal, and hetorocylic ring, and hence nNOS selective
inhibition is achieved. For the substitution on the phenyl ring, several nitrogen
containing meta-substituents have been shown to result in NNOS selectivity, but bulky

and electronic groups, except aminomethyl, result in weak or inactive compounds.

The phenylenebisamidine (44) is reported to be nNNOS selective. On the other hand,
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with benzyl substitution, a prototypical highly iNOS selective inhibitor, N-(m-
(aminomethyl)benzyl)acetamide (1400W) (45), is obtained, and 1400W has been used

extensively in in vivo research since its discovery in 1997,
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Another series of amidine evaluated is the thiazole-containing amidine with
phenyl substitution. Without NBS-interacting group on the phenyl ring, the
compound are weakly selective (46). However, with amino-containing moiety, nNOS
selective inhibition is achieved™® (47) (48) (49). Acylation of the terminal nitrogen
with lipoic acid (50) results in an nNOS inhibitor (iNOS and eNOS inhibitory datais
not reported), which offers protection against cell model of glutamate toxicity™*.
Thiourea and | sothiourea Based I nhibitors

L-Citrulline, with a urea function showing low affinity to GBS, prompts the
use of thiourea as an inhibitor. Thiourea and isothiourea are commonly found in NOS
inhibitors, but the latter is more commonly employed. Unsubstituted thiourea is
inactive as NOS inhibitor. Phenylthiourea (51) and benzylthiourea (52) are non-
selective NOS inhibitors (eNOS inhibitory data is not reported), and hydroxylethyl
substitution on thiouronium nitrogen (53) results in nonsel ective inhibitor**>.

L-Thiocitrulline is a isoform nonselective NOS inhibitor'®®. Modifications on

the alkyl bridge between the thiourea and the amino acid groups have been performed.



L engthening the alkyl bridge of L-Cit with an methylene group produced nonselective
inhibitor (eNOS inhibitory data is not reported) (54)™’. Phenylthiourea analogues
with amino acid group (55) are nonselective (NOS inhibitory data is not reported)*®*.
The presence of oxygen in the alkyl bridge (56) produces iNOS inhibitor (nNOS and

eNOS inhibitory data is not reported)™®®, and the thiourea-containing compounds are

weaker than isothiourea-containing compounds for this series of inhibitors.
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An extensive study using alkylisothiourea™® (57) has been conducted for
INOS inhibition (nNOS and eNOS inhibitory datais not reported). The S-alkyl group
isto be kept small for INOS inhibition. Larger alkyl groups decreases the inhibitory
activities and n-butyl results in inactive compound. Benzyl group and heteroatom-
containing chains, such as methoxy and cyanomethyl, are tolerated at the active site,
and S-aminomethyl results in potent inhibition. The imino nitrogen is preferably
unsubstituted, while the amino nitrogen can be substituted with various groups,
ranging from small amino group to large benzyl group. Heterocyclic analogues are
also evaluated. The 2-aminothiazole (58) and 2-aminothiazoline (59) are found to be

active. Another extensive study providing information on isoform selectivity has

35



been conducted, and laid the foundation for the popular use of isothiourea derivatives
as NOS inhibitors'®. Isothiourea, thiazole (58), thiazoline (59) and bisisothiourea
(60) are evaluated and shown to be nonselective NOS inhibitors. With alkylbenzene
as the bridging element, potent inhibition has been observed in 60. Further study on
S-alkylthiourea reveals that S-ethylisothiourea is INOS selective.  The cyclic
amidines, as in 2-amino-5,6-dihydro-6-methyl-4H-1,3-thiazine (61), are shown to be
nonselective but more potent than ethylisothiourea'®. N-phenylisothioureas (62)
have been evaluated™®, and the thioureido sulphur should only be substituted with
short alkyl chain like methyl and ethyl. Bulkier S-substituents like propyl, isopropyl,
butyl and benzyl are not tolerated in NOS. With suitable ring substituents (mostly
hydrophobic, and some bulky aromatic), NNOS selective inhibition is achieved for

this series of compounds.
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Based on L-Cit, S methyl and S-ethyl-L-thiocitrulline (63) are evauated and
the latter is shown to be nNOS selective inhibitors'®®. Additional alkyl substitutions
on the imino nitrogen lead to inactive compounds, with the exception of methyl
substitution (64), which exhibits weak inhibition'®*. This is rather unexpected
because the distal GBS is known to the small and intolerable to even methyl

substitution'®.  Thus this suggests that the affinity-enhancing effect of NBS-
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interacting group and CBS-interacting group can overcome the steric incompatibility

of GBS-interacting group in the distal GBS.
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Modification on the chain length of the alkyl chain of isothiocitrulline leads to
nonselective inhibitor (eNOS inhibitory data is not reported) (65)*%°. L-Canavanine
(66), with oxygen in the akyl bridge, is shown to inhibit iNOS (nNNOS and eNOS
inhibitory data is not reported)’®. Analogues without CBS-interacting group are also
evaluated. The analogues of dimaprit (67) show inhibition against nNOS (iINOS and
eNOS inhibitory data is available)’®’. The analogues of dimaprit are different from
the rest of the isothiourea-based inhibitors because the sulphur is located on the
bridging chain, and can be substituted by the terminal nitrogen to give guanidines,
which are suspected to be the active forms. Compounds with SacBS-interacting

groups are synthesised to explore isoform selective inhibition. Dipeptides with S
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methylisothiourea terminal are INOS selective over nNOS (eNOS inhibitory data is
not reported) (68)™**. Another series of dipeptides is also evaluated and shown to be
non-selective™®,

The incorporation of the sulphur and the imino nitrogen as part of a thiazole
ring represents another series of thiourea related inhibitors. As stated previoudly, the
thiazole and thiazoline are nonselective inhibitors'®. With phenyl (69) and benzyl
substitution (70), the compounds are shown to be non-selective (eNOS inhibitory data

is not reported)™>.

Thiazole-containing amino acids are shown to be nonselective
(71) (eNOS inhibitory data is not reported)’®. Other than thiazole, a series of
heterocyclic rings, such as isothiourea, thiazine, pyrimidine and oxazole, as well as
non-cyclic isothiourea have been evaluated, but the inhibitory potencies are lower
than that of thiazole-containing compounds. In addition, the CBS-interacting group is
shown to be not essential but desirable. Lengthening the alkyl bridge by a methylene
function, with or without the presence of CBS-interacting group, results in inactive
compound™’,
Heter ocyclic Based Inhibitors

Although several heterocycles are reported to be NOS inhibitors, however, not
al of them meet the inclusion criteria for this review, thus are not extensively
presented here. These heterocycles show different binding mechanisms around the
Fenem @s compared to guanidino mimetics. For example, some NOS inhibitors
containing the imidazole or indazole groups are known to bind to the haem through
different interaction forces as compared to the guanidino group of L-Arg "®*".
2-Aminopyridine (72), a close analogue of iminopiperidine, is generally

nonselective'?.  With the appropriate 4,6-disubstitution in the phenyl ring, the

potency towards iNOS has increased. This s reflected in the shift of the 1Csy values
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to the nanomolar range, however no enhancement in selectivity is observed. Further
study on 6-(4-(substituted)phenyl)-2-aminopyridines (73) shows that selective
inhibition of NOS can be achieved'®. With aminoalkyl-containing bulky 6-

substituents on the aminopyridine, NNOS selective inhibitors have been obtained .
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From the review, it is found that relatively few selective inhibitors are
available for inhibitors with GBS-interacting groups. None of the guanidino
mimetics, such as guanidines, amidines, thioureas and isothioureas, is superior to the
others in terms of affinity or selectivity. Among the GBS-interacting groups, the
ability of the guanidino group to interact with GBS is without doubt. Furthermore,
the guanidino group is the natural anchoring moiety of the substrate L-Arg. In
addition, in term of structural modification, avariety of substitution can be introduced
to the guanidino moiety. As a result, it is of interest to evaluate the potential of
guanidino compounds as inhibitors and molecular probes of NOS active site though a
series of SAR and molecular probing studies.

Besides that, it is observed that alot of inhibitors interacting with either one or
both of NBS and CBS show increased potency but not necessarily increased
selectivity. Hence, the NBS-interacting group and/or CBS-interacting group alone are
insufficient in providing good isoform selectivity. Nevertheless, the good potency
achievable with either NBS-interacting group or CBS-interacting group is dependent
on a condition, which specifies that the compound should possess the appropriate

GBS-interacting group and (the generally ignored) RegG-interacting group. Hence, it
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is of interest to study the contribution of RegG-interacting group in improving the
binding and isoform selectivity of an inhibitor, using a guanidino group as the GBS-
interacting group.

X-Ray Crystallography of Inhibitors Bound to The NOS Active Site

It is of interest to understand the binding of the inhibitors to the NOS active
gte by X-ray crystallography studies. As compared to the X-ray crystallographic
studies published before the year 2000 (Chapter 1), those reported after the year 2000
have been more focused on elucidating the binding conformation of the inhibitors, the
interactive forces involved, and the structural variations that determine isoform
selectivity.

The N-butyl-N3-hydroxyguanidine (74)'® binds to nNOS in similar fashion
as N"-hydroxy-L-arginine (L-NHA) (75), which in turn binds similarly as L-Arg.
Compound 75 establishes extensive hydrogen bonding network around GBS, as well
as stereospecific interactions with NBS and CBS. The hydroxyl group on the
guanidino moiety points away from Fensem toward the backbone amide of Gly forming
weak hydrogen bonding or nonbonding contact. Asfor 74, the hydroxyl group is also
orientated away from the Fen.m. HOwever, as compared to the alkyl chain of L-NHA,
the n-butyl group is curled toward GIn and Val residues, away from the NBS and
CBS, and forms hydrophobic ineractions with Val residues. Besides that, the side
chain of GIn residue is shifted in order to avoid close contact with the butyl group.
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In contrast, the binding conformation of N-isopropyl-N>-hydroxyguanidine

(76)'% is different from 74 and 75. The isopropyl group is located in the hydrophobic
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cavity above the haem, in which the hydroxyl groups of 74 and 75 occupy, with the
two ultimate methyl groups make favourable VDW interactions with both Va and
Phe residues. Furthermore, the hydroxyl group is located in the distal GBS, which is
known to be sterically restricted. The hydroxyl group is hydrogen bonded to the
backbone carbonyl of Trp residue, while both N°H and N*H of guanidino group are
involved in bifurcate hydrogen bondings with Glu residue. To accommodate
hydroxyl in the distal GBS, the guanidino plane of 76 is shifted dightly away from the
Trp residue as compared to that of 74 and 75.

For simple S-akylisothiourea (57), the sulphur is located above the haem
pyrrole ring B nitrogen. The ethyl group of S-ethylisothiourea protrudes into the
hydrophobic cavity above heam, interacting with the Phe residue'®'®. As for
isopropyl group of S-isopropylisothiourea, one of the terminal methyl groups is in
close VDW contact with the haem as limited by the space in the hydrophobic pocket
above the haem. For 2-amino-1,3-thiazolidine (59), the thiazolidine ring remains
puckered but is approximately parallel to the haem plane. The thioureaido fragment
occupies the same position as simple S-akylthiourea, with the ethyl bridge protruding
into the hydrophobic pocket above the haem.

For S-ethyl-N-phenyl-isothiourea (EPITU) (62)'", the terminal thioureido
amino group (NH,) binds to the distal GBS. In proxima GBS, the S-ethyl group of
EPITU isin close contact with the carbonyl of Pro in the hydrophobic pocket above
haem, which is different from that of S-ethylisothiourea described above.  The N-
phenyl ring is orientated at an angle of 153° relative to the thioureido plane, making
hydrophobic interaction with Va residue, which is a critical interaction for the

binding of EPITU.
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As for the S,S-(1,4-phenylenebis(l,2-ethanediyl))bisisothiourea (77) and
S,S'-(1,3-phenylenebis(1,2-ethanediyl))bisisothiourea  (78)'"°, the first thioureido
group fits into the GBS forming similar hydrogen bonding network as the L-Arg.
Compounds 77 and 78 bind to NOS in twisted conformation, with the energetic
incentive derived from hydrogen bonding between the second thioureido group and
propionate of pyrrole ring D of haem. Compound 77 interacts better with the
propionate than 78. Besides that, the phenyl ring of 77 is perpendicular to the plane
of first thioureido group and establishes hydrophobic interaction with Va residue,
while the phenyl ring of 78 is tilted with less perfect hydrophobic contact. This
explains the higher potency of 77 than 78. As for N N“-bis((S
methyl)isothioureido)tetradecane  (79)*"°, the X-ray crystallographic image is
disordered except the first thioureido group and subsequent four carbons.
Nevertheless, this implies that a bulky ligand with an alkyl chain as long as Ci4Hos
can bind to the active site, as long as the compound possesses a suitable GBS
interacting group such as guanidino, amidino or ureido group, and the remaining

portion of the lengthy molecules is accommodated in the substrate access channel.
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Study of the binding of N-(m-(aminomethyl)benzyl)acetamide (1400W) (45)
in NNOS and iNOS has been performed*™®. The amidino group mimics the guanidino
group of L-Arg and is hydrogen bonded to Glu residue in GBS. The phenyl ring of 45
is positioned on top of the pyrrole ring A of haem, and the mraminomethyl group
interacts with both haem propionates, which are in turn hydrogen bonded to Tyr
residue and BH, respectively. The binding of 45 in eNOS has also been reported'”’,

in which the amidino group is hydrogen bonded with Glu and Trp in the GBS, and the
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amidinyl methyl group of 45 is directed towards the Feem. 10 contrast to both NNOS
and iNOS, the phenyl ring is positioned above the haem propionates in eNOS, and the
position of mraminomethyl group is not clearly defined, though it shows a tendency to
bind to the propionate of pyrrole ring D of haem. The amino group could not bind to
NBS as judged from the position of the phenyl ring.

Compound 45 is known to be iNOS selective inhibitor. The INOS selectivity
arises from the conformational flexibility of the iINOS active site, which can
accommodate 45 with greater conformational complementarity than the other two
isoforms. In order for all the three nitrogens of 45 to interact strongly with the Glu
residue as well as the haem propionates in iNOS, the 45 moves closer towards the
propionates and Glu, and causes the shifting of helix H11 strand. However, this shift
of the helix strand is not possible in NNOS because of the hydrogen bonding (between
Try and Lys residues in H1l) that immobilises the helix strand. In INOS, a
hydrophobic Phe residue replaces Try residue, thus the hydrogen bonding is absent
and the shifting of the helix strand is allowed.

The prototypical NOS inhibitor, L-NA (15)'", binds to active sitein asimilar
fashion as L-Arg, with the nitro group positioned in the proximal GBS. The nitro
group provides additional interactions (hydrogen bonding and non-bonding) with the
protein as compared to L-Arg. The backbone amides Gly and Trp residue is hydrogen
bonded with the nitro group, and various non-bonded contacts are formed between
nitro and protein (Pro, Phe, Ser, Gly, Trp residues).

Another NOS inhibitor, L-N°-(1-iminoethyl)-ornithine (L-NIO) (36, n=1)'"",
binds in a similar fashion as L-Arg with a network of hydrogen bonds in the GBS.
The amidino methyl group is directed towards the Fenem. A bridging water molecule

originally found between the carbonyl oxygen of Pro residue and the guanidino NH»
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of L-Arg is absent in the case of L-NIO, probably due to the increased hydrophobicity
upon L-NIO binding.

The binding of L-NPA (07)*"®, known as nNOS selective, is similar to that of
L-Arg. The propyl group is directed towards the Fenem and resides in the
hydrophobic cavity above the haem. Slight differences between the bindings of L-
NPA to nNOS and iNOS are observed, forming the structural basis of NNOS selective
binding. The active site of INOS is smaller than nNNOS and eNOS by 13 A? and 8.4
AZ respectively. A spacer is created in the protein core of iNOS through hydrogen
bonding between the side chain amide of Asn residue with the backbone carbonyl of
Ala residue, thus decreasing the space available in the active site of INOS. This
explains the inability of the hydrophobic cavity above the haem iINOS to
accommodate compounds with large or inflexible Fenem-facing group. By having a
Ser residue in place of Asn residue, the spacer is absent in the protein core of NNOS
and eNOS, thus the active sites are larger. Since the active site cavity eNOS is only
sightly smaller than that of nNOS (4.6 A?), both active sites show relatively similar
steric tolerance. This size differences among the active sites of the three isoforms are
likely to be clinicaly relevant, because the same protein sequential difference is aso
found in all the three human NOS isoforms. Furthermore, the 3D structures of human
INOS and nNOS are also found to align nicely over those of murine INOS and rat
NNOS.

In addition to the size variation in the active site, other differences are
observed between the binding of L-NPA in iNOS and nNOS™®. A hydrogen bond is
present between the a-amino of L-NPA with Trp residue in nNOS but is absent in
INOS. Besides that, the a-acid of L-NPA forms hydrogen bond to GIn residue of

NNOS while the interaction is not possible in INOS. These differences are attributed



to the Asn residue located in SacBS in nNOS (Asn residue replaced by Thr residue in
INOS). The Thr (iNOS) residue is too short for interaction with adjacent Arg residue,
thus interacts with Gln residue instead. In contrast, the Asn (nNNOS) is hydrogen
bonded with adjacent Arg residue, thus unable to interact with Gin residue. Hence,
the GIn residue in INOS is not available for hydrogen bonding with a-acid of L-NPA,
but the GIn residue in NNOS is free to interact with a-acid of L-NPA. Nevertheless,
these interactions might not be clinically significant, because an Asn residue (instead
of Thr residue) is found in human iINOS. Thus NNOS selectivity might not be
achieved in human by exploiting the residue difference in this site.

It is of interest to carry out X-ray crystallographic study on nNOS selective
dipeptidic inhibitors. The selectivity of isoform selective dipeptidic inhibitors has
been attributed to the structural differences in ZacBS. However, a recent study using
L-N"-nitroarginine-2,4-L-diaminobutyramide (80), (45)-N-(4-amino-5-
(aminoethyl)aminopentyl)N’ -nitroguanidine  (81) and L-N"-nitroarginine-(4R)-

aminoL-proline amide (82) suggests that the selectivity is attributed to the differences

inthe CBS'"®,
_NO _NO _N
b e i
HN™ ~NH, HN™ “NH, HN™ “NH,
HZN{ H,N HZN{
HN™ SO HN HN™ SO
\\\--H(NHZ ;
J (@] NH HN
H,N 2 0
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The nitroguanidino group binds to the GBS in a similar fashion as L-Arg, with

an extensive hydrogen bonding network'”®, The N-nitro group forms additional
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hydrogen bondings with the protein backbone, thus strengthening the binding.
However, the fitting of nitroguanidino group in NNOS is better than that of eNOS. In
eNOS, either the hydrogen bonding between the termina guanidino nitrogen and Glu
residue, or the hydrogen bonding between the nitro and protein backbone, or both, is
stretched dightly beyond favourable distance. In nNOS, the nitro group is
consistently found to be ~ 0.1 A closer to the protein backbone than in eNOS.

Due to the lack of CBS-interacting group, these dipeptidic inhibitors cannot fit
into the L-amino acid specific NBS and CBS in both nNOS and eNOS, but extends
into the ZacBS instead'™®. The NBS-interacting group (a-amino group of L-NA
portion) of the dipeptidic inhibitor is hydrogen bonded directly to the Glu residue of
GBS, but it is hydrogen bonded via a water bridge to the Glu residue in eNOS.
Interestingly, in NNOS, the NBS-interacting group can also interact with CBS, which
isoriginally interacting with a-COOH in case of L-Arg binding. Hence, in nNOS, the
inhibitors adopt curled conformation for maximum electrostatic interaction between
NBS-interacting group and both Asp and Glu residues. However, an Asn (in eNOS)
residue is found in place of the Asp (in NNOS) residue. The Asn (in eNOS) residueis
uncharged, and the mono hydrogen of Asn residue is aready bonded to an adjacent
Arg residue. As a result, the eNOS is unable to establish the similar electrostatic
interaction with the dipeptidic inhibitors as in NNOS, and thus the inhibitors are fully
extended in eNOS. Furthermore, it is found that the same contacts are available in
both isoforms and yet the inhibitors make different contacts in NNOS and eNOS.
Hence, the difference in binding conformation is due to the varying adaptabilities of
the dipeptidic inhibitors in the active sites of the two isoforms. Importantly, this
structural difference in CBS is likely to be clinically significant as the difference is

aso found in human isoforms.
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Although nitroindazole is not considered a guanidino mimicking GBS
interacting group, the X-ray crystallographic information of nitroindazoles'™®'"
provides additional information about the NOS active site, and is briefly reviewed
here. As compared to L-Arg, the nitroindazoles bind through a different set of
interactive forces, such as p-p stacking interactions, hydrophobic interactions and
hydrogen bonding interactions. The potency of nitroindazole is mainly attributed to
p-p stacking interaction, which is an important noncovalent intermolecular forces that
can contribute at |east as much energy as hydrogen bonding'”®. On the other hand, the
importance of hydrophobic interactions around the active site is highlighted by the
improved potency of 3-bromo-7-nitroindazole as compared to 7-nitroindazole, which
is a result of significant hydrophobic interactions around the bromo group. Besides
that, the nitroindazoles also exhibit interactions with BH,4. Interestingly, the Glu
residue in the GBS adopts a new rotameric form upon the binding of 7-nitroindazoles.
Besides that, the haem propionates are found to adopt different conformation as
composed to the X-ray crystallography of L-Arg. This highlights that the active site
isnot rigid and can adopt some structural variations upon inhibitor binding.

Early X-ray crystallographic studies tend to suggest that the active sites of
NOS are highly conserved and rigid. However, recent reports suggest that ligand-
induced changes in the active site conformation are possible!™*1"®. The selectivity of
both 1400W and NPA is attributed to the isoform-specific structural differences
outside the active site, which in turn confer conformational flexibilities in the protein
active site. The study on nitroindazoles further suggests that the Glu residue of GBS
and haem propionates can undergo conformational changes in response to ligand
binding. Asaresult, the active site of NOS is not arigid entity, but is indeed flexible

and accommodeative to the ligand.
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Chapter 3 Hypothesis, Objectives and Experimental Design

NO is found ubiquitously in the human body, acting as a neurotransmitter, a
paracrine agent, an autocrine agent, as well as a cytotoxic agent. Overproduction of
NO isimplicated in a variety of pathological conditions, which can be controlled by
modulating the NO production. Hence, the NO-producing enzyme, NOS, is a valid
and important target for drug design. Of the three NOS isoforms, nNOS is the focus
of the current study. Overproduction of nNOS-derived NO in high concentration
produces destructive RSyo, which is detrimental to the neurons. The hyperactivity of
NNOS is often associated with neurodegenerative diseases, thus inhibition of NNOS is
a suitable approach in curbing neurodegeneration. However, there is a lack of
therapeutically useful NNOS inhibitors available in clinical settings, and hence it is of
interest to search for novel NNOS inhibitors.

The inhibition of NNOS should be selective, with minimal interference with
the normal functioning of INOS and eNOS. However, the conservation of the active
site topology of the three NOS isoforms presents a challenge in achieving selective
isoform inhibition. Nevertheless, several selective inhibitors of iINOS and nNNOS have
been reported, suggesting that the selective inhibition of NNOS is not impossible. The
selectivity of the inhibitors is believed to be related to the differences in the capacity
of the topologically conserved active sites to accommodate the inhibitors through
induced fit. Among the binding sites identified in the NOS active site, the region
adjacent to GBS (RegG), despite being strategically located, has not been extensively
exploited in drug design. Based on limited data, hydrophobic interactions, which are
often associated with conformational changes of active site, are likely to be the major
interactive forces in the RegG. Thus the RegG offers promise for improving

inhibitor’ s binding affinity and isoform selectivity.
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Since X-ray crystallography is unable to capture the dynamics of NOS active
site and NMR study of NOS is infeasible, the molecular probing study is a useful
strategy for characterising the RegG. Being part of the substrate L-Arg, the guanidino
group is known to bind to the GBS with high affinity. Besides that, the guanidino
moiety can be modified through various N-substitutions. Hence, guanidino
compounds are suitable for molecular probing study of the RegG. In addition, while
severa classes of guanidino compounds have been developed as NOS inhibitors,
relatively few are isoform selective. Thus it is of interest to investigate the potential
in capitalising the RegG for improving the affinity and selectivity of guanidino based
NOS inhibitors.

Therefore, based on the information retrieved from the literature reports, the
following hypothesis was proposed for this study: “That by exploiting the region
adjacent to the guanidino binding site, selective nNOS inhibition and improved nNOS
binding affinity can be achieved through differently substituted guanidino
compounds, thus may give rise to useful therapeutic value.”

In order to prove the above hypothesis, the current study was designed to meet
the following objectives:

1. To synthesise with rationale several series of guanidino compounds that can
bind to both the GBS and the RegG.

2. To evauate the binding affinity and isoform selectivity of the guanidino
compounds using the [*H]-L-citrulline assay.

3. To evaluate the in vivo activity of the lead compound(s) identified from the
current study.

Achieving these objectives would in turn provide a better understanding of the RegG.
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In order to meet the above objectives, a genera experimental design was
outlined. The guanidino compounds should be suitably substituted in order to be
accessible to the GBS, and at the same time able to interfere with the catalytic
functioning of the GBS for NO production. Besides that, the guanidino compounds
should possess suitable groups for interaction with the RegG. These RegG interacting
groups should be structurally diverse in order to perform SAR and molecular probing
studies. Although hydrophobic forces seemed to be involved in the RegG, as
suggested by limited data, it would be necessary to evaluate the presence of other
interactive forces (such as ionic, hydrogen bonding and p-p stacking interactions) in
the RegG.

A guanidino group can be N-substituted with various groups. With respect to
binding to NOS, it would be of interest to evaluate the inhibitory activity by
synthesising N*,N?-(disubstituted)guanidines. At the active site of NOS, one of the
unsubstituted guanidino nitrogen atoms of a N*-(monosubstituted)guanidine is likely
be orientated towards the Fenem, While the N'-substituted nitrogen is orientated
towards the access channel. Thus, N*-(monosubstituted)guanidines are likely to be
substrates of NOS. In order to disrupt the catalytic mechanism of the enzyme, the
nitrogen facing the Feen should be substituted and the substituents should be kept
relatively small in sizein order to fit into the binding cavity in the proximal GBS. On
the other hand, the distal GBS cannot accommodate substituted nitrogen, thus
N* N2 N°-(trisubstituted)guanidines are unlikely to be accessible to the active site. As
aresult, N*,N?-(disubstituted)guanidines are more suitable candidates to be devel oped
as NOS inhibitors.  In addition, other than simple guanidino group, it is aso of
interest to evaluate the inhibitory potential of heterocycles, in which the guanidino

group isincorporated structurally in a heterocyclic ring.

50



Hence, several series of compounds are proposed. As a preliminary study, a
series of N*-alkylguanidines would be useful in providing preliminary information for
subsequent studies, despite being likely to be metabolised by NOS. Subsequently,
two series of disubstituted guanidines are proposed, the N*,N?-dialkylguanidines and
N*-alkyl-N2-nitroguanidines, with reference to the prototypical inhibitor L-NA. In
addition, in order to evaluate the possibility of the presence of anionic interaction in
the RegG, a series of 2-(2-nitroguanidino)alkanoic acids is to be synthesised. On the
other hand, for evaluating the involvement of cationic interaction in RegG, two series
of heterocycles, 1-akyl-4-nitroimino-1,3,5-triazinanes and 6-anilino-4-amino-1,2-
dihydro-2,2-dimethyl-1,3,5-triazines, are to be synthesised.

In addition, the [*H]-L-citrulline assay is to be optimised for evaluating the
NOS inhibitory activities of the compounds synthesised. The compounds are to be
tested against all three isoforms of NOS. The lead compound (ideally be potent and
NNOS selective) identified from the study is to be subjected to in vivo test to elucidate
the clinical potential of the lead compound, as well as to establish the clinical benefits
of NNOS inhibition.

Subsequently, from the results obtained, SAR of guanidino analogues as NOS
inhibitors, and information regarding the environment of RegG can be extracted. The
potential of RegG for enhancing the binding of the inhibitors shall be evaluated, and
the potential contribution of RegG to NNOS selective inhibition shall be assessed. As
a result, structural requirements for future design of selective nNNOS inhibitors can be

identified.
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Chapter 4 Preliminary Studies on N*-Alkylguanidines

A series of N'-alkylguanidines was synthesised in the preliminary study to
evaluate the nNOS inhibiting potential of guanidino compounds. While compound 01
has been shown to be a weak and nonselective NOS inhibitor'*, limited information
is available about the use of N'-alkylguanidine as NOS inhibitor. Hence, it was of
interest to study the SAR of N'-alkylguanidine. Furthermore, the preliminary study
was also aimed at obtaining information about various aspects of the current study,
range from the synthetic efficiency, handling of guanidino compound, execution of L-
citrulline assays, to preliminary understanding of RegG.

An Introduction to Guanidines

The guanidino group exhibits distinctive physicochemical properties.
Guanidineis highly basic (pKa (guanidine sulphate) = 13.6)**°. The guanidino moiety
can actively take part in hydrogen bonding interactions, as either a H-bond donor or
acceptor. Once protonated, a guanidinium ion can participate in ionic interactions and
behaves similarly as Na” and K*. The basicity of guanidino group can be moderated
by various N-substituents'®*, which also modulates the hydrogen bonding patterns and
metal coordination properties of guanidines. In addition, the extensive p-electron
conjugation in the guanidino moiety enables it to participate in p-p conjugation
interactions with aromatic systems'®.

Since the discovery of guanidine in 1861 by Strecker, hundreds of naturally
occurring guanidino compounds have been identified™®.  Guanidine-containing
compounds have been shown to exhibit various physiological, pharmacological and
toxicological effects’. Physiologically, guanidino compounds are known to function
as both phosphate-carriers and nitrogen-sinks (from which organisms derive various

nitrogen-containing compounds)™®*. On the other hand, naturally occurring guanidino
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compounds are found to exhibit several toxicological effects’®, which include the
disruption of protein complex, blockade of membrane sodium or chloride channels,
modulation of NO production*®, hypotension and hypoglycaemia. Interestingly,
these physiological and toxicological effects are capitalised for pharmacological
applications'™®*®. The guanidino group is found in several pharmacologica classes
of drug molecules, such as antidiabetic, antimalarial, diuretics, sympatholytics,
antimicrobial, antifungal, antiviral, NMDA receptor antagonists and DNA binding
agent5181’184.

Synthesis of Guanidines

Guanidines can be synthesised by several approaches as depicted in the
following scheme (Scheme 4)'®’. In general, the guanidines can be synthesised
through substitution reactions or addition reactions. The substitution reactions
involve the substitution of amines on activated imino-containing functions, with the
leaving group being less basic than the incoming amine. On the other hand, the
addition reactions involved the addition of amines on linear carbodiimide- or
cyanamide- containing groups with an electron deficient carbon centre.

The classica pathway of guanidine synthesis is the Rathke synthesis, a
reaction developed in 1884'%". The guanidine is synthesised via the substitution of S
methylisothiouronium salts by amines. Many variants of Rathke synthesis has been
developed, mainly using thiourea or urea as the starting materials. Starting with a
thiourea, the amidino function is activated by either converting the thiocarbonyl
sulphur into thioether function, or replacing the sulphur with a more electronegative
chloride. Subsequently, the activated amidino function is substituted by amines.
Similarly, a urea can be activated as O-methylisouronium, chloroformamidinium

(Vilsmeier salt)*® or O-phosphorylisouronium®® groups for subsequent nucleophilic
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substitution. Besides that, there is another variant of Rathke synthesis where the

leaving groups are heterocyclic, such as 3,5-dimethyl-1H-pyrazole-1-carboxamidine

190

nitrate de'?®.

and 1H-pyrazole-1-carboxamidine hydrocholoride Generally these
heterocyclic-activated amidines are superior to S-methylisothiouronium sulphate for

the synthesis of monoalkylguanidines, but less suitable for reaction with secondary

amines'®’.

CH3| (Or (CH3)2804)

R1 CHjsl (or (CH3),S0,) Ry or COCl, Ry
N—R, or COCl, /N:Rz or POCl3 N-R,
S > X_< - @)
- X =CHzS N—Rs X = CH30 N-Rs
orX=Cl or X=Cl R,
orX= C|2P02
R3NH2 R2
R3 N R3 N_R3
,N Rs N—
R,Hal R4'\“"2 {_Héterocycles
N R2 (R5—H) <«
R;R,NH; N Rs R4RsNH
R,RgNH N C=N,
(Resulting R 3=H) R,
R1
N=C—N_
R

Scheme 4. Synthesis of Guanidine.

A non-Rathke synthesis of highly substituted guanidines involves the
synthesis of guanidine from carbonimidic dichloride, the chloro groups of which are
substituted with amines (with Vilsmeier salt as intermediate)’®’. On the other hand,
direct akylation of existing guanidines offers another route to synthesise guanidines
with higher degree of substitutions. In addition, a thiourea can be converted directly

into ureawith the use of a suitable catalyst'**.
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The addition of amine to carbodiimide’®® and cyanamide™ represents a
different approach to the synthesise of guanidine. It is of interest to highlight that in
contrast to the Rathke synthesis, the highest degree of substitution possible with the
addition reaction is tetra-substitution. Nevertheless, pentasubstitution has been
demonstrated with the reaction of cyanamide and hexachloroantimonates at —78 °C'*,
Interestingly, carbodiimide has been used as a coupling agent for the synthesis of
guanidine by reacting thiourea and alkylamine™®.

As shown above, several methods are available for the synthesis of differently
substituted guanidines, ranging from unsubstituted guanidines to pentasubstituted
guanidines. Each of the methods is associated with its strengths and weaknesses. The
traditional Rathke synthesisis probably the most commonly adopted approach for the
synthesis of guanidines. The reaction is more facile for ammonia and primary
amines, but is less favourable with more hindered secondary amine'®’. Highly steric
amines, such as t-butylamine, fail to react through traditiona Rathke synthesis.
Besides, if the incoming amine is lower in nucleophilicity, such as aniline, the
alkylthiol may not be a good leaving group. As such, stronger leaving groups, such as
S-chloro- and O-phosphoryl-isouronim salt, are more desirable. The Vilsmeier st is
suitable for the synthesis of sterically hindered and highly substituted guanidines®’.
Besides that, the methylthiol that is liberated during the traditional Rathke synthesis
has an unpleasant odour, thus the use of alternative leaving groups if preferred. The
aminoiminomethane sulphonic acid, a product of direct oxidation of thiourea with
peracids, reacts at room temperature to give non-volatile sulphuric acid which is

soluble in the reaction medium®®’. Asfor urea, it is generally used in a similar way as

thiourea, with the alcohol (in place of akylthiol) as the leaving group. However,
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alcohol is a less favourable leaving group than alkylthiol, and thus the thiourea
approach remains as a favourite choice.

The direct substitution on guanidines is usually performed with the use of
alkyl halide®™. However, the reaction usually results in a multicomponent mixture
[r4006]. Asaresult, itisaless applied synthetic approach. Aromatic substitution on
guanidine can also be performed through electrophilic substitution (Friedel-Crafts
reaction) of guanidino group on a benzene ring*®. As for the carbonimidic dihalides,
it is reported that the reactivities of the starting dihalides and the intermediate
Vilsmeier sdlts are different, thus enabling reaction with two different amines'®*.
Although this represents an interesting approach for guanidine synthesis, precise
control of substitution is not easily achieved, thus most of the reported reactions are
on the synthesis of symmetrical guanidine with the same alkyl substitution on both
guanidinium nitrogens'®*.

Synthesis of N*-Alkylguanidines

The traditional Rathke synthesis is used for the synthesis of N*-alkylguanidine
in the current study because the reaction is reported to give good yield with the use of
smple primary and secondary amines, and the reagents are readily available
commercially. A series of N*-akylguanidine sulphates was synthesised through the
nucleophilic substitution of a variety of alkylamines on S-methylisothiourea sulphate
(SMITUSO4) (Scheme 5). In order to achieve structural diversity of N*-alkyl group,
various subclasses of alkylamines, which include the aliphatic akylamines, branched
aliphatic alkylamines, cycloalkylamines, heterocyclic alkylamines and benzylamines,
were used for the synthesis.

The synthesis of N*-alkylguanidine sulphate from SMITUSO4 and alkylamine

was rather straightforward. Generally the yield of the reaction was satisfactory (56%
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- 98%). The N'-alkylguanidines were found to have good water solubility. However,
with bulkier akyl substituents, the water solubility of N*-alkylguanidine decreased,

and some of the benzyl substituted compounds became rather water insoluble.

_CHg R. R
S + R — > N +  HaC—SH
A Nep A :
HoN™ SNH H™ R HoN" SNH
1/2H,S0, 1/2H,S0,

Scheme 5.  Synthesis of guanidine sulphate via nucleophilic substitution of
SMITUSO4 by amines.

It was observed that in order to achieve satisfactory reaction rate and yield,
one of the reagents should be used as a salt while the other was preferable to be afree
base. Both reagents in the same form would deter the progress of the reaction. It was
found that no reaction occurred when both reagents were charged, and it was
reported™® that the rate and yield of reaction were low when both reagents were
uncharged.

Biological Evaluation of N*-Alkylguanidines

The compounds were screened for inhibitory activity against the three
isoforms of NOS and those compounds with more than 10% inhibition at 125 niM
were identified and evaluated for their 1Cso values (Table 2). As shown in the table,
the compounds were shown to be non-selective and relatively few compounds showed
more than 10% inhibition at 125 nM. As compared to the rest of the series,
compound | was the only compound showing inhibitory activities against al the three
isoforms, with dlight selectivity towards iNOS. Compound |11 (2-piperidinylamidine)
showed a different inhibitory profile by being inactive against iINOS but showed weak
inhibition against the constitutive NOS. On the other hand, compound | X, the most
potent nNOS inhibitor among the N'-alkylguanidines, demonstrated yet another

inhibitory profile with some selectivity against nNOS.

57



NH,

R.
nNOS iINOS eNOS
R %Inh  IC50xtSEM  %Inh  1C50xSEM  %Inh  1Cso+ SEM
| propyl 21.8 411.1+238 517 99.3+¥19.3 182 611.3+103
[ isobutyl <10 <10 <10
I —CsHio— 216 4685453 <10 15.1 709.6+151
IV benzyl <10 <10 <10
V  p-Cl-benzyl <10 <10 <10
VI  p-CHs-benzyl <10 <10 <10
VIl p-NOrbenzyl <10 <10 <10
VIl p-NHxbenzyl <10 <10 <10

IX mp-diCl-benzyl 31 261.8+453 132 1849+524 <10

Table 2. The % Inhibition at 125 mM and ICsp (mM) of N*-alkylguanidines.

As indicated by X-ray crystalographic studies, the hydrophobic cavity above
the haem was rather limited in size, as it could only accommodate alkyl groups as
large as propyl or isopropyl group [r2056], but a butyl group (as in S
butylisothiourea) was found to be orientated out of the GBS into the RegG'®. Asa
result, among the N*-alkylguanidines tested, only compound | was likely to bind to
the hydrophobic pocket. Compound | was indeed found to show a tendency towards
INOS selective inhibition. The observed tendency towards iNOS inhibition was not
surprising because S-ethylisothiourea was known to be iINOS selective. In contrast,
the L-NPA, with a N-propylguanidino terminal, was found to be nNOS selective. As

a result, it is postulated that ssimple alkylguanidine by itself could inhibit iINOS
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selectively, but with the presence of other enzyme interacting groups, as in L-NPA,
NNOS selectivity could be achieved. On the other hand, the inactivity of compound
I, the isobutyl group of which was likely to be located in the RegG, suggested that
the hydrophobic interaction, if any, in the RegG was weaker than the hydrophobic
interaction the hydrophobic pocket above haem in proximal GBS (as shown by 1), and
that the weak hydrophobic interaction in the RegG, by itself, was insufficient for
imparting good binding affinity to the N*-alkylguanidine. As for compound 111, it
was found to inhibit constitutive NOS with similar 1Csy values as compound 1.
However, it was not sure whether the cyclopentyl chain was fitted into the
hydrophobic pocket above the haem, or orientated towards the substrate access
channel.

For the rest of the series (I1V — 1 X), the N-benzyl substituents were too bulky
for binding to the hydrophobic cavity above the haem in proximal GBS, thus these
substituents probably interacted with the RegG. However, the N*-benzylguanidines
were inactive, except compound |1X, thus suggesting that the interaction of benzyl
group in the RegG was rather weak. Nevertheless, the inhibitory activity displayed by
compound 1 X was rather promising. The compound | X was the most potent NNOS
inhibitor in the N-alkylguanidine series, and it showed a tendency of nNOS
selectivity over iNOS and eNOS. Hence, the benzyl group, with suitable ring
substitution, could contribute towards improved binding affinity and nNOS
selectivity. This was a rather encouraging preliminary result that supported the
hypothesis on the possible contribution of RegG towards inhibitor binding and nNOS

selectivity.
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Preliminary Protein Visualisation and Analysis

In order to understand the possible interactions of the akylguanidino
compounds in the nNOS active site, molecular protein viewer was used to elucidate
the active site topology qualitatively. By early 2001, the X-ray crystallography of
NNOS was not reported. As a result, eNOS-Arg complex crystal structure
(Brookhaven code: 2NSE) was evaluated using the software Rasmol instead,
assuming that nNOS active site was similar to that of eNOS as cited as unpublished
datain literatures'”.

On close examination of the X-ray crystal structure of eNOS-Arg complex,
four hydrophobic residues, namely Pro336, Val338, Met341 and Phe355, were
identified around GBS with side chains protruding into the catalytic cavity. Detailed
investigation showed that Pro residue was located above the guanidinium plane of the
substrate L-Arg, outlining the non-reactive distal GBS. Asaresult, Pro residue would
not be an ideal binding site because it was not readily accessible. On the other hand, a
cluster of hydrophobic amino acids (Phe, Va and Met) was located very closely to the
substrate L-Arg.

The Pro, Phe and Va were known as structural elements of the small
hydrophobic cavity above the haem in the proxima GBS. On the other hand, through
computational protein visualisation, it was found that Va and Met formed a
hydrophobic zone above the haem group, and faced the substrate access channel.
This hydrophobic zone was connected to the exposed hydrophobic surface of haem
(the pyrrole ring A and D, and the associated propylene arm), forming a rather large
area of hydrophobic region (Figure 7). This hydrophobic region might account for

the hypothesised RegG. It was of interest to evaluate the presence of a similar
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hydrophaobic zone in nNOS (as part of the RegG), and availability of the hydrophobic

zone for potential inhibitor binding.

PHEZS5A
._.I i,

T3

Figure 7. Hydrophobic region formed by Val, Met and haem.

Further analysis showed that the substrate L-Arg showed minimal interaction
with the hydrophobic region. The distances from guanidino C, of the L-Arg to the
side chain of Phe, Va and Met were 7.47 A 5.659 A and 8.388 A respectively.
While Phe and Met seemed to be involved in hydrophobic interaction with the haem,
and Val appeared to be involved in some hydrophaobic interaction with the aliphatic
backbone of L-Arg (Cq of Va is 3.824 A from the Cq4 of substrate L-Arg). This
suggested that the hydrophobic region would play a minor role in the binding of L-
Arg, and presumably, the binding of L-Arg based inhibitors to the NOS active site.
The potential of this hydrophobic region of RegG for improved binding and

selectivity remained to be explored.
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Chapter 5 Solid Phase Or ganic Synthesis of Nl,NZ-diaIkaquanidines. Part |.

The synthesis of N,N-dialkylguanidines is not as straightforward as N*-
alkylguanidines. A versatile synthetic scheme of N*,N-dialkylguandines, in which the
N*-alkyl and N2-alkyl are derived from chemically diverse and commercially available
alkylamines, is sought after. Asdiscussed in Chapter 4, the precise control of different
substitutions on carbonimidic dihalides is not easily achieved, and the reaction
produces multicomponent mixture. As for the substitution using akylhalides on
guanidines, multicomponent mixture is produced and protective groups are to be
employed. On the other hand, the Rathke synthesis and its variants requires the
synthesis of N-alkyl substituted guanylating precursors prior to the synthesis of N*,N?-
diakylguanidine. Similarly, the use of cyanamides and carbodiimides is also limited
by the need of synthesising N-akyl substituted cyanamide and carbodiimide in
advance. As a result, regardless of the synthetic approach, the synthesis of NN
dialkylguanidine involves multisteps of reactions, for which the solid phase organic
synthesis (SPOS) is a preferred approach.

Solid Phase Organic Synthesis (SPOS)

Since the Merrifield's report'*

on solid-supported peptide synthesis in 1963,
SPOS has captured the attention of the community of chemists; and the technology has
been employed for the synthesis of DNA, RNA, small organic molecules, new
materials and catalysts. The field of chemistry is revolutionised by this ingenious
synthetic approach and Merrifield was awarded the Noble Prize in Chemistry for his
great contributions™.

In SPOS, a reagent is attached to a suitable solid support, while the other

reagent(s) are introduced as solution (in which the solid phase is immersed) and the

reaction takes place on the solid support. The yield and rate of the reaction can be
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increased by the addition of excess reagents. The remova of excess reagents and
solvents, as well as the isolation of final compounds can be easily accomplished
through simple filtration and washing. In addition, the use of solid support resultsin a
“pseudo-dilution” effect®®, in which the polymeric framework separates the functional
groups from each other, and thus reducing the inter-site reactions even with the use of
excess reagent. These unique characteristics position SPOS as a suitable approach for
multisteps reactions.

However, SPOS is not without drawbacks. The loading of the solid phase is
low, and thus the yield of compounds is low in absolute term. Being a recent
advancement in chemistry, limited literatures are available, and the range of reaction
permitted on solid phase is adso limited. Furthermore, not all solution phase reactions
are transferable (or yet to be transferred) as solid phase reactions. Hence, alot of time
is often spent on the development and optimisation of a solid phase reaction, a process
that is quoted as the most time-consuming process in SPOS™. As compared to
solution phase synthesis, several additional factors, such as the solid support, spacer
and linker, are influencing the outcome of the SPOS. The lack of suitable analytical
techniques for the analysis of SPOS further complicates the optimisation work?%#2%,
However, once the optimised condition is identified, the subsequent large-scale
synthesis of compound libraries can be performed in arelatively short duration.

The solid support is an insoluble functionalised, polymeric material to which
library members or reagents may be attached, allowing them to be readily separated (by
filtration, centrifugation, etc.) from excess reagents, soluble reaction by-products or
solvents™. The purification process is simplified as washing-filtration cycles, which is
convenient and timesaving. The solid supports for synthesising small organic

molecules include crosslinked organic polymers, linear organic polymers, dendrimers
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and inorganic supports™. In practice, the most commonly used solid support is the
commercialy available small spherical resin (cross-linked polymer) beads. Severa

criteria have to be considered in the selection of solid support®®.

The solid phase
should be insoluble (or can be precipitated after the reaction), in order to capitalise on
the filtration process, but swellable (or soluble) in the reaction medium, to maximise
the rate and extent of the reaction. A linker and probably a spacer should be present to
link the substrate to the solid phase, and the solid support, spacer and linker should be
inert to the reagents and the reaction conditions used. A spacer is usualy an inert

functionality flanked between the polymeric support and the linker®®.

The spacer
serves to distant the reaction site from solid support, and to modify the swellability of
polymer. As aresult, a spacer allows the functional groups to rotate more freely and
increases the accessibility of dissolved reagents to the site of reaction. A linker is a
bifunctional chemical moiety attaching a compound to a solid support, which can be

201 A careful choice of linker allows

cleaved to release compounds from the support
cleavage to be performed under suitable conditions. The linkers should be
guantitatively loaded onto the solid phase and the attachment of linkers to solid
supports or spacers should be chemically stable throughout the synthesis. The
attachment of the linker to the solid support is generally realised via stable covalent
bonding (such as ether, amide or alkyl bonds)®’. A large number of linkers have been
developed for various reaction conditions and cleavage condition®®.

To meet the specific needs of various reactions, a variety of cleavage
approaches for releasing the products from the linkers have been developed, such as
electrophilic cleavage, nucleophilic cleavage, light cleavage, metal-assisted cleavage,
reductive cleavage, cyclisation-based cleavage, and safe-catch cleavage®®?®. Even for

the same linker, different cleavage conditions are developed to suit the need of the



attached compounds™’. After cleavage, some of the released products may carry
residual portion (remnant) of the linker and this may limit the utility of the linker. In
addition, due to the reversibility of some cleavage reaction, scavengers are to be added
to drive the reaction forward and to minimise the side reactions™’. The success of
cleavage is dependent on the spacer, degree of polymer crossinking, resin loading,
resin bead size, and resin swellability in cleavage solution®”.

With the advancement in SPOS technologies and the mass production of
libraries of compounds, the conventional analytical technigques are not well equipped to
meet the specific needs of SPOS in terms of speed and compatibility®*>?*. The
anaysis of SPOS products can be classified into on-bead analysis and off-bead
analysis®™. The on-bead analysis of immobilised intermediates and products provides
real-time information about the reaction, but several characteristics of SPOS chemistry
limits the choice of analytical techniques for on-bead analysis™®. The solid support
interferes with analysis by generating extra signals and noises. Besides that, the
anaysis is complicated by the heterogeneous reaction condition and the high
equivalence of reagents used. As a result, the on-bead analysis is often complemented
with off-bead analysis, in which the compound is detached from the solid support for
anaysis. A wide range of analytical techniques can be applied for the off-bead
analysis. However, off-bead analysis is often time-consuming and destructive®®2*,
and uncertainty arises on whether the on-bead compound is the same as the cleaved
compound analysed after to the cleavage reaction.

Both FTIR and NMR are useful techniques for on-bead analysis, while
techniques such as MS, UV and NMR are applicable for off-bead analysis. FTIR isthe
technique of choice for rapid real-time monitoring of the progress of reaction®*?%* py

detecting the transformation of functional groups. However, FTIR does not provide
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sufficient information for structural elucidation and the analysis is interfered by
background noises from the solid support. The most recommended FTIR technique is
the microscopic one-bead FTIR, and diffuse reflectance infrared Fourier transformed
spectroscopy (DRIFT) isacommonly used alternative. Solid state NMR is another on-
bead analytical technique®®®?*. NMR is useful in elucidating the structures of the
compounds and indicating the degree of reaction completion. However, NMR requires
high power NMR spectrometer and long analytical duration, which is a limiting factor
for the high-throughput analysis of chemical libraries. The frequently suggested on-
bead NMR technique is the magic-angle NMR, which eliminates most of the signal-
broadening effects originated from solid support. Alternatively, gel phase NMR, in
which the resins are swollen in a solvent to form a pseudo-homogenous gel like system,
can aso be performed using conventional NMR techniques. MS is a useful but
destructive off-bead analysis’®?*. MALDI and TFA-vapour cleavage strategies have
been applied to accelerate the rate of analysis. The use of MS coupled HPLC (LCMYS)
is a very useful technique for analysing the components of the mixture of compounds,
and estimating the progress and yield of reaction. UV and fluorescence
spectrophotometry are also used as off-bead quantitative techniques in SPOS?%*2%.
Besides that, functional group specific reactions can be performed to quantity the
functional group on the solid support. The elemental combustion analysis has also been
performed on the resin to determine the yield of the compounds™-.
SPOS of Guanidines

A range of SPOS of guanidino group had been developed, and the general
principle of synthesis was the same as the synthetic routes described previously
(Chapter 4). The traditional Rathke's synthesis had been adapted as solid phase

reaction. In one of the reports, the guanidine precursor, isothiourea, was produced by
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the methylation of thiourea, which was in turn obtained through reacting a resin bound
amino group with fluorenylmethoxycarbonyl isothiocyanate®®.  However, upon
cleavage, part of the linker was incorporated as one of the N-substituent, thus limiting
the versatility of the reaction. Variants of Rathke's synthesis were also reported as
SPOS, in which a thiourea was introduced onto the Wang resin via a carbonylimidazole
linker®®®. The attractiveness of this reaction was the traceless cleavage, but long
procedures were involved. Furthermore, the versatility of the reaction was limited
because one of the N-alkyl substituents was to be introduced as N-alkylthioureas, the
availability and variety of which were limited commercially. Another reported variant
of Rathke's synthesis produced N-acyl-N’-carbamylguanidine, and heavy meta
(mercury) was used®!. The use of pyrazole carboxamidine linkage to a solid support
was aso reported™?.  The guanidine was formed through the reaction with an amine
and guanidine produced was N-acylated.

An ingenious isothiourea-based reaction using the thio group as the anchor to
the solid support was reported®®, but the reaction produced N-(mono)alkylguanidine
(instead of N*NZdiaklylguanidine). In another study, the solid-linked
acylisothiocyanate reacted with an amine to give thiourea, which was subsequently
activated by carbodiimide and reacted with another amine to give acylated guanidine®™.
Carbodiimide activated thiourea was also reported in another study where the thioureas
was synthesised from (preferably aromatic) isothiocyanate?’®. A study on solid phase
synthesis of oligomeric guanidines suggested that the method of choice to synthesise
guanidine was to react resin bound amine with carbodiimide-activated thiourea?®.
However, considering the need for diversification of the N-substitution, the
carbodiimide-activated thiourea approach was limited in versatility because of the

limited variety of commercially available thioureas. On the other hand, electrophilic

67



guanylating agent had also been reported to guanylate a resin bound amine®’, and a
variation using PEG support was also reported®®. A pyrazole-based guanylating agent
was also used for guanidine synthesis™®. Generally, these reactions were limited by
commercial availability and versatility of the guanylating agents. In some cases, the
guanidine itself was used as the anchoring moiety to the solid phase via sulphonyl
chloride based linker®®. Attachment of guanidino group to the solid support via
sulphonylamide and isothiourea were also reported®”.

Some synthetic schemes involved the use of reactive or harmful reagents. A
highly versatile reaction through the carbonimidic dichloride approach was reported but
this method required the use of reactive phosgene™®. On the other hand, heavy metal
was employed in a SPOS scheme where a thiourea was converted to guanidine by use
of amine and mercury?®?>. The thiourea was formed on the diazonium linker though the
use of thioisocyanate, the variety of which was rather limited commercialy.

Several carbodiimide-based syntheses had been reported®®?®.  The
carbodiimide was obtained through aza-Wittig reactions using isothiocyanate or
isocyanate. However, limited commercia supply iso(thio)cyanates, from which one of
the guanidino N-alkyl substituents was derived, limited the versatility of the reactions.
In some of the synthesis, part of the linker was incorporated to the final guanidine
product, which might be undesirable. A novel synthesis was reported by synthesising
guanidine through the coupling of azide and phosphine with aromatic isothiocyanate,
but one of the N-substituents of the resultant guanidine contained an amide group?®.

As shown above, not al the reported SPOS of guanidines were suitable for the
synthesis of N*N-dialkylguanidines. Some of the reported reactions yielded only
monosubstituted guanidines”’. In some cases, the reaction was suitable for the

synthesis of N*-alkyl-N2arylguanidines rather than N* N-dialkylguanidines®®>. On the
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other hand, some of the cleaved guanidines were substituted with part of the linker
fragments, which usually contain acyl termina moeities®???%?®  For those SPOS
suitable for the synthesis of N*,N*-dialkylguanidines, the synthetic schemes were
generdly limited in terms of the choice of reagents, diversity of the building blocks,
presence of linker remnant on the product, duration of reaction and cost of reaction.
Among the reported reactions, three of the reactions seemed to be more versatile and
universal 8?2 however each of these is not without drawbacks (as discussed
above). As a result, there was a lack of versatile and relatively safe SPOS of NN
dialkylguanidine. Hence it was of interest to devise a new synthetic route for
synthesising guanidine from carbodiimide. The SPOS of guanidine through the
addition of alkylamine to carbodiimide had been reported®®, but the syntheses of the
intermediate carbodiimide were not versatile.
Synthesis of Carbodiimides

Carbodiimide belongs to the heterocumulene family, which possesses an
integral carbon-nitrogen double bond. Like other heterocumulenes, the cumulative
double bond in carbodiimide results in high reactivity towards nucleophilic and
cycloaddition reactions. A carbodiimide can be synthesised from various routes
(Scheme 6). The phosgeneimines (route A) are useful starting reagents for the
synthesis of heterocumulenes due to their enhanced reactivity?”®. Prolonged heating of
phosgeneimines with alkylamine hydrochlorides produces carbodiimides with the
evolution of hydrogen chloride®?®. Elimination reaction involving isothioureas,
thioureas or ureas (route B, C, D) represents a general practical approach for
synthesising heterocumulenes. In particular both ureas and thioureas are useful starting
materials for synthesising carbodiimides®®. Carbodiimides can be obtained through

thermal®® or heavy metal (AgNOs, HgO, HgCl,)?*% catalysed desulphurisation of S-
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akyl or S-acyl-isothioureas, or the based-catalysed®? decomposition of the S-(N-
methylpyridinium)isothioureas (route B). Heavy metal catalysed desulphurisation of
1,3-didkyl- and 1,3-diaryl-thioureas, assisted by dehydrating agents (or azeotropic
distillation) for the removal of water, provided a good general preparative method for
carbodiimides’?® (route C). Carbodiimides can also be obtained via the dehydration

of 1,3-diakyl and 1,3-diaryl-ureas using a variety of chlorinating agents, such as

phosphorus  pentachloride®™, e,

phosphorus  oxychlorid toluene-p-sulphonyl
chloride®™ and phosgene®™-?* (route D). Carbodiimide can also be synthesised from
the rearrangement of heterocycles (route E). Triphenylphosphine-catalysed breakdown
of 5-imino-1,2,4-thiadiazolines generates imidoylcarbodimides™. Besides that, the
thermal-induced  rearrangement  of  1,5-disubstituted  tetrazoles  produces
carbodiimide®. The carbodiimide synthesis using isocyanates and isocyanides (route

F) is applicable to the synthesis of symmetrical and unsymmetrical carbodiimides

containing alkyl, aryl, and alkenyl substituents™%2%32372%,
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Scheme 6. Synthetic routes to carbodiimide.
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For the current study, the need to introduce alkylamines as N-alkyl substituents
disqualified heterocycles (route E) to be used as carbodiimide precursors. For the
remaining synthetic routes, the use of reactive phosphogiminium (route A) was out of
favour due to safety concerns, and the use of isocyanates (route F) was not idea for
synthesis because isocyanates themselves are synthesised through similar synthetic
routes as carbodiimides. As a result, the employment of urea, thiourea or isothiourea
(route B-D) as carbodiimide precursor was preferred. In this study, it was decided to
synthesise carbodiimide via the dehydration of urea.

A review on the SPOS of carbodiimide showed that the most commonly

223225 However, the

synthetic approach was through the use of isocyanate (route F)
reaction lacked general applicability and versatility due to the employment of limited
availability of iso(thio)cyanate instead of alkylamines as building blocks. In another
report, carbodiimide was synthesised from urea through the use of p-toluenesul phonyl
chloride as dehydrating agent. However, the synthesis of urea in this report involved
the use of isocyanate, which is limited in commercia availability and molecular
diversity, as building blocks. Nevertheless, a very versatile SPOS of urea had been
reported in good yield®**?**, The SPOS of urea employed alkylamines as the building
blocks to give N'-akyl-N*(RinkResin)urea. With the on-bead urea, subsequent
dehydration reaction would produce the N*-alkyl-N>-(RinkResin)carbodiimide, which
could react with alkylamine to give N* N>dialkyl-N3-(RinkResin)guanidine, and thus
generate the N*,N-dialkylguanidine upon cleavage. As a result, the reaction scheme
was able to fulfil the objective of this study for achieving versatility in synthesis and to
maximise the structural diversity of the guanidines, in which both N'-alkyl and N

akyl would preferably be derived individualy from different akylamine building

blocks, while the N* was kept unsubstituted.
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A Proposed SPOS of N*,N-dialkylguanidine
A six-step SPOS reaction scheme was devised for the synthesis of NN

dialkylguanidines, starting from the Rink resin (Scheme 7).

NO,
a b 0o c
@ NH-Fmoc —» @-NH, —> .\N)J\O \ O

" . " . H \N)J\N’R
-« - N=C=N

Scheme 7. SPOS reaction scheme proposed.

Deprotection of the Rink resin was carried out first in step (a). This was
followed by carbamylation of amino function (step (b)). Step (c) involved the
formation of urea, and the dehydration of urea was carried out in step (d). This was
followed by the formation of guanidinein step (€). The last step (f) was the cleavage of
guanidine from the resin. The synthesis of urea on Rink linker (steps (a) to (c)), and the
cleavage of urea directly from the Rink linker were reported as SPOS**?*!, Besides
that, step (d) was reported as solid phase reaction®” while steps (e) and (f) were
reported as SPOS of guanidines®2*!. Hence, the reaction conditions for steps (a), (b),
(c), (d), (e) and (f) could be modified from literature reports. Nevertheless, the reported
reaction schemes for each reaction employed different solid supports and linkers, and
hence the reaction conditions might need to be optimised when applied in the current
study.

In order to ensure that the reaction sites in the interior of the resins were
accessible to the reagents, the resins were immersed and alowed to swell in DCM for
at least 8 hours prior to synthesis™®. Being lighter than DCM, the resins were found
floating on the surface of DCM, and a significant increase in the volume of the resin

was observed. The swollen resins were slightly yellowish white in colour.
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@ NH-Fmoc —» @—NH,

The amino group of the Rink resin was protected by Fmoc through carbamate
linkage. Fmoc was stable to acidic condition and quite resistant to cataytic
hydrogenolysis, but was cleavable by a base?™*?*. In this study, Fmoc was deprotected
using piperidine®®®. The deprotection procedure was formulated as a 30-minute
reaction at room temperature with the use of 20 %v/v piperidine in DMF [r8704]. The

deprotected resin was whitish in colour.

NO,
b O
®-nH, —- &N)J\O/O

H

The free amino group was carbamylated by p-nitrophenyl chloroformate (p-
NO,PhOCOCI), which was a carbonyl group donor with two different leaving groups
of varying reactivity. The formulated reaction condition was a 30-minute reaction at
room temperature with the use of a mixture of 0.5 M p-NO,PhOCOCI and 0.5 M DIEA
in THF/DCM (1:1)%2%2%_ After the reaction, the resins turned yellow in colour, which

is characteristic of nitro-containing compounds.

NO,
SO RN
L N ’\NJ\N,R

: NN
Subsequently, alkylamine was added to the on-bead carbamates to give urea.
The leaving group, p-nitrophenol, gave a characteristically intense yellow coloured
solution, while the resin was milky white in colour. Excess alkylamine was used to

ensure complete reaction and good yield, and the production of the urea was

73



ascertained by using LC-MS. The reaction was carried out for 30 minutes at room
temperature with the use of a mixture of 0.5 M akylamine and 0.5 M TEA in

DM F221'240.

The dehydration of urea into carbodiimide was reported as a solid phase
reaction, which involved refluxing the urea with 1.5 equivalents of TosylCl and 5
equivalents of TEA in DCM for 50 hours®®. However, when the reaction condition
was adopted in this study, the yield of carbodiimide was low. Furthermore, the reaction
duration of 50 hours which was less then optimal. As a result, the reaction condition
was to be optimised (Chapter 6).

R _R'
>N

e
.\N=C=N — @ /)\ _R
\R N ”

The guanidine was formed via a nucleophilic addition of akylamine to the
carbodiimide?®®. Both primary and secondary amines were used in the reaction. The
reaction condition was designed as a 24-hour reaction at 50 °C with the addition of 0.5

M (mono/di)akylaminein THF/DCM (1:1).

R .R' R _R'
N f N
—
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Cleavage of guanidine and urea from the Rink resin had been reported, and the
conditions were adapted for this synthesis™®**.  Prior to cleavage, the resins were

washed thoroughly with several cycles of various solvents (DCM, THF, acetone,

methanol and water). The cleavage was effected using 5% TFA in DCM?¥. In early
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studies, a pink colouration was observed in the solution upon cleavage. The pink
colouration due to the partial cleavage of the Rink linker could be minimised with the
use of 1% methanol as scavenger®’. The resin became black in colour upon cleavage,
probably due to the formation of carbocation on the resin. This visual change was also
agood indication of the progress of the cleavage process.

In order to increase the yield and enhance the resultant purity of the compounds,
the post-cleavage purification was optimised (Chapter 6). The solution containing the
product was concentrated using rotary evaporation, and solvent-solvent extraction was
subsequently performed. The product was isolated as a yellow liquid and stored in a

desiccator.
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Chapter 6 Solid Phase Or ganic Synthesis of Nl,NZ-diaIkaquanidineﬁ. Part |1.

In the previous chapter, a synthetic scheme for N N*-dialkylguanidine was
designed, in which the carbodiimide intermediate was to be generated through
dehydration of urea. However, then the reaction condition for dehydration of urea to
carbodiimide was applied in the current study, the yield was low despite 48 hours of
reaction. As a result, it was necessary to optimise the formation of carbodiimide.
Besides that, the post-cleavage purification was aso optimised for better yield and
purity of the final product. However, the optimisation of the synthetic conditions
turned out to be challenging and time-consuming.

Dehydration of Ureain Solution Phase Reaction

In solution phase synthesis, various dehydrating agents have been used for the
synthesis of carbodiimide from urea. An early method developed for urea dehydration
involved the use of p-toluenesulphonyl chloride (TosylCl) in pyridine, which served as
both the base and the solvent®®. The use of large amount of pyridine was replaced by
the use of triethylamine (TEA) as the base and methylene chloride (DCM) as the
solvent in the reaction®®. An optimised protocol of this reaction was reported as the
slow addition of reagent mixture (TosylCI/TEA in DCM) to the urea at less than 10 °C,
followed by 3 hours of reflux®®.

Besides that, dehydration wusing triphenylbromophosphonium bromide
(PhsPBr,) was also reported®®. Urea dehydration was achieved by refluxing the urea
with a mixture of PhsPBr, and TEA in benzene. Subsequent study eliminated the use
of benzene as solvent. The urea was added to a suspension of PhzPBr; in cold DCM
with TEA as base. The reaction was monitored using FTIR and good yields were
reported®®. Another reported reaction utilised  triphenylphosphine in

tetrachloromethane as the dehydrating system?>.
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Phosphorous pentoxide (P,Os) was also used to dehydrate urea®’. The urea
was refluxed with 5 equivalents of P,Os in pyridine for 135 minutes and reasonable
yield was obtained. However, this was a stand-alone case report of synthesis with no
further follow up studies. On the other hand, phosgene (COCI,) had been used to
chlorinate the urea to give imidochloride, which generated carbodiimide through base-
induced dehydrohalogenation®®. Phosphorous pentachloride (PCls) was reported to
react with urea and, after a series of intermediary reactions, generated carbodiimide and
phosphorous oxychloride POCI5?”". It was postulated that the PCls reacted with ureato
give chloroformamidinium chloride and thiophosphoryl chloride, with the later to be
removed before the formation of carbodiimides.

Among the urea-dehydrating agents, the most commonly applied reagent was
TosylClI, with reported yield in the range of 50 — 80%. As for the PhzPBr,, the good
yield was reported in 70-75%, while the efficiency of the Ph;P/CCl, was comparable to
the Ph3PBr,. The reaction using P,Os was an unoptimised case report. As aresult, two
of the dehydrating agents, TosylCl and PhsPBr,, were selected for further SPOS
development for this study.

Dehydration of Ureain Solid Phase Reaction

The only report on the dehydration of urea into carbodiimide was through the
use of TosylCl as dehydrating agent®*?. However, the reaction required long hours (50
hours) of reflux, and the reported condition resulted in low yield when applied in the
current study. Hence there was a need to optimise the reaction condition, and the
reaction condition for solution phase reaction was used as a reference.

The optimisation study relied heavily on the availability of appropriate
analytical techniques. Since the carbodiimide has a characteristic spectroscopic profile

as compared to urea, FTIR was a suitable tool to monitor the change in functional
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group. During the early phase of the optimisation, the dehydration of urea was
monitored using FTIR, and the sample was prepared as KBr disc. However, it was
reported that the polystyrene resin could not be compressed easily into a disc®. Thus
diffuse reflectance infrared fourier transform (DRIFT) was used instead. Using a large
number of scans (n=512), DRIFT gave good IR spectra, with an acceptable sample
preparation and analytical duration of around 15 minutes per sample. The data was
acquired in transmission mode (%T), but was converted to absolute absorbance scale
(Abs) for determining the peak area. Through DRIFT, the success of the dehydration
of ureawas indicated by the appearance of the carbodiimide nc=y band in the region of
2120-2130 cm™. The 2120-30 cm™ region was rather clean and practically free from
interference by the resin matrix, but the urea nc-o band (~ 1650 cm™) could not be
easily detected due to background interference of the resin polymer. As a result,
DRIFT analysis was unable to monitor the degree of ureato-carbodiimide inter-
conversion. Nevertheless, DRIFT analysis provided information on the generation of
carbodiimide group, and the extent of carbodiimide formation could be interpreted as
the ratio of the peak area of the carbodiimide nc=y peak to the peak area of a reference
peak. The selected reference peak (which was a signal originated from the solid
support) was the twin-peak at 1845 — 1995 cm, the pesk area of which remained
consistent in size and shape regardless of the group immobilised on the resin.
Comparison of the peak ratios over time provided a good indication of the progress of
the dehydration.

Since DRIFT did not indicate the consumption of urea, LCMS was used instead
as atool to monitor the progress of the dehydration. However, as an off-bead analysis,
LCMS requires the cleavage of the product from the resin using TFA. Since the

carbodiimide could react with TFA to give urea and acid anhydride, it was necessary to
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convert the carbodiimide into guanidine prior to cleavage. This was achieved by the
addition of (2-methyl)propylamine to the carbodiimide to give guanidine.
Subsequently the guanidine was cleaved from the resin and subjected to LCMS
anaysis. The use of methanol-water mixture as mobile phase resulted in atailing of the
highly basic guanidines over along duration on the Eclipse XDB-C8 column (4.6 mm x
15 cm). As a result, the mobile phase was changed to 0.01%TFA methanol-water
misture, which eliminated the tailing problem.  However, the resolution of the two
peaks was poor. The N'-substituted urea was eluted slightly earlier than the N*,N*
disubstituted guanidine. As aresult, high proportion of water was used initialy during
the gradient elution to suppress the elution of the more hydrophobic guanidine,
followed by an increasing proportion of methanol at the later phase of elution.

The validity of using LCMS as a tool to monitor the extent of reaction was
supported by gel phase *C NMR. The off-bead analysis through LCMS cast doubts on
whether the urea detected was the unreacted urea or the reaction product of TFA and
carbodiimide during cleavage. As a result, on-bead *C NMR was performed. It was
found that the peak ratio of guanidino carbon to ureido carbon in the NMR study was
consistent with the peak ratio of guanidine to ureain LCMS study. This indicated that
the urea detected in the LCM S was not areaction product of acidic cleavage.

Using the above anaytical techniques, the dehydration efficiency of two
dehydrating agents, TosylCl and PhsPBr,, was evaluated. The initial conditions used
on solid phase were modified from the solution phase reaction conditions, with an
increased equivalence of the reagents (5 equivalents). The urea-bound resin was
reacted with PhsPBr, in DCM at 0 °C, and progress of the reaction was monitored
using DRIFT. After two hours of reaction at ice bath temperature (as suggested by the

solution phase reaction), the yield was found to be low, according to the intensity of the
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carbodiimide nc-y band appearing at 2123 cm™. The ineffective dehydration might be
attributed to the heterogenous reaction condition where both the resin and PhzPBr, were
suspended in DCM. Hence, THF/DCM (1:1) was used instead in order to immerse the
resins and increase the yield. However, a strong IR band was observed at 2200 cm™
instead, indicating that the carbodiimide was not formed. The lack of carbodiimide
formation was further supported by the lack of reaction between the functional group
responsible for 2200 cm™ and (2-methy!)propylamine.

On the other hand, the dehydration reaction using TosylCl was initiated by the
addition of TosylCl at less than 10 °C to the urea-bound resin, followed by refluxing
(the solution phase synthetic condition). DRIFT showed that after two hours of reflux
the peak area of carbodiimide nc=n peak showed no further increment. The
carbodiimide formed was indicated by the appearance of nc-y at 2120-30 cm™, while
no IR band at 2200 cm™ was observed.

According to this comparative study on the efficiency of the dehydrating agents,
TosylCl was considered superior to PhsPBr, as suggested by its dehydration efficiency,
and the lack of side products. In addition, in terms of cost, PhsPBr, was aimost 20
times more expensive than TosylCl. As a result, TosylCl was selected as the
dehydrating agent for the subsequent optimisation study.

Optimisation of Dehydration of Urea by TosyICl

With the use of LCMS, it was surprising to find that the reaction did not
proceed to completion (i.e. urea still present), even with 5 equivalents of TosylICl, long
reaction time, and replacement with fresh reagent. Solvents with different refluxing
temperatures were used, with the aim to modify the rate and the yield of the reaction.
The use of tetrahydrofuran (THF) and toluene resulted in similar yield of carbodiimide

as compared to the origina dichloromethane (DCM). High boiling point solvent, N,N-
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dimethylformamide (DMF), was also used but DMF was found to react with the
carbodiimide formed. In addition, attempts to use diisopropylamine (DIEA), instead of
triethylamine (TEA), as a base gave no significant improvement in carbodiimide yield.

Hence, the reaction was not optimised, and it was necessary to understand the
mechanism of the dehydration in order to troubleshoot the problem encountered. There
was no report on the mechanism of urea dehydration by TosylCl. However, a related
dehydration mechanism involving amide and TosylCl was suggested®™?. — With
reference to the mechanism of amide dehydration, a mechanism of urea dehydration
was proposed (Scheme 8). The carbonyl oxygen of urea was sulphonylated to give O-
(p-toluenesul phonyl)-N-alkyl-N’ -(RinkResin)-isourea. The hydrochloric acid liberated
was trapped by a base as HC| salt. Subsequent electron delocalisation led to the
formation of carbodiimide with p-toluenesulphonic acid being trapped as sulphonate
salt. As suggested by the mechanism, the O-sulphonylisourea and the carbodiimide
were in equilibrium. Thus in order to increase the yield of carbodiimide, it was
necessary to prevent the backward reaction by efficient trapping of acids as salt.

On the other hand, if the salt formation with a base was not complete, the free p-
toluenesulphonic  acid would react with the carbodiimide, generating p-
toluenesulphony! anhydride and urea®™? (Scheme 9). The resultant sulphonyl anhydride
would have similar reactivity as the sulphonyl chloride, and it would dehydrate the urea
into carbodiimide. Hence, the reaction could be reversible. The reversibility of the
reaction was not surprising as there were reports on the use of sulphonyl anhydride to
dehydrate urea into carbodiimide®™, as well as the reaction of carbodiimide with

sulphonic acid to give sulphony! anhydride and urea®™®.
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Scheme 8. Proposed mechanism of dehydration of urea by p-toluenesulphonyl
chloride.

Scheme 9.  Proposed mechanism of reactlon between sulphonic acid with
carbodiimide, resulting in urea formation together with sulphonyl anhydride.

Comparing the two mechanisms (Scheme 8 and Scheme 9), the dehydration by
TosylCl is likely to be non-reversible due to the weak basicity of CI~. However, this
was not the case for the dehydration by Tosyl anhydride, which was reversible.
Besides that, the two mechanisms shared a common intermediate, O-(p-
toluenesulphonyl)-N-akyl-N’-(RinkResin)-isourea, which highlighted the similarity
between the two reactions. As a result, with the availability of sulphonic acid as a
result of inefficient salt formation, a vicious cycle could be established. The urea was
continuously dehydrated and regenerated through the common intermediate O-
sulphonylisourea. Thus, the reaction could not proceed to completion and it was

essential to remove the sulphonic acid. It was believed that the incomplete reaction in
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the preceding studies was due to the inefficient salt formation of sulphonic acid with a
base.

Following the above reviews, optimisation was performed in the direction of
increasing the amount of base, as well as increasing equivalency of TosylCl. Since
pyridine had been used as solvent for dehydration using TosylCl in solution phase
reaction, TEA/pyridine (1:3) was used as the solvent instead of the reported
TEA/dichloromethane (1:3) with the rationale that large excessive base would trap the
sulphonic acid formed®™®. Through the study, the optimal condition identified was to
react the resin-bound urea with 5 equivaents of TosylCl in triethylamine/pyridine (1:3)
at ice-bath for 30 minutes followed by 4 hours of reflux. As expected, the percent of
conversion of urea into carbodiimide was higher than the previous experiments.
However, it was observed that an additional IR band was observed at 2200 cm™, which
was the same band that appeared in the preliminary study using PhsPBr,. This band
occurred quite readily, even after only 30 minutes reaction at ice-bath temperature.

It appeared that the TEA/pyridine system was not the optimal base for urea
dehydration due to side reactions. Hence, phase transfer catalyst (PTC) was employed
as an alternative®®’. The use of PTC was theoretically an ideal approach, as the PTC
would trap the sulphonic acid formed, and the partitioning of the sulphonate salt
between different phases would minimise the availability of the sulphonic acid in the
organic phase. Thus the backward reaction was prevented.

Triethylbenzylammonium chloride (TEBA-CI) was used as the PTC, with the
dehydration reaction occurred in the organic phase while the sulphonic acid partitioned
into the complementary phase®™’. Two different systems, the 20 % NaOH solution and
the sodium bicarbonate (Na,COs) solid, were used as the complementing phase, and 5

equivalents of TEBA-CI was applied®’. However, the yield of carbodiimide as shown
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by DRIFT was low when performing the dehydration in DCM/NaOH system at ice-
bath temperature. By subjecting the reaction to reflux temperature for 24 hours, the
yield of carbodiimide was still low. The use of Na,CO;3 solid as the second phase gave
higher yield as compared to the 20 % NaOH solution. Nevertheless, the yield of
carbodiimide using PTC was lower than that of the TEA/pyridine system. As aresult,
the investigation using PTC was discontinued, and the focus of optimisation was
reverted back to previously developed TEA/pyridine system.

In order to force the equilibrium forward to give carbodiimide, it was decided to
increase the amount of TosylCl. To the on-bead urea, 10 equivalents of TosylICl in
TEA/pyridine/DCM (2:1:1) were added and reacted at 64 °C for two hours. The yield
of carbodiimide was satisfactory. However, the formation of an IR band at 2200 cm™
still persisted. In astudy using 9 equivalents of TosylCl in pyridine, alarge IR band at
2249 cm™IR was observed, with minimal formation of carbodiimide at 2120 cm™,

A nitrile group could be responsible for IR band (neon) a 2200 cm™. The
structure of the nitrile group was not elucidated, but a few possibilities were deduced
theoretically (Scheme 10). The formation of nitrile could possibly arise from both urea

and carbodiimide as suggested by literature reports?2>%2%
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Scheme 10. The proposed formation of nitrile functional group which may be derived
from either urea or carbodiimide. (X = Cl-, CH3PhSO3-)



As shown in the scheme, only half of the nitrile group was formed on the resin,
while the other half was found in the solvent. Thus theoretically resin-bound nitrile,
resin-bound sulphonyl and functionless resin should be observed under IR. However,
the IR region for the sulphonyl function was indistinguishable from the background
signas of the resin, while the functionless resin was not identifiable, thus only the
nitrile band was observed. On the other hand, the use of LCM S was unable to elucidate
the exact identity of the compounds.

Nevertheless, it was known from observations that the rate and yield of nitrile
formation was enhanced under several conditions, such as high reaction temperature,
long reaction duration and the presence of pyridine. The use of TEA without the use of
pyridine resulted in low carbodiimide yield, and the reaction was stagnant after a few
hours of reflux, after which, with longer duration of reflux, there is a decrease in peak
area (absorbance mode) for nc-y (2120 — 30 cm™) accompanied by the appearance and
increasing pesk area (absorbance mode) for neon (2200 cm™). On the other hand, the
use of TEA with pyridine (acting as solvent and base) improved carbodiimide
formation, but this also resulted in formation of nitrile. Interestingly the formation of
nitrile seemed to be associated with the presence of pyridine. With pyridine, the nitrile
bond (C° N) was observed even only after 30 minutes of reaction in the ice-bath. As
reaction progressed at 100 °C, more nitrile was formed with the consumption of
carbodiimide, as evident from changes in the peak area of IR bands. Furthermore, with
pyridine as the sole base, the yield of carbodiimide was extremely low, while the yield
of nitrile group was high. This suggested the critical role of pyridine in producing the
nitrile group. Hence the amount of pyridine was to be controlled carefully, and the role
of pyridine was re-examined, and it was found that pyridine, which was initially

believed to act as a base, could have actually behaved as catalyst®®. TosylCl was
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activated by pyridine to give a reddish colour complex, which was observed in the
reaction. As aresult, pyridine should be used as a catalyst in minimal amount, while

the role of removing the sulphonic acid through salt formation should be performed by

TEA.
9
0 me—_ )¢ o 0
‘\NJJ\N/R o N=C=N + HsC ﬁ_O_H
" " \\/ ’ ’
‘ \/ L] -BASE || +BASE
0. P N
® S 50 00 ®
@—N=CH ©o mc«@»ﬁ—% BASE
HsC CHs o) |L

Scheme 11. A proposed scheme depicted thrioncurrent reactions in the process of
urea dehydration.

Combining the three mechanisms of reaction, an overall picture of the reactions
involved in the dehydration of urea using TosylCl could be mapped (Scheme 11).
Severa reactions were occurring concurrently. The urea was dehydrated by TosylCl to
give carbodiimide, and this was followed by the equilibrium between urea and
carbodiimide (though sulphonyl anhydride and sulphonic acid interconversion), and
finaly nitrile groups were formed, possibly from both urea and carbodiimide. This
scheme could be used to explain the yield (around 70%) reported with solution phase
synthesis, which was believed to be due to the urea-carbodiimide equilibrium and the
degradation process.

As suggested by the Scheme 11, in order to increase the yield of carbodiimide,
it was necessary to increase the amount of TosylCl and to remove the sulphonic acid
formed. The removal of sulphonic acid could be achieved by salt formation, as well as

physical removal of the sat from the reaction system. As for minimising the side
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reaction, it was achievable through using milder reaction conditions, such as lower
reaction temperature, shorter reaction duration and lower amount of catalytic pyridine.
The physical remova of sulphonate from the reaction system was achieved
through washing cycles. It was observed that the reaction became stagnant after a
period of reflux, and large amount of insoluble sulphonate salt appeared during the
reaction. Hence, by splitting the reaction into several cycles with the use of fresh
reagents mixture, the reaction system was supplied with fresh TosylCl for urea
dehydration, while the sulphonates were physically removed.  Therefore, the
regeneration of ureaas aresult of carbodiimide-sulphonic acid reaction was minimised.
As a result, severa approaches for optimising the dehydration of urea were
attempted, which included the use of catalytic amount of pyridine and low reaction
temperature, as well as performing the reaction in several cycles with the addition of
fresh reagents. The optimisation study showed much improvement when these
approaches were taken. The catalytic pyridine was used in one to one ratio to TosyICl.
The reaction was monitored in blocks of 15-minute, and it was found that the reaction
proceeded rapidly and significant dehydration was achieved in a short reaction time.
Yellowish sulphonate crystals were formed within short period of time, and the
dehydrated resin was found to be reddish orange in colour. Using on-bead N-(n-
propyl)-N’-resin-urea as a model, the optimal dehydration condition was to react the
resin-bound urea with a mixture of 0.5M TosylCl and 0.5M pyridine in TEA/DCM
(1:1), with pyridine as catalyst and TEA as base. The reaction was carried out at room
temperature with fresh addition of reagents in three intervals of 15/15/30 minutes. It
was found that the yield of carbodiimide was maximised with minimal formation of

nitrile.
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However, this optimal condition had to be adjusted according to the bound urea
because it was found that the rate of reaction was different with different N>-alkyl
substituents on the urea. Generally, a urea with a linear N*-alkyl group would react
faster than a urea with a N*-benzyl or N*-cyclohexyl group, probably due to the steric
impediment of the N>-alkyl group against the incoming TosylCl. Thus a different set of
reaction duration was developed using the same reagent mixture for the dehydration of
urea with hindered N-alkyl moiety. The optimised condition was to carry out the
reaction at room temperature in three intervals of 30/30/60 minutes, with fresh addition
of reagents at each interval.

Optimising Post-Cleavage Wor kup

Following the optimisation of carbodiimide formation, the conditions for all six
steps of SPOS reaction were developed. However, the final yield obtained was low,
which was a result of unoptimised post-cleavage workup. The direct evaporation of the
cleavage solution using rotary evaporator was ineffective. After evaporating the
solution at 40 °C, a yellowish thick liquid with strong acidic odour was obtained, and
this suggested that the acid removal by evaporation was ineffective and the yellow
liquid obtained was a concentrated TFA solution with dissolved guanidine. By rotary
evaporating at higher temperature (50 — 60 °C) in order to get rid of the TFA, black
residue was obtained, most probably as a result of acidic decomposition of the
guanidines. Hence, it was necessary to remove the TFA completely, and it was aso
important to avoid the formation of concentrated TFA solution in the process of TFA
removal.

Hence, liquid-liquid extraction between solution containing the cleaved product
and NaOH solution was performed. Interestingly, guanidine was detected in both the

agueous phase and the organic phase as shown by LCMS. This resulted in a lower
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guanidine yield as the guanidine in the agueous layer could not be effectively
recovered. In addition, the TFA salt might be soluble to some extent in the organic
phase, thus multiple back extractions were required to remove the TFA salt, and this
further lowered the final yield. Besides that, sodium hydroxide might decompose the
guanidines®®®. Thus liquid-liquid extraction using NaOH solution was not advisable,

In order to overcome the above problems, several modifications were performed
to the purification process. Water was added to the solution containing the cleaved
product. Since the boiling point of TFA (75 °C) islower than water, water remained as
the last solvent to be evaporated off, and thus preventing the formation of concentrate
TFA solution. Furthermore, the low water-solubility of the free base form of N* N
dialkylguanidine resulted in saturated solution and subsequently the appearance of
brownish immiscible droplets in the agueous concentrate. This served as a visual cue
to stop the evaporation. Subsequently, DCM was added to the emulsion and extraction
was performed twice using water. Both aqueous and organic extracts were analysed
using LCMS. The agueous layer was devoid of guanidine while the organic layer
contained the guanidine. Furthermore, being more hydrophilic than the corresponding
guanidine, the urea, if present, was partially removed by the agueous phase. After
drying with anhydrous sodium sulphate, the decanted DCM solution was rotary dried,
and athick yellowish liquid was obtained as the final product.

Optimised Condition for Synthesising N*-M onoalkyl-N?(mono/di)alkylguanidines

After the optimisation studies, an optimised condition was obtained and

illustrated in the following scheme (Scheme 12).
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Scheme 12. Optimised SPOS of N*-monoalkyl-N2-(mono/di)alkylguanidine.
a. 20%v/v Piperidine/DMF, 30 minutes at room temperature
b. 0.5 M p-Nitrophenyl chloroformate and 0.5 M DIEA in THF/DCM (1:1), 30
minutes at room temperature
c. 0.5M RNH; and 0.5 M TEA in DMF, 30 minutes at room temperature
d. 0.5 M p-Toluenesulfonyl Chloride and 0.5 M pyridine in TEA/DCM (1:1),
three intervals. 15/15/30 minutes for unbranched alkyl chain, and 30/30/60
minutes for hindered alkyl chain at room temperature
e.0.5M, R (R’)NH in THF/DCM (1:1), 24 hoursat 50°C
f. TFA/MeOH/DCM (5:1:94), two intervals of 15 minutes at room temperature

The optimised reaction for synthesising carbodiimide from urea would be a
useful reaction with general applicability, not limited to the synthesis of guanidine.
Carbodiimide is a versatile group that acts as a precursor for synthesising a variety of
functional groups such as guanidines, ketenes, isourea, amide and anhydride®>. With
respect to the synthesis of N* N2-dialkylguanidines, this optimised SPOS scheme had
several advantages over the other published methods. The SPOS scheme allowed the
use of structurally diverse and readily available alkylamines, which constitute the N*-
alkyl and N*-alkyl substituents of the guanidine, as building blocks. The reaction was
performed under rather mild conditions without the use of highly reactive or harmful
reagents. The whole experiment could be completed within two working days.
Furthermore, the cost of the experiment was kept minimal since the reagents were
readily available commercially at low cost. However, due to the intrinsic nature of the
reaction, the synthetic route was only suitable for the synthesis of N'-monoalkyl-N-
(mono/di)alkylguanidine, but not N-dialkyl-N*dialkylguanidine. Nevertheless, in
terms of inhibiting NOS, this was not a concern as N*-dialkyl-N>-dialkylguanidine is

unlikely to bind to the active site of NOS due to steric hindrance.
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The optimisation of SPOS was quoted as the most time-consuming process in
SPOS research®. From this study, it was shown that simple transfer of solution phase
synthesis into solid phase synthesis using the same conditions was not feasible. The
use of suitable analytical tool was critical for the optimisation study. Besides that, a

good understanding of the mechanisms of reaction was important for optimising the

reaction.
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Chapter 7 Solid Phase Or ganic Synthesis of Nl,NZ-diaIkaquanidineﬁ. Part I11.

In the preceding chapters, the SPOS of N*,N-alkylguanidines was designed
and developed with reference to literature reports. With proper understanding of the
mechanisms of the reaction, the dehydration of ureainto carbodiimide was optimised.
The optimised condition identified was to be put to practicality use by synthesising a
series of N*-(mono)alkyl-N?-(mono/di)alkylguanidines.

Synthesis of N*-M onoalkyl-N-(mono/di)alkylguanidines

Using the optimised conditions, SiX N*-monoalkyl-N*
(mono/di)akylguanidines with representative N-alkyl groups were synthesised. The
alkyl substituents were selected with the aims of evaluating the efficiency of using
alkylamines as building blocks, as well as establishing the SAR of N*N*
diakylguanidines (Table 3). The %yieldsuge reported was the yield of guanidine
obtained after the post-cleavage liquid-liquid extraction. The purity was determined

using LCMS. The %yieldy (%yield adjusted to purity) was 3-75%. The varying

3NH
R\N N/R'
lH Flz II2
R (NY R (N?) R’ (N %yieldguge % Purity %byieldy
X N-Propyl N°-Benzyl H 46 83 38
XI  N-Propyl N?-Diphenylmethy! H 38 52 20
X1l N-Propyl N?-(2,4-diCl-)Benzyl H 128 59 75
X111 N*-Propyl N?-CsH10-N? 17 30 5
XIV N'-Benzyl N2, N-Diethy! 32 11 3
XV N'-Cyclohexyl N2-CsH1o- N? 26 45 12

Table 3. The yield, purity and %yield (adjusted to purity) (%yieldy;) of the N*-
(mono)alkyl-N>-(mono/di)al kylguanidines.
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%yieldy was rather unexpected. For all compounds, DRIFT study showed that
carbodiimide nc=y band was present after the dehydration. Regardless of the N-alkyl
substituents, the ratios of the peak area of carbodiimide nc=n peak to the peak area of
reference peak were comparable. Thus this suggested that the synthesis of
carbodiimide was successful and unlikely to result in the observed varying %oyiel dyj.

Compounds X — XI11, in which the N*-substituent was varied while the N*-
substituent remained the same, were synthesised from the same carbodiimide
intermediate. However, moderate %yieldy were obtained by reacting primary
alkylamines with the carbodiimide (compounds X — XI1) regardless of the bulkiness
of the primary alkylamine. On the other hand, lower %yield. was achieved when
secondary alkylamine was used (compound XI111). This suggested that the efficiency
of secondary alkylamine to react with carbodiimide was less than that of primary
akylamine. The inefficient addition of the secondary alkylamine to carbodiimide also
observed for compounds X1V — XV, which were produced in low %yieldag regardless
of the size of N'-alkyl group on the carbodiimide. Hence the low %yield,y was
probably attributed to the steric hindrance on access of the bulky secondary
alkylamine to the carbodiimide. The carbodiimide was located close to the polymeric
matrix as it was connected to the polystyrene matrix via a Rink linker, which was
rather short and bulky. As aresult, the conformational flexibility of the carbodiimide
was restricted and the accessibility of carbodiimide to the bulky secondary alkylamine
was limited.

While the lower %yieldy of NZ-disubstituted guanidines (XI1I — XV) as
compared to N*-monosubstituted guanidines (X — XI1) suggested that the varying
%yieldy; might be due to incomplete guanidine formation from carbodiimide, an

aternative inference was that the incomplete cleavage of carbodiimide from the resins
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was a contributing factor to the low %yield,. Due to the bulkiness of the N*-
(mono)alkyl-N>-(di)alkylguanidine, which was located near to the resin matrix, the
accessibility of the TFA to the Rink linker was restricted, and resulted in inefficient
cleavage.

Generally, the reactions produced guanidines in moderate to low yieldy. The
yieldy; of the reaction was dependent on the bulkiness of the NZakyl moiety.
However, in view of the involvement of 6-step reactions in the synthesis, the yieldy;;
was acceptable. Nevertheless, the optimised condition for SPOS synthesis of
carbodiimide from urea served as a good synthetic route with general applicability in
synthesising carbodiimide, which is ageneral precursor to avariety of compounds®™.
Biological Evaluation of N*-M onoalkyl-N-(mono/di)alkylguanidines

The six compounds were evaluated by the L-[*H]citrulline assay using the
three NOS isoforms. The concentration of guanidines prepared was adjusted for the
purity of the sample. Initial screening was performed at 125 nM. Since the purities
of some of the samples were moderate to low, it was decided that only compounds
showing at least 50 % inhibition at 125 nM as compared to the predetermined 10%
inhibition (Chapter 13) was to be further evaluated for the corresponding 1Csp value
(Table 4). The process of reaction optimisation for this SPOS reaction scheme was
tedious and time-consuming. As aresult, by the time this library of compounds were
synthesised, significant biological data was already obtained for the other concurrent
series of compounds, the N*-alkyl-N>-nitroguanidines (Chapters 11, 12). Hence, the
present data could be discussed and compared to the data obtained from the other

concurrent studies.
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NNOS INOS eNOS

%Inh  1Cs0 £+ SEM %Inh  1Cs50 £ SEM %Inh  ICs =+ SEM

X <50 <50 <50
XI 73.8 546+ 22 <50 <50
X1 <50 <50 <50
X1 <50 <50 <50
XIV 596 833+ 36 <50 <50
XV <50 <50 <50

Table 4. % Inhibition at 125 nM and the corresponding 1Csp (M) values for
compounds showing more than 50 % inhibition at 125 nM.

The most active compound was compound X!, N*-(n-propyl)-N*
(diphenyl)methylguanidine, and it was shown to be nNOS selective. Similarly, the
compounds X1V, N'-benzyl-N? N2diethylguanidine, showed inhibitory activity
against NNOS while inactive against both iNOS and eNOS, suggestive of nNOS
selective inhibition. The improved binding and NNOS selectivity of the compound XI
was believed to be attributed to the N*-(diphenyl)methy! substituent. This highlighted
the binding enhancement though N-(diphenyl)methyl substituent, as well the larger
active site cavity of nNOS than those of INOS and eNOS. Similar information was
obtained from the concurrent series of N*-alkyl-N*nitroguanidines (Chapters 11,
12), and this suggested that the N-nitro and N-propyl substituents did not differ
much in their role in contributing to the affinity and selectivity of the NN
(disubstituted)guanidines.  On the other hand, comparing compound X1V with N-

benzy| substituted compound X, it was found that the N N-diethyl substituent could
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result in enhanced binding to the nNOS, as well as improved selective nNOS
inhibition.  According to the understanding of X-ray crystallography of NOS
(Chapter 1), it was probable that the N2 N-diethyl substituent was directed towards
the haem iron and formed hydrophobic contact with the small hydrophobic cavity
above the haem. The cavity was shown to be larger in nNNOS than in iINOS and
eNOS, thus possibly explaining the selective inhibition observed.

The interpretation of biological results obtained was complicated by the low
purity of the SPOS products. Nevertheless, the biological results for this series of
compounds was comparable to the results obtained from the concurrent
nitroguanidine series (Chapter 11, 12), suggesting that similar SAR and molecular
probing information could be obtained from the other concurrent studies. As aresult,

it was decided not to pursue further in this series of compounds.
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Chapter 8  N*-Alkyl-N?-nitroguanidines. Part |,

Along with the optimisation of the SPOS of N Ndiakylguanidines, a
concurrent study on the NOS inhibitory activity of N*-alkyl-N*nitroguanidines was
initiated. The study on N*-alkyl-N>nitroguanidine was initiated with reference to the
prototypical NOS inhibitor L-NA. The Fenem-interacting N"-nitro group was not
oxidised by NOS*, and hence, nitroguanidino compounds were potentiad NOS
inhibitors,

The aim of the study was to understand the SAR of N-akyl-N*
nitroguanidines as NNOS selective inhibitors, and to evaluate the role of hydrophobic
interaction in RegG. For the series of N*-alkyl-N-nitroguanidines, the N-substituents
were limited to alkyl group, and the incorporation of additional functional groups was
avoided in order to minimise confounding factors for the results interpretation.
Synthesis of N*-Alkyl-N®nitroguanidines

As compared to N* N%dialkylguanidines, the synthesis of the N*-alkyl-N?
nitroguanidines was rather easy as the N*-subsituent was nitrated, and only the N*-
alkyl group was varied for chemical diversity. The N*-alkyl-Nnitroguanidines can
be synthesised by several approaches®™. Nitration of N'-alkylguanidines by nitric
acid produces N*-alkyl-N%nitroguanidines®®. However, the nitration reaction is not
specific to guanidine. An aternative synthetic approach is a modified Rathke
synthesis, which involves the substitution of alkylamines on nitroguanylating agents,
such as N-nitroguanidine or S-methyl-N-nitroisothiourea (SMNNITU)¥% For the
substitution on N-nitroguanidine, the reaction is likely to be complicated by side
reaction (dinitrogen oxide being produced), and it is not suitable for the synthesis
involving higher secondary amines. Hence, the latter nitroguanylating agent,

SMNNITU, was selected for this study.
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The N™-akyl-N%nitroguanidine was synthesized through nucleophilic
substitution of akylamine on SMNNITU, which was in turn synthesized from the
nitration of SMITUSO4 (Scheme 13)'%. A series of structurally different N-alkyl
subsitituents was selected for the synthesis, and these included primary akyl
(unbranched and branched chains), secondary alkyl, and benzyl groups. The chain
length of the alkyl groups was kept short so that the alkyl chains would not interact

with other sides beyond the RegG.

+ _NO
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Scheme 13. Synthesis of N*-alkyl-N-nitroguanidine.

The synthesis of SMNNITU was conducted at ice-bath temperature. The
SMITUSO4 was added slowly into the nitrating mixture, consisting of fuming nitric
acid and concentrated sulphuric acid, which produced the nitrating agent, nitronium
ion (NO,")?®. The product was obtained as a precipitate by pouring the reaction
mixture into crushed ice.

As compared to SMITUSO4, the SMNNITU is less basic due to the electron
withdrawing effect of the nitro group. The presence of the nitro group results in a
more electrophilic ureido carbon, hence SMNNITU reacts readily with a nucleophile
(such as akylamine). As compared to the reaction between SMITUSO4 and
alkylamine (Chapter 7), the reaction between SMNNITU and akylamine demanded
both reagents to be in their free base form, as the alkylamine HCI salt was found to be
unable to react with SMNNITU.

The yield of SMNNITU was reported as 90%'%. However, in current study,

lower yield of 40-60% was consistently obtained after the crude product was
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recrystallised twice from agueous ethanol. The difference in yield might be due to
differences in experimental settings such as reaction temperature and duration, as well
as recrystallisation process. It was found that with forced cyrstallisation at low
temperature (to increase the yield) resulted a mixture of (mainly) needle-shape
crystals and (alittle of) cube-shape crystals, with the former shape was reported as the
appearance of SMNNITU. Thus, the recrystallisation was performed at room
temperature in order to have pure crystals (at the expense of lower yield).

The reaction between SMNNITU and akylamines progressed well. All the
alkylamines reacted smoothly with SMNNITU at reflux temperature with ethanol as
solvent. It was found that the reaction could aso progress under solventless condition
(without the use of solvent as reaction medium) at room temperature, with the
exception of secondary akylamines which required mild heating under solventless
condition. In order to ensure good yield and the completion of the reaction, the reflux
approach was preferred to the solventless approach. It was noted that
dicyclohexylamine, a bulky secondary alkylamines, was unable to react with
SMNNITU despite long hours of reflux.

The reaction was monitored using TLC. Interestingly, the methylthiol
produced in the reaction was a good indicator of the progress of the reaction.
Cessation of the methylthiol production indicated the completion of the reaction. The
crude yield of the reaction was generaly in the range of 30-70%, depending on the
solubility of the nitroguanidines in the reaction solvent (ethanol). The compounds
were recrystallised from agueous ethanol. The pure crystals were subsequently

characterised and subjected to L-citrulline assay.
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Biological Evaluation of N*-Alkyl-N-nitroguanidines

The compounds were tested against nNOS, INOS and eNOS using L-citrulline

assay (Table 5). As shown in the table, the NOS inhibitory activities were

demonstrated by two groups of nitroguanidines, the N»-alkyl(unbranched)-N*

nitroguanidines (XVI1, XVI11) and N*-benzyl-N-nitroguanidines (XXI1I — XXV).

On the other hand, the nitroguanidines with N*-alkyl(branched) (XIX, XX) and

N*,N*-dialkyl substituents (XXI, XXI1) lacked NOS inhibitory activity. In terms of

isoform selective inhibition, the series of compounds showed a general trend toward

constitutive NOS inhibition over INOS.

OaN. 2
HZI\?J\H}I/R
R
nNOS iINOS eNOS
R R’ %lnh  1Cspx SEM %Inh  1Cs+ SEM %lnh  1Cs+ SEM

XVI H H 23 377.4+55.7 <10 20 367.1+157
XVII  Methyl H 32 285.0+12.6 <10 34 265.6+21.1
XVIII Propyl H 50 139.8+35.3 <10 34 226.0+27.6
XIX  Isobutyl H <10 <10 <10
XX Cyclohexyl H <10 <10 <10
XXI  Methyl Methyl <10 <10 <10
XXI11  Ethyl Ethyl <10 <10 <10
XXI11 Benzyl H 34 192.6+16.8 <10 23 383.8+1134
XXI1V p-Chlorobenzyl H 26 343.2+375 <10 <10
XXV  m-Chlorobenzyl H 101 60.6x11.1 22 311.5+241 38 231.9+29.7

Table 5. Screening (%lnhibition at 125 nM) and ICsp values (mM) of preliminary
library of N*-alkyl-N?-nitroguanidines.
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With reference to the crystal structure of NOS bound with L-NA, it was
assumed that this series of compounds would bind to the NOS with their N*nitro
group facing the Fenaem, While the N*-alkyl substituents would be orientated towards
the access channel. The unsubstituted N*H, would likely be hydrogen bonded to both
the carboxylic residue of Glu and the backbone amide carbonyl of Trp in the distal
GBS.

With the above assumption on binding orientation of nitroguanidines, the
results suggested that the RegG was rather hydrophobic but was sterically limited.
The inactivity of N*,N*-dialkyl-N>-nitroguanidines (XXI — XXI11) could be attributed
to either the inability for N*H to form hydrogen bonding to carboxylic residue of Glu,
or the steric collision between the N*-substituents with the protein structure. On the
other hand, the inactivity of N-alkyl(branched)-N-nitroguanidine (XIX — XX)
suggested that branching was not tolerated at the NOS active site. However, this
observation was in contradiction to the activity exhibited by N»-benzyl-N*
nitroguanidines, which was also sterically bulky. This difference in activity could be
attributed to the electronic properties of the N -substituents. The benzyl group was
electron rich and was able to participate in p-p stacking interaction. As a result, the
p-p stacking interaction would probably represent an important interaction, on top of
the hydrophobic interaction, in RegG. The p-p stacking interaction may also be
responsible for the slight selective inhibition towards nNNOS over iNOS and possible
eNOS.

An dternative orientation of binding, in which the N*-alkyl was orientated
towards the Fenaem, should aso be considered. EPITU and L-NPA are known to
inhibit NOS in this binding orientation'™*"®. The hydrophobic cavity above the haem

can accommodate simple alkyl groups (such as ethyl and propyl). Re-examining the
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results using this perspective led to a different interpretation of results. Consistent
with the literature reports, the current series of compounds suggested that the
hydrophobic cavity above the haem was rather small. Both N*-methyl and N*-propy!
substituents could bind to the hydrophobic cavity above the haem, thus inhibiting
NOS. However, the inactivity of N'-alkyl-N-nitroguanidines with larger substituents
(XIX = XXI1) could be attributed to the inability of the bulky N*-substituents to bind
to the hydrophobic cavity above the haem. Besides that, the results also suggested
that the sizes of this haem hydrophobic cavity were similar in both nNOS and eNOS
while the haem hydrophobic cavity in iNOS was smaler, as the N-
alkyl(unbranched)-N>-nitroguanidines (XVII — XVIII) showed similar activity
towards nNOS and eNOS, and were inactive against INOS. On the other hand, with
this alternative binding orientation, the N*nitro group would be orientated towards
the access channel, thus suggesting that hydrophobic yet electron-rich moieties could
be tolerated at the RegG. Nevertheless, this aternative binding orientation was not
applicable in the N-benzyl-N?-nitroguanidines, as the hydrophobic cavity above the
haem was too small for the N-benzyl moiety.

However, the alternative binding orientation was to be evaluated with caution.
With reference to the activities of compound X1V and L-AMMA, which suggest that
the dialkyl group could be accommodated in the hydrophobic cavity above the haem,
it was quite surprising to find the compounds XXI and XXII being inactive. As a
result, it was believed that the contribution of the aternative binding orientation was
minimal. On the other hand, the different activity profiles of compounds XVI —
XVIIT and compounds XXIII — XXV suggested that the aternative binding

orientation plays a greater role in the binding of N*-alkyl-Nnitroguanidines with
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small N*-alkyl groups, while it is unlikely for the the N*-benzyl-N*nitroguanidines to
bind in the latter binding orientation.

Generally, it was believed that the preferred binding orientation of N*-alkyl-
NZnitroguanidine was to position the N-nitro group facing the Fenem, While the
aternative binding orientation, though cannot be totally ignored, could play a minor
role for the binding of compound. Comparing the two binding orientations, the
binding orientation with Fenem-facing N-nitro group showed greater applicability than
the dternative orientation as more structural variation could be performed.
Furthermore, the objective to probe for hydrophobic interaction in the RegG could
only be achieved with the N*-alkyl groups facing the access channel. As a result,
short alkyl N»-substituents, which were likely to bind in alternative binding
orientation (and thus unsuitable for molecular probing study on RegG), were not
suitable to be used for further studies. On the other hand, the improved inhibitory
activity and nNOS selectivity were demonstrated by the N»-benzyl-N*
nitroguanidines. Hence, the RegG was likely to be hydrophobic in nature, and it
could accommodate large and electron rich group. Besides that, with p-p interaction
in the RegG was likely to be responsible for slight selectivity towards nNOS. As a
result, the N'-benzyl-N%nitroguanidines were identified as leads for further

evauation.
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Chapter 9 Nl-AIka-NZ-nitroquanidines. Part |1.

From the study on NY-akyl-N*nitroguanidines, the N-benzyl-N*
nitroguanidines were identified as lead for further investigation as these compounds
showed relatively good potency and selectivity for nNOS inhibition. As a result, a
series of N'-benzyl-N*nitroguanidines were synthesised and evaluated for the
selective nNNOS inhibition. In order to elucidate SAR information of N*-benzyl-N*
nitroguanidines and to gain insights into the RegG, structural modifications were
introduced to the N'-benzyl moiety. On the other hand, the Nnitro was left
unmodified due to its importance for interacting with GBS.

Synthesis of N*-Benzyl-N-nitroguanidines

In order to obtain the SAR of inhibitors interacting with the RegG, it was
important to have structurally diverse N*-benzyl group, which could be derived from
benzylamine. Molecular diversity in terms of hydrophobic, electrostatic and steric
properties of the benzyl group was introduced as substitutions on phenyl ring and

266 \was used as a reference to ensure that

methyl (a-carbon) group. The Craig's plot
the ring substituents were diverse electrostatically and hydrophobically. With ring
substitution, the hydrophobicity of the ring, and thus the participation of the ring in
hydrophobic interaction with RegG, was modified. Besides that, the electronic
property of the ring, thus the aromaticity of the ring and the involvement of p-p
interaction with the RegG, was varied. On top of that, the possible involvement of
electrostatic interaction in the RegG could also be evaluated. On the other hand,
substitution on the methyl (a-carbon) group was a suitable approach for evaluating

the contribution of steric and conformational factors on the binding of N*-benzyl-N>-

nitroguanidine to the active site. The main impact of having a-carbon substitution
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was the conformational restriction on the molecule. With various substituents
introduced, the size and flexibility of the benzyl group were modified.

According to computational calculation using SYBYLG6.6, the molecular
properties of the reagents, benzylamines, were evaluated. The ClogP (partition
coefficient) of the benzylamines selected for the synthesis ranged from —0.74 to 2.92,
while the dipole moment ranged from 1.85 to 5.69 (debye) and the CMR (molar
refractivity) ranged from 3.53 to 6.03. As for the computed surface area, volume,
HOMO and LUMO of the benzylamine were calculated to be 139.83 — 210.07 (A?),
118.77 — 197.55 (A3), -8.06 —-9.98 (eV), and -1.26 — 0.58 (eV), respectively. Hence,
a diverse selection of benzylamine was used in the synthesis, thus enabling a
meaningful SAR and molecular probing studies.

The reactions of SMNNITU with primary amines were clean and generally
completed within 12 hours of reflux. Upon cooling, the N*-(substituted)benzy!-N*
nitroguanidines precipitated out from the reaction solution, and the crude products
were further recrystallised from agueous ethanol. The identity and purity of the
compounds were established prior to subjecting the compounds for L-[*H]-citrulline
assay’s.

Biological Evaluation of N*-Benzyl-N-nitroguanidines

The compounds were screened at 125 nM using the L-citrulline assay against
three NOS isoforms (Table 6). The ICsy values were determined for compounds
showing more than 10% inhibition a 125 nM. Interestingly, the N'-
(substituted)benzyl-N-nitroguanidines demonstrated a tendency towards NNOS
selective inhibition. At 125 niM, 18 out of the 22 compounds exhibited more than
10% inhibition against NNOS. One the other hand, only 4 of the compounds showed

more than 10% inhibition at 125 nM against iINOS, while 10 of the compounds
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OZN\N2

3
H,N™ IN2 Y
H

Ry

\I—R2

Substitution NNOS INOS eNOS

R R;  %Inh 1C5+SEM %Inh 1Cs+SEM  %Inh  1Cso% SEM
XX H H 34 1926+168 <10 23 383.8+113.4
XXIV H p-Cl 26 3432+375 <10 <10
XXVI H p-F 43 229.4+208 <10 <10
XXVII H p-CH; <10 <10 14 959.2+233.8
XXVIII H p-CF3 13 634.7+46.7 <10 <10
XXIX H p-OCH; 18 632.6+65 <10 <10
XXX H p-NO, 33 269.2+703 <10 26 269.7+46.9
XXX H p-NH; 44 287.3+594 <10 12 989.6+219.9
XXXII H pSONH, 36 3230+57.6 <10 16 431.8+89.8
XXXIII H  pC(CHs)s <10 <10 <10
XXV H m-Cl 65 60.6+11.1 22 311.5+24.1 37 231.9+29.7
XXXIV H m-CHg 47 1142+347 <10 29 367.8+75.4
XXXV H m-CF3 48 131.2+208 <10 11 771.5+1615
XXXVI H mNO, 86 39.5+8.7 13 732.1+60.2 34 2505+ 14.4
XXXVII H mOCH,O-p 21 5024+399 <10 <10
XXXVIII  H o,p-diCl 86 52.1+9.7 13 909.4+1069 55 96.4+13.2
XXXIX H mp-diCl 35 2157+19.8 25 4684+207.7 <10
XXXX  Sa-CHs H <10 <10 <10
XXXXl R-a-CHs H <10 <10 <10
XXXXII  a-phenyl H 71 58.0+50 <10 <10
XXXXII1 a-CH,CH2-0 51 122.7+114 <10 <10
XXXXIV  a-CH,CH,CH»-0 24 3846+51.0 <10 <10

Table 6. Screening (%lnhibition a 125 nM) and ICso values (M) of N*-

(substituted)benzyl-N“-nitroguanidines.
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demonstrated more than 10% inhibition a 125 nM against eNOS. Closer
examination showed that the 1Csy values were relatively higher against iNOS and
eNOS, while moderate 1 Cs, values were demonstrated against the nNOS.

With the unsubstituted N*-benzyl-N%nitroguanidine (XXI11) as a reference,
the N'-(para-substituted)benzyl-N>-nitroguanidines (XXIV — XXXIIl) were
generally found to result in lower binding affinities towards NNOS. Regardless of the
nature of the para substituents, the 1Csonnos) values were higher than XXI 11, and the
similar trends of decreased inhibition were also observed against eNOS and possibly
INOS. This suggested that the steric factor, rather than hydrophobic or the p-p
stacking interactions, was the main reason for the decrease in inhibitory activities.
The RegG facing the para-substituent was seemed to be restricted in size, and
compound XXXI1I was found to be inactive as a result of bulky t-butyl substituent.
Hence, the data suggested that para-substituents were to be avoided. Of less
significance, the para-substituents might be directed towards a site capable of
hydrogen bonding or electrostatic interactions, as shown by a smaller degree of
reduction in binding affinity for compounds with para-substituents capable of
hydrogen bonding or electrostatic interaction (XXIV — XXVI, XXX — XXXII), as
compared to those with hydrophobic non-hydrogen bonding para-substituents
(XXVII = XXIX). With reference to the selectivity among NOS isoforms, the
selectivity profile of N-(para-substituted)benzyl-N*-nitroguanidine was similar to
that of unsubstituted XXI11 with no enhancement of isoform selectivity. As aresult,
the RegG facing the para-substituent was restricted in size and conserved among the
isoforms.

A totally different picture was observed for N»-meta-substituted-N>-

nitroguanidines (XXV — XXXVI), which showed improved binding affinities
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towards al the three NOS isoforms as compared to unsubstituted XXII1. The data
suggested that hydrophobic interaction predominates at RegG facing the meta-
substituents, and hydrogen bonding or electrostatic interaction also played a role in
the binding of the inhibitors. Notably the compound XXXVI demonstrated mid-
micromolar 1Csonnos) Value. As compared to compound X X111, the enhanced nNOS
inhibition of compound XXXVI was complemented by improved inhibition against
INOS and eNOS, but the degree of improvement in eNOS inhibition was less than
NNOS, while some of the meta substituents (XXVI1I, XXV) resulted in better iINOS
inhibition. The data suggested that the RegG facing the meta-substituents would
likely be hydrophobic in nature. However, this meta-substituent interacting area in
RegG was more or less conserved among the isoforms, as demonstrated by little
enhancement in isoform selectivity with meta-substituents. However, the hydrogen-
bonding or electrostatic interaction seemed to be playing a greater role in nNNOS, as
demonstrated by the enhanced NnNOS inhibition by compound XXXVI over both
INOS and eNOS inhibition.

As for N-(disubstituted)benzyl-N-nitroguanidines (XXXVII — XXX), the
overall effects were cumulative of the effects of the individual substituent. The
presence of para-substituent lowered the inhibitory activity while the meta-substituent
enhance the inhibition. Thus, the resultant inhibitory activity was intermediate, as
shown by compound XXXIX as compared to compounds XXIV and XXV.
Surprisingly, the compound XXXV1II showed good inhibitory activity against n(NOS
and eNOS, and weak inhibition against iINOS. This suggested the role of ortho-
substituent in enhancing the inhibitory activity. However, the ortho-substitution was
not designed into the experiment because the ortho-substituent were positioned near

to the GBS and thus provided little potential for enhancing isoform selectivity. The
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design rationale was supported by compound XXXVIII, which showed negligible
selectivity towards nNOS over eNOS, and the overall selectivity profile was similar to
that of unsubstituted compound XXI11.

As discussed above, substitutions on the phenyl ring provided little
enhancement in isoform selectivity profile, despite improvement in binding affinity
was demonstrated by meta-substituents. This suggested that the RegG environment
around the phenyl group was rather conserved in terms of steric, electronic and
hydrophobic properties, which was fairly consistent with the X-ray crystalography
data. On the other hand, promising isoform selective inhibition was observed with
substitution on the a-methyl group (XXXX — XXXXIV), which argue against the
active site conservation displayed in X-ray crystallography.

In order to evaluate the importance of stereo-orientation of the phenyl ring for
binding to the RegG, enantiomeric N*-(a-methyl)benzyl-N2-nitroguanidines (XXXX
and XXXXI) were studied. However, both S- and R-enantiomers were shown to be
inactive. This indicated that methyl substitution on the a-carbon resulted in
unfavourable orientation of the phenyl ring for proper interaction with the active site
as compared to compound XXIII. However, with conformational restriction and
molecular size increment through ethyl and propyl group bridging the a-carbon and
the ortho-carbon of the phenyl ring (XXXXIIl and XXXXIV), nNOS selective
inhibition was demonstrated. The phenyl ring of compound XXXXII1 was suitably
orientated for interaction with the active site as compared to compound XXXXI1V, as
shown by the lower 1Csonnos) Value of compound XXXXIII. Interestingly, both
compounds XXXXIIl and XXXXIV were active against nNOS but not iINOS or
eNOS. Since the surface topology of RegG interacting with the phenyl ring was

conserved among the three NOS isoform, the absence of inhibition for iNOS and
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eNOS by compounds XXXXI11 and XXXXIV was probably a consequence of steric
effect of the ethyl and propyl bridges rather than electronics or hydrophobic effects.
The nNOS seemed to be able to accommodate these bulky structures.

Interestingly, mid-micromolar 1Csonnos) Value was demonstrated by Nl-(a-
phenyl)benzyl-N2-nitroguanidine (XXXXI1). The presence of a-phenyl substituent
resulted in proper orientation of the phenyl ring for active site interaction, and it was
likely that the both phenyl rings were able to participate in hydrophobic and/or p-p
stacking interaction with the RegG. More importantly, NNOS selective inhibition was
demonstrated by XXXXII, which was inactive against both iINOS and eNOS. Once
again, the data suggested that the active site of nNOS was more spacious and
accommodeative than that of INOS and eNOS. This suggested either a more spacious
NNOS active site, or the RegG of NNOS was more readily to undergo conformational
changes upon induced fit of compounds.

As a result, a size-exclusion mechanism around RegG was suggested for
achieving nNOS selective inhibition. For the future design of NnNOS selective
inhibitor, bulky and hydrophobic group (and preferentially aromatic in nature) whould
be introduced as RegG-interacting group in order to exploit the size-exclusion
mechanism. Re-examining the reported NOS inhibitors (Chapter 2), it was found
that the size-exclusion mechanism was not exploited for achieving nNOS selective
inhibition. None of the reported NOS inhibitors possesses an appropriately sized
RegG-interacting bulky group at such a close distance to GBS as compound XXXXII.
The only likely example of utilising the size-exclusion mechanism was demonstrated
by 6-(4-(substituted)phenyl)-2-aminopyridines'’*, assuming that the 2-aminopyridine

was the group interacting with the GBS. With bulky 6-substituents, selective nNOS
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inhibition was achieved. Hence, the size-excluson mechanism was a potentially
useful factor for achieving nNOS selective inhibition.

The size excluson mechanism was likely to be a result of conformationally
flexibility of RegG in nNOS. As shown by the data, the RegG was found to be
hydrophobic. Since hydrophobic interaction is weak and nonspecific, the RegG could
undergo conformational change induced by the binding of the nitroguanidine with
bulky and aromatic N*-benzyl group. Hence, although the size difference in the
active site was not apparently observed in X-ray crystallography of NOS, induced-fit
of bulky RegG-interacting group to nNOS selectively was likely to occur, as
demonstrated by the current study.

Generally, the 1Cs values of this series of compounds were in the micromolar
range. As compared to the submicromolar ICsp values of L-NA, it was not surprising
to observe the relatively weak binding affinity for the current series of N*-benzyl-N*
nitroguanidines, which were lack of NBS-interacting group and CBS-interacting
group. Nevertheless, the mid-micromolar |Csonnos) Value displayed by compound
XXXXII was rather impressive, thus suggesting the significant contribution of the
hydrophobic and p-p stacking interactions towards the binding of the compounds. Of
more significance was the size-exclusion mechanism that contributed to the nNOS
selective binding of compound XXXXII.  The N'-(a-phenyl)benzyl-N*
nitroguanidine (XXXXI1) was identified as the lead compound with selective nNOS
inhibition with a [Cspnnos) of 58.0 mM. Further in vivo study were to be conducted

using XXXXII to determineits potential clinical application.
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Chapter 10 Further Investigations Using Guanidino-containing Compounds

As shown in the preceding discussions, hydrophobic interaction in the RegG
contributed to the binding of the inhibitor to the active site of NOS. However, it was
of interest to evaluate whether ionic interaction, in addition to the hydrophobic
interaction, would enhance the binding to the RegG. In this section of the study, the
potential of guanidino containing heterocycles to inhibit NOS is aso assessed.

The 2-(2-nitroguanidino)akanoic acid (NGAA) has an carboxylic acid group
attached at a-position to the nitroguanidino group, thus NGAA is useful for
evaluating the involvement of anionic interacting sitein RegG. On the other hand, the
1-alkyl-4-nitroimino-1,3,5-triazinane (TZN) is a saturated triazinane, in which a
nitroguanidino moiety incorporated as part of the heterocycle. Since a tertiary
nitrogen, which becomes cationic at physiological pH, is located at the a-position to
the nitroguanidino moiety, the TZN serves as a useful probe for evaluating the
involvement of cationic interacting site in the RegG. The 6-anilino-4-amino-1,2-
dihydro-2,2-dimethyl-1,3,5-triazine (TZA), in which a guanidino group constitutes a
part of a conjugated system, is charged under physiological pH. Thus it serves as an
aternative strategy to probe the RegG for possibility of cationic interaction. Different
from the compounds discussed in the preceding chapters, both TZN and TZA

represented the attempts to evaluate the use of heterocyclic compounds as NOS

inhibitors.
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Synthesis and Biological Evaluation of 2-(2-Nitroguanidino)alkanoic acids
(NGAA)

The 2-(2-nitroguanidino)alkanoic acids (NGAA) was synthesised by reacting
a-amino acids with SMNNITU (Scheme 14). It was of interest to evaluate the
influence of adjacent carboxylic acid group on the progress of the reaction, as well as
the inhibitory activity on NOS. Racemic dl-a-amino acids with hydrophobic side
chains, instead of side chains containing other functional groups, were used for the
synthesis. Three a-amino acids selected (Gly, Va and Phe) varied in terms of
hydrophobicity and the bulkiness of the side chains.

O2N H,N._COOH ON-y coon

i - b — |
HZNJ\S/CH?’ R A

Scheme 14. Synthesis of NGAA.

The reaction between a-amino acids and SMNNITU in agueous ethanol did
not proceed well. Furthermore, the amino acids were weakly soluble in the agueous
ethanol, thus prevented the reaction from taking place. In order for the amino
function to react with SMNNITU, it should exist in unprotonated form to act as a
nucleophile. As a result, with the addition of a base to the reaction medium, the
amino function was unprotontated. The use of the base also improved the dissolution
of the a-amino acids in the reaction medium.

Attempts to use triethylamine as a base was unsuccessful. On the other hand,
the use of sodium hydroxide was undesirable because NaOH solution is known to
decompose nitroguanidine group. Hence, sodium carbonate was chosen as the base.
Although Na,CO; was reported to be less destructive to the nitroguanidino group®’,

precaution was taken to minimise the base-induced decomposition of nitroguanidino
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group through reducing the duration of heating. One equivalent of 1M NaCO3; was
added to the a-amino acid, and the reaction mixture was brought to reflux for 15
minutes. Subsequently, SMNNITU was added to the boiling reaction mixture. After
the complete dissolution of SMNNITU, the reaction mixture was left to cool to room
temperature with continuous stirring for 24 hours.

Following that, the strongly acidic Dowex-H" resins were added to the
reaction mixture until the pH of the solution reached pH4 (using pH paper). Under
this acidic condition, a-carboxylic acid was protonated while the unreacted a-amino
group, together with other basic side products, would be charged and thus adsorbed
onto the Dowex-H" resins. The filtrate containing NGAA was collected and rotary
evaporated to dryness. Using this method, three compounds (Table 7) were
successfully synthesised in moderate yield with good purity.

The use of solid phase extraction (SPE) as a purification step simplified the
post-reaction workup. SPE represented one of the applications of solid phase organic
chemistry, and the ability to separate impurities from solution through simple
filtration was very helpful in accelerating the synthetic process”™. Prior to the use of
SPE, the reaction mixture was acidified with 2M HCI to either pH 2 (using pH paper).
Subsequently, the solution was rotary evaporated, but the presence of HCI would
decompose the nitroguanidino group upon heating. Liquid-liquid extraction was not
suitable due to the limited solubility of NGAA in organic solvents. Thus the use of
SPE largely simplified the purification step with the Dowex-H® acting as an
acidifying agent as well as electronic trap for unwanted cationic species.

As shown in the table (Table 7), none of the NGAA showed more than 10%
inhibition on three isoforms of NOS. Despite having close resemblance to compound

XVI1 (N-methyl-N*nitroguanidine), compound XXXXV was found to be inactive,
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indicating the incompatibility of the carboxylic function with RegG. With longer
akyl chain as in compound XXXXVI, no increase in inhibitory activity was
observed. The introduction of a phenyl ring, which was capable of hydrophobic and
p-p stacking interactions with the active site, did not improve the binding of
compound XXXXVII. These data suggested that the absence of anionic binding site

in the RegG.

O,N.
N  COOH
H,N” "N TR
% Inh
R nNOS iNOS eNOS
XXXXV H <10 <10 <10

XXXXVI CH,CH(CHs), <10 <10 <10

XXXXVII CHzPh <10 <10 <10

Table7. %lnhibition at 125 M for NGAA.

There was a possibility that the steric hindrance at a-carbon could result in
inactive NGAA. However, the activities demonstrated by compounds XXXXI1 —
XXXXIV argued against this possibility. Furthermore, given that phenyl ring of the
compound XXXXV1 was separated from the nitroguanidino group by an ethyl group
(and thus possessed greater conformational flexibility), the lack of inhibitory activity
was unlikely to be related to the improper orientation of the phenyl ring. Thus,
electronic incompatibility instead of steric hindrance was likely to be the major cause

of the absence of NOS inhibition by NGAA.
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Synthesis and Biological Evaluation of 1-Alkyl-4-nitroimino-1,3,5-triazinanes
(TZN)

For 1-akyl-4-nitroimino-1,3,5-triazinane (TZN), the nitroguanidino moiety
was incorporated as part of the parent 1,3,5-triazinanering. The TZN represented one
of the few heterocyclic compounds that could be derived from nitroguanidines, which
was rarely used as starting material for the synthesis of heterocycles despite having
several functional anchors for reaction, due to the low basicity and low
nucleophilicity of nitroguanidines. The nitro group in the nitroguanidino fragment of
the TZN lowered the basicity of the guanidino moeity, and only the ring nitrogen (N%)
was protonated under physiological pH. Due to the saturated ring system without
electron conjugation in TZN, the positive charge on the protonated ring nitrogen (N%)
was localised. Hence, TZN is useful for evaluating the tolerance of the RegG to
cations.

The TZN was a relatively less studied compound with limited literature
reports available. There was no report on the biological activity of TZN. However,
with suitable N-substituents, as in the 1-(3-furanyl)alkyl-2-nitroimino-3-akyl-5-akyl-
1,3,5-triazinanes, pesticidal effects were reported®®. On the other hand, in chemical
synthesis, the TZN is treated as a protecting group for the nitroguanidino moiety.
Upon transforming nitroguanidine into TZN, akylation can be carried out on the
guanidino nitrogens. Subsequently, acid-induced ring cleavage produces

alkylnitroguanidine®®.

_NO,
N
H N/NOZ |
> >:O + H,N-R + )|\ — HN NH + 2H,0
H H2N NH2
N\
R

Scheme 15. Synthesis of TZN.
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The TZN was synthesised by reacting 2 equivaents of formaldehyde and 1
equivalent of alkylamine with 1 equivalent of nitroguanidine, which was synthesised
from SMNNITU (Scheme 15). The reaction progressed smoothly using 37% aqueous
formaldehyde, with ethanol as solvent and the reaction was carried out at 50 °C for 5
hours™. As the reaction progressed, precipitation of the product occurred. The crude
product was subsequently recrystallised from agueous ethanol. Replacing the 37%
agueous formaldehyde by solid paraldehyde resulted in slow reaction rate and low
yield. The use of higher temperature was undesirable. The mechanism of the reaction
was unclear. However, it was believed to involve the formation of alkylimine and

akyliminium intermediates.

OZN\lN
HN )NH
N
R
% Inh

R NNOS INOS eNOS
XXXXVII CH3 <10 <10 <10
XXXXIX CgHz <10 <10 <10
L CHQCH(CHg)z <10 <10 <10
LI Cyclohexyl <10 <10 <10
L1l Benzyl <10 <10 <10
LIT 2-Phenylethyl <10 <10 <10

Table 8. %lnhibition at 125 niM for TZN.

As demonstrated in the table (Table 8), none of the TZN showed more than

10% inhibition at 125 nM, regardiess of the N'-alkyl groups. This could be
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interpreted that cationic interacting site was not present in RegG, and that a cation
was not tolerated in this region. However, this inference should be accepted with
caution, as the binding conformation of TZN was likely to be different from that of
N*-alkyl-N2nitroguanidine. Assuming that the nitroguanidino moiety of TZN would
bind to the active site in a similar fashion as L-NA, steric hindrance could arise from
N®N?®, which supposedly occupied the distal GBS. Furthermore, the N*-alkyl group
could be orientated to a different direction, as compared to the alkyl backbone of L-
NA, which would probably result in additiona steric hindrance. The lack of
inhibitory activites with short N'-alkyl chain or flexible N*-(2-phenyl)ethyl chain
suggested, to some extent, that TZN was incompatible with active site. As a resullt,
the inactivity of TZN observed was probably due to the incompatibility of the cation
at the active site as well as steric hindrance due to the cyclic structure and the N*-alkyl
group.
Synthesis and Biological Evaluation of 6-Anilino-4-amino-1,2-dihydro-2,2-
dimethyl-1,3,5-triazine (TZA)

The 6-anilino-4-amino-1,2-dihydro-2,2-dimethyl-1,3,5-triazine (TZA) was
first reported in the 1950s°"°?™*. There were relatively few reports on biological

effects of TZA, one of which was herbicidal activity?”

. For the TZA, a guanidino
moiety is incorporated as part of the heterocyclic dihydrotriazine ring. Structuraly,
the TZA is an interesting molecule as there is an extended conjugated biguanide
system spanned across the molecule. Comparing TZA to TZN, despite alack of nitro
group on the guanidino fragment, the TZA is more structurally related to the N*-
benzyl-N2-nitroguanidinine series than the TZN in terms of the orientation of the

phenyl ring with respect to the guanidino fragment. Furthermore, assuming that 4-

amino group was bound to the distal GBS and the N*® was located in the proximal
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GBS facing the Fensem, the 2,2-dimethyl would be able to fit into the hydrophobic
cavity above the haem, and the phenyl ring would be positioned into the RegG facing
the substrate access channel. Hence, theoretically the TZA should be able to bind
well to the active site and it is of interest to determine the potential of this guanidino
containing heterocycle as NOS inhibitor. In addition, the TZA, being protonated at
physiologica pH, is an aternative probe in place of TZN for evaluating the presence
of anionic interaction in the RegG.

The TZA was synthesized through Dimroth rearrangement of 1-
(substituted)phenyl-4,6-diamino-1,2-dihydro-2,2-dimethyl-1,3,5-triazine (TZP),
which was in turn synthesized through from cyanoguanidine, aniline and acetone
(Scheme 16). The one-pot synthesis of TZP was a simple and clean reaction®”®. The
subsequent rearrangement of TZP into TZA could be carried out under various

conditions’”!. The reported reaction condition®”®

(sodium hydroxide was added
dropwise until pH11) resulted in incomplete reaction, which was attributed to
incomplete conversion of TZPHC| salt into free base form. Hence, in order to
improve the rearrangement, it was necessary to ensure that all the TZPHCI salt had

been converted into the free base (from which Dimroth rearrangement could occur),

with an excess of the base/alkali available as catalysts.

NH; >
NH N o Hcl >< /@ R gase NXNH
T+ + —_— N~ °N —_— )l\ | —R
AN R PN HNT NN
H,N~ N7 NH, 2 H
HCI

Scheme 16. Synthesis of TZA.

In order to determine the optimal base/alkali, the following bases were used
for rearrangement: 10M NaOH, saturated Na&COjs, ethanolamine, TEA and

piperidine. Using compound LVI (Table 9) as the model, the rearrangement from 1-

119



(4-chloro)phenyl-4,6-diamino-1,2-dihydro-2,2-dimethyl-1,3,5-triazine was completed
in 15 minutes when either NaOH or Na,CO3 was used as base catalyst. On the other
hand, the rearrangement took more than one hour to complete when organic bases
were used. The crude yields were higher for inorganic bases (>80%) while the
organic bases resulted in lower yields (82% for ethanolamine, 64% for piperidine and
22% for TEA). The variation in reaction duration and yield may be due to the
differences in molecular size and the nucleophilicity of the nucleophiles.
Furthermore, judging on the melting points and general appearance of the crude
products, the catalysis by 10M NaOH vyielded products of highest purity. Thus, the
optimised condition was identified as the dropwise addition of 10M NaOH into a
solution of TZPHCI in 50% aqueous methanol, until pH 14 (by pH paper) was
reached. The reaction mixture was then refluxed and the progress of the reaction was
monitored by UV spectrophotometry.

A mechanism of rearrangement of TZP into TZA was proposed in 1954°".
However, the proposal was found to be inconsistent with the generally accepted

mechanism of Dimroth rearrangement?’®

and failed to explain the occurrence of
rearrangement under neutral condition. As a result, a new mechanism of
rearrangement of TZP to TZA (Scheme 17), which was consistent with the generally
accepted Dimroth rearrangement mechanism?®, was proposed.

The electron delocalised from the 6-amino (N,H2) moiety led to the formation
of an imine. The strong p-electrons localisation in the doubly bonded nitrogen atom
resulted in an imbalance of electronic distribution over the N;-C; bond, and led to the

fissure of the N;-C, bond, with the addition of nucleophiles such as hydroxide ions,

ethanol or even water molecule. Following that, the N, would be incorporated into
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the dihydrotriazine ring system upon ring closure, where the N;-C, bond was

reestablished via nucleophilic attack of the imine nitrogen.

O ¢ = ) 5

= —_—

B HN N 7 HN N_ 7
\N/gNH \N/gNH

N><N
A N

NH, HoN
>< Nu
N~ "NH X N~ TN A - X
| Ji) R o | | D—R - Nu | R
oy = AL ASTIE p

H HN HN

AN A

H,N” N7 SN

H,N HoN

Scheme 17. Mechanism of Dimroth rearrangement of TZP into TZA un;jer the
presence of nucleophiles, such as hydroxide ions.

Reported reactions and observations in the literatures could be adequately
explained by this new proposal for the mechanism of Dimroth rearrangement. First,
the intermediate was predicted to be an arylbiguanide?”, the UV spectrum of which
was similar to that of TZA and TZP, thus no abrupt change in UV spectra was to be
expected during the course of the rearrangement. This was indeed shown to be the
case as predicted. Secondly, this proposed mechanism explained the occurrence of
Dimroth rearrangement under neutral condition, using water molecules as
nucleophiles. Thirdly, the absence of Dimroth rearrangement under acidic condition
could also be satisfactorily explained by this mechanism as the lack of free lone pair
of electron for initialising the rearrangement process. In addition, the Dimroth
rearrangement under molten state could be accounted by the proposed mechanism as
having an imine moiety itself acting as a nucleophile, which catalysed the ring
opening of another molecule in the intermediate state.

Thermodynamically, the Dimroth rearrangement is driven by both enthalpy

and entropy of the reaction®”®. Most of the rearranged products were achieved at a
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lower energy level as compared to the pre-rearrangement reactants. Both computer

277

modelling and X-ray crystallography“’" studies showed that much steric strain was

observed in TZP. The 1-phenyl ring was roughly perpendicular to the p-conjugation
in dihydrotriazine ring, resulting in ineffective p electron conjugation between the two
rings. Furthermore, the rotation of the 1-phenyl ring was highly restricted, resulting
in atropisomerism of TZP. However, upon Dimroth rearrangement to TZA, the steric
strain was relieved, and contributed to a decrease in enthalpy. On the other hand,
higher rotational freedom of 6-phenyl ring and improved overal p-electron
delocalisation resulted in an increase in entropy. Thus, TZA was thermodynamically
preferred to TZP.

From the proposed mechanism of Dimroth rearrangement, it was expected that
an electron-donating substituent on the aryl ring would partly restore the charge
imbalances over the N;-C, bond and thus reduce the rate of Dimroth rearrangement,
and vice versa for electron-withdrawing substituent. In fact, a sow rate of
rearrangement was observed in  4-amino-1,2-dihydro-2,2-dimethyl-6-(3,4-
dimethyl)anilino-1,3,5-triazine (r9008).

As shown in Scheme 17, the rearrangement reaction is expected to be
reversible. However, in this study, the Dimroth rearrangement of TZP into TZA was
virtually irreversible. This was because the 6-amino group of TZP was unsubstituted,
and so the resulted TZA was favoured sterically. However, for N* N°-disubstituted
TZP, Dimroth rearrangement was reported to be reversible. A study on two-
component condensation [r9008] between N*-(4-chloro)phenyl-N-methylbiguanide
and acetone showed that the reaction produced solely 4-amino-1-(4-chloro)phenyl-6-
(N-methyl)amino-1,2-dihydro-2,2-dimethyl-1,3,5-triazine under acid-catalysis, and

solely  4-amino-6-(4-chloro)anilino-1-methyl-1,2-dihydro-2,2-dimethyl-1,3,5-triazine
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under base-catalysis. However, when either of the two compounds was placed in the
alkali agueous solution, Dimroth rearrangement occurred and resulted in a mixture of
two components, with a ratio of 1 part of the former to 3-4 parts of the latter. This
was consistent with the general observation about Dimroth rearrangement [r9013], in
which the nitrogen with bulkier and/or more electron-withdrawing substituent would
prefer to be exocyclic.

With the optimised Dimroth rearrangement condition and an understanding of
the mechanism of reaction, a series of TZA was synthesised and evaluated using L-

citrulline assay (Table 9).

PY4

XA =
H,N™ °N H

% Inh
R NNOS iINOS  eNOS
LIv. H <10 <10 <10
LV 3-Cl <10 <10 <10
LVl  4-Cl <10 <10 <10
LVIlI  3-Br <10 <10 <10
LVIII 4-Br <10 <10 <10

LIX 3-CHs <10 <10 <10
LX  4-CHs <10 <10 <10
LXI 3-OCHs; <10 <10 <10
LXIl 4-OCH; <10 <10 <10

LXIIl 3-NO, <10 <10 <10
Table 9. %lnhibition at 125 niM for TZA.
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As shown in the above table, al the compounds showed less than 10%
inhibition at 125 mM. This suggested that the low affinity of TZA to the active site of
NOS was probably due to the incompatibility of the positively charged
dihydrotriazine ring system with the RegG. Hence, together with TZN, it was
suggested that the cationic interaction was less likely to play a role in inhibitor
binding to the RegG.

All the three series of compounds (NGAA, TZN and TZA) were found to be
inactive against NOS. The lack of inhibitory activity was likely to be attributed to the
intolerance of charged species in the RegG, although the role of steric hindrance could
not be ruled out for heterocyclic series. It was shown that in the RegG, the
involvement of both cationic and anionic interactions (at a close distance to GBS) was
negligible. As a result, the future design of NOS inhibitors should refrain from
having a charged group as the RegG-interacting group, which would reduce the

binding affinity of the compounds.
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Chapter 11  In Vivo Evaluation

From the preceding series of guanidino compounds studied, N'-(a-
phenyl)benzyl-N2-nitroguanidine (XXXXI1) was identified as the lead compound
with moderate potency and good nNOS selectivity. Hence, compound XXXXII was
subjected to further biological evaluation using in vivo neuroprotection model. The
chemical-induced convulsion model, pentylenetetrazole test (PTZ test), was used?’®,
If neuroprotection effect was present, the mice would suffer less or delayed brain
damage, and thus was able to survive for alonger duration. The PTZ test was donein
complementary with the rotarod test for detecting the manifestation of neuromotor
side effects such as muscle incoordinations and imbal ances?”.

The nNOS-derived NO has been speculated to participate in the epileptic
episodes. However, the role of NO in epilepsy is found to be controversial. Various
reports suggested that NO is anti-convulsive?”*?*°. However, pro-convulsive effect of
NO has aso been documented®®!. The inconclusive literature data was attributed to
the variations in convulsive models, the doses of seizure-inflicting agent, and the
types of NOS inhibitors®®>. However, in this study, it was suggested (as discussed
below) that the NO does not play primary convulsant/anticonvulsant role, but is
involved in the destructive processes following the initiation of convulsion.

Most of the in vivo effect of nNOS inhibition is determined using 7-
nitroindazole (7-NI). Although 7-NI is clamed to be nNOS selective in vivo, it is
known to be non-selective in vitro, with equipotency in inhibiting nNOS (ICsy 0.7
mM), eNOS (ICsp 0.78 nM) and iNOS (ICsp 5.8 mM)®.  The validity of in vivo
selectivity of 7-NI had been debated, and the reason for the observed in vivo

selectivity is still unknown. As a result, despite being widely used as a selective in
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vivo inhibitor of NnNOS in recent years, the results are to be accepted with
cauti 0n284'285.
Biological (in vivo) Evaluation using PTZ and Rotarod Tests

In the PTZ-induced convulsion model, a high dose of PTZ (120 mg/kg) was
employed for inducing both clonic and tonic convulsion’’®, The negative control
using DM SO provided no neuroprotection against PTZ induced convulsion and this
was taken as the reference for comparison (Table 10). On the other end, the positive
control of 2 mg/kg DZP provided full protection against PTZ induced convulsion with
none of the mice developed into jumping and the subsequent convulsive stages.
However, a 10-fold decrease in DZP dose (0.2 mg/kg) was shown to delay but not
prevent the occurrence of convulsive events and the neuronal damages. For the 100
mg/kg XXXXII and 100 mg/kg 7-NI, complete protection from PTZ-induced
convulsion was not achievable, but delays in the occurrence of convulsive events
were observed.

Initial statistical analysis using 1-way ANOVA with Bartlett's test for equa
variance showed that the variances of each group were statistically significant. As a
result, non-parametric 1-way ANOVA, the Kruskal-Wallis test, was used to evaluate
the data, and Dunn’s multiple comparison test was carried out for inter-group
comparison (Table 11). Since none of the 2 mg/kg DZP treated mice showed any
response, the data from this positive control mice was not used for comparison.

As for the rotarod test, the negative control DM SO, 0.2 mg/kg DZP and 100
mg/kg XXXXII were found to be devoid of motor incoordination (Table 12). As
expected, the 2 mg/kg DZP resulted in sedation in the mice with short rotarod staying
duration. As for the 100 mg/kg 7-NI, the treated mice were found to exhibit serious

motor incoordination (catalepsy), showing short rotarod staying duration.
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Latency (seconds) (Cut-off time: 1800 seconds)

Jumping Full Extension Death
Meant SEM Meant SEM Meant SEM
DMSO (-vectrl) 102+ 7 265+ 30 301+ 32
DZP 0.2 mg/kg 206+ 22 977+ 56 1117+ 146
XXXXI1 100 mg/kg 188+ 22 446+ 52 1407+ 198
7-NI 100 mg/kg 234+ 31 845+ 155 1684+ 74
DZP 2 mg/kg (+vectrl) 1800+ 0 1800+ 0 1800+ 0

Table 10. Latencies (seconds) to various convulsive responses for different treatment
groups (n=6).

Jumping Hind limb extension Death
Kruskal-Wallis test
Pvalue P<0.01 P<0.001 P <0.001
Dunn's Test Pvalue Pvalue Pvalue
DMSOvsDZP 0.2 P<0.05 P<0.01 P> 0.05
DMSO vs XXXXII P>0.05 P> 0.05 P<0.05
DMSO vs 7-NI P<0.01 P<0.01 P <0.001
DZP_0.2vs
XXXXII P>0.05 P>0.05 P>0.05
DZP_0.2 vs 7-NI P> 0.05 P>0.05 P>0.05
XXXXI1 vs 7-NlI P>0.05 P>0.05 P>0.05

Table11. Kruskal-Wallistest with Dunn’t test for various convulsive responses.
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Staying duration (seconds)

Mean+ SEM
DMSO (-vectrl) 3000
Z2 (DZP 0.2 mg/kg) 300+ 0
XXXXI1 100 mg/kg 300+ 0
7-NI 100 mg/kg 43+18
DZP 2 mg/kg (+vectrl) 48+ 17

Table 12. Rotarod test for different trestment groups (n=6).
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Figure 8. Latency to jumping response for different treatment groups.

With respect to jumping response (Figure 8), al of the test compounds
showed a delay in jumping, with the exception of 100 mg/kg XXXXI1. On the other
hand, Dunn’s test revealed that there was no statistical significance observed among
the delay in response caused by 100 mg/kg XXXXI1, 100 mg/kg 7-NI and 0.2 mg/kg
DZP, dthough numerically the 7-NI showed longest delay among the three
compounds (probably due to 7-NI induced catalepsy). The ultimate manifestation of

jumping response for 7-NI treated mice suggested that the pathways for catalepsy
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induced by 7-NI was either different from or overcome by the pathways for jumping
response induced by PTZ.

After the jumping response, the mice were found to be jerking and
immobilised, and finally manifested hind limb extension. In high dose PTZ-induced
convulsion model, the hind limb extension is a response that indicates tonic stage of
convulsion. Similar to the jJumping response, both 0.2 mg/kg DZP and 100 mg/kg 7-
NI, but not 100 mg/kg XXXXII, produced longer latencies to hind limb extension as
compared to DM SO (Figure 9). However, among the three test compounds, there
was no statistical significant difference when compared in pairs using Dunn’s test.
Nevertheless, it was found that numericaly, the mice treated with nNOS inhibitors
manifested hind limb extension earlier than the low dose 0.2 mg/kg DZP.
Furthermore, as compared to mice treated with 0.2 mg/kg DZP and 100 mg/kg 7-NI,
the mice treated with 100 mg/kg XXXXI1 progressed into the hind limb extension in

arelatively short duration after the jJumping response.

Hind Limb Extension
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Figure9. Latency to hind limb extension for different treatment groups.

Due to ethical consideration, observation was carried out in 1800 seconds.

Within the 1800 seconds of observation, all the 2 mg/kg DZP treated mice were alive
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as expected (Figure 10). As for the three test compounds, not only the latencies to
death were prolonged, some of the mice were also protected from death. One, two
and four out of the six mice were alive after being treated with 0.2 mg/kg DZP, 100
mg/kg XXXXII and 100 mg/kg 7-NI respectively. However, al the living mice
(except positive control mice) were suffering with extended convulsion during the

observation period.
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Figure 10. Latency to death for different treatment groups.

For the 0.2 mg/kg DZP treated mice, the mice usually died immediately after
hind limp extension. However, for the mice treated with100 mg/kg 7-NI and 100
mg/kg XXXXII, it was found that after the first episode of hind limp extension, the
mice would proceed into convulsive stage with continuous kicking motion, and some
of the 100 mg/kg 7-NI mice might experience various episode of hind limb extension;
and some of the mice even recovered from the hind limb extension and relapsed into
the jerking and jumping stage for a brief period of time.

With the alive mice death latency taken as 1800 seconds, statistical analyses
were performed and the comparison among the three compounds revealed that the

NNOS inhibitors, 100 mg/kg XXXXII and 100 mg/kg 7-NI, were comparable to each
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other and were superior to 0.02 mg/kg DZP. An interesting result was that 0.2 mg/kg
DZP was shown to be statistically insignificant as compared to DMSO by Dunn’'s
Test. This might be due to the underlying principle of Dunn’s Test that compares the
ranking instead of numerically value of the data.

As suggested by the data presented above, it was shown that the nNOS
inhibitors were lack of anti-convulsive activity. On the other hand, the nNOS
inhibitors were also devoid of pro-convulsive activity. The result was rather different
from the heavily debated argument regarding the role of NNOS-derived NO as either
anti-convulsant or pro-convulsant®’*?®. Nevertheless, in this study, an analysis of the
response profiles of the mice suggested the role of NNOS inhibitor as a neurological
protector against neurodegenerative pathways.

The negative control, DM SO-treated mice, progressed rapidly from jumping
response, through hind limb extension, into death. On the other extreme, the mice
treated with 2 mg/kg DZP (positive control) were completely protected from the
manifestation of convulsive responses. This highlighted the efficiency of DZP to act
as anticonvulsant, which serves to prevent the excitation of neurons and the initiation
of convulsion. The use of DZP at lower dose (0.2 mg/kg) gives a insight to the
response profile of DZP. The 0.2 mg/kg DZP treated mice were found to stay in the
transitional phase between jumping response and hind limb extension for an extended
period, and the mice died shortly after the hind limb extension (Figure 11), aresponse
profile which was different from that of the mice treated with nNOS inhibitors. This
suggested that DZP was useful in preventing the initialisation of convulsion (thus the
slow manifestation of hind limb extension), but it did not offer neuroprotection after

the start of the convulsion (rapid progress to death after hind limb extension).

131



Profiles of convulsive events
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Figure 11. Profilesof convulsive events for different treatment groups.

DZP acts on benzodiazepine receptor that alosterically modulate GABAA
receptor, which in turn activates the ClI” ion channel*®. As a result, DZP is able to
increase influx of ClI” ions and subsequently prevent the polarisation of the
membranes. |n other word, the initiation of convulsion is inhibited. It is known that
the convulsion process will lead to a series of downstream pathways that might lead to
cellular damages and ultimately the demise of the neurons. Hence, after convulsion
was initialised, the DZP offered no protection against the resulting neuronal damages.
As a result, DZP is not a neuroprotector in the sense that it does not prevent the
cellular damaging responses after the initiation of an insulting event.

A different response profile was observed for the mice treated with nNOS
inhibitors, thus suggesting that NNOS inhibitors behaving dissmilarly as the DZP.
The mice developed rather rapidly into the hind limb extension, which was indicative
of the inability of the nNOS inhibitor to prevent the initiation of convulsion. Since
PTZ-induced convulsion was postulated to arise from disruption of GABA-ergic
neurons”®®, inactivity of NNOS inhibitors implied a limited, if any, contribution of
NNOS in PTZ-induced convulsion. Hence, NNOS inhibitor is not considered an anti-

convulsant. Nevertheless, it was found that the mice were able to survive for alonger
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duration after the hind limb extension, a response profile which was different from
that of mice treated with 0.2 mg/kg DZP. This suggested that the nNOS inhibitors
offered protection against the neuro-damaging downstream events following the
initial insult. Hence, the NNOS was shown to provide neuroprotection against the
neurodegenerative pathways.

A comparison of the two NNOS inhibitors used in this study showed that 7-NI
was more effective than compound XXXXI1 at the same dose of 100 mg/kg. At 100
mg/kg, the compound XXX XII only provided moderate neuroprotection as compared
to 7-NI. This was as expected from a comparison of in vitro 1Csp values. The
compound XXXXI1 (ICsomnos) 58 mM) was 80 times less active than 7-NI (ICsomnnos)
0.7 mM).

The use of high dose of 7-NI was to evaluate the effect of full nNOS
inhibition. The dose of 100 mg/kg was higher than commonly applied 7-NI dose, but
the 7-NI was still unable to prevent the initiation of convulsion. This suggested that
the NnNOS-derived NO was a determining factor for the initiation of convulsion. It
was reasonable to assume that 100 mg/kg 7-NI resulted in full inhibition of the nNOS,
thus the nNOS was only partialy inhibited by compound XXXXI 1 at a dose of 100
mg/kg. At this partia inhibitory dose, compound XXXXII was able to offer
secondary protection against convulsive damages, and at the same time devoid of
neuromotor side effects as shown by rotarod test. It was known that NNOS-derived
NO played important physiological functions. Although the importance of nNOS
inhibition in cases of overproduction of NNOS-derived NO was recognised, there had
been concerns on the suitable degree of nNOS inhibition to be achieved in order to
provide therapeutic effects, which was devoid of disruption of normal physiological

functioning of NNOS*®. A complete full inhibition of NNOS was undesirable, as
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suggested by catalepsy associated with 7-NI in rotarod test. On the other hand, a
partial NNOS inhibition by compound XXXXII was shown to offer neuronal
protection with minimal side effects.

The in vivo biological study using compound XXXXII demonstrated the in
vitro activity of the compound was trandatable to in vivo activity. Even though
compound XXXXII provided moderate neuroprotection, it was yet to be considered
an ideal NNOS selective inhibitor because the dose used in the study was rather high.
Nevertheless, the results obtained in this study held promise in using XXXXII as a

leading template for the further search of NNOS selective inhibitor.
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Chapter 12 Conclusion

The nNOS is an important biologica target with potentia clinica
significance. Hyperactive nNOS has been implicated in various neurodegenerative
conditions. There were various attempts to search for NOS inhibitors, and inhibitors
with good potencies had been reported. However, relatively few inhibitors were
found to be NNOS selective.

For inhibitors with guanidino mimicking groups that bind to GBS, good
binding affinity is attained with the presence of groups that interact with NBS and/or
CBS. In addition, the groups that bind to GBS, SacBS, and (to some extend) CBS are
the selectivity-contributing groups. As suggested by X-ray crystallography, the active
sites of the three NOS isoforms were highly conserved and rigid, and hence the search
for selective inhibitors seemed futile. However, the presence of isoform selective
inhibitors argued against the pessimistic views, and recent X-ray crystallographic
reports refuted the general perception of rigid active site'’®. Differential induced-
binding of inhibitors to the active site could be accounting for the selectivity of
reported inhibitors.

The RegG is strategically located immediately adjacent to GBS, and thusiit is
inevitable for an inhibitor to interact with RegG. However, the RegG is aless studied
and under-utilised binding site, and the group binding to RegG is generally considered
as a passive element instead of active contributor towards binding affinity and
selectivity of an inhibitor. Limited data has suggested that hydrophobic interactions
are involved in RegG'%, and hydrophobic interactions have been suggested to be the
major driving force for induced-fitting of inhibitors to the active site'®. Thus, it was

hypothesised that by exploiting the RegG, selective nNOS inhibition and improved
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NNOS binding affinity can be achieved through differently substituted guanidino
compounds, thus may give rise to useful therapeutic value.

Six series of compounds, with guanidino group as the GBS- interacting group
and a range of hydrophobic, cationic and anionic groups as the RegG-interacting
groups, were synthesised and evaluated as NOS inhibitors, as well as molecular
probes of the RegG. From a synthetic point of view, the optimisation of the syntheses
of N*,N2-dialkylguanidines, NGAA and TZA were challenging. The optimisation of
SPOS of N* N2-dialkylguanidines demanded a good understanding of the mechanism
of reactions. The solid-phase extraction was applied to the synthesis of NGAA,
which required careful control of reaction pH and temperature, while the synthesis of
TZA demanded the selection of optimal base and reaction pH. Nevertheless, although
the optimisation studies were tedious and time-consuming, the learning process was
enjoyable and enriching.

It was known that N* N2 N>-(trisubstituted)guanidines could not bind to the
GBS'®,  thus  only  N!-(monosubstituted)guanidines  and  N*N*
(disubstituted)guanidines were evaluated. With additional N*-substitutent, the N*,N?-
(disubstituted)guanidines were more potent than N*-(monosubstituted)guanidines and
exhibited a tendency towards selective inhibition, but there was a size limitation on
the N-susbtituent. Both N-nitro and N*-propyl were found to show similar potency
and selectivity profiles.

With charged (both anionic and cationic) N-substituents, the compounds were
inactive as NOS inhibitors. As for the hydrophobic N-substituents, the N-benzyl
groups were shown to be better than N-alkyl groups in terms of both potency and
selectivity. For certain N-(ring-substituted)benzyl-N-nitroguanidines, especially the

electron-rich meta-substituted compounds, marked improvement in binding potency
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was observed. Nevertheless, despite showing some tendency of nNOS inhibition, the
compounds demonstrated no improvement in NNOS selectivity regardless of the
nature of the ring substituents. On the other hand, a completely different selectivity
profile was observed with N'-(a-substituted)benzyl groups. With bulky and
hydrophobic a-substituents, NNOS selective inhibition was demonstrated. The
compound XXXXI1, N*(diphenyl)methyl-N?-nitroguanidine, was found to be nNOS
selective with mid-micromolar 1Csp value (58.0+£5 nivl).

The results suggested that the RegG was hydrophobic in nature, and it was
intolerant of charged species. Besides that, p-p stacking interaction could also be
involved in the binding of inhibitor to RegG. Consistent with the X-ray
crystalographic studies, the surface topology of the RegG seemed to be highly
conserved when the RegG-interacting group was not steric challenging. With bulky,
hydrophobic and aromatic RegG-interacting group, the RegG of nNOS could undergo
induced-conformational change to accommodate the compound. However, the
induced-conformational change was not observed in INOS and eNOS.

Induced fitting of a ligand to the active site is frequently encountered'”’.
Being a non-specific and weak binding force, groups involved in hydrophobic
interactions could easily undergo conformational with minimal energetic penalty. In
the literatures, hydrophobic interactions were overwhelmingly implicated in cases of
induced-fit'””.  Many of the cases of induced-fit could not be predicted by
conventional medicinal chemistry approach, which tended to focus on stronger
interactions (such as ionic and hydrogen bonding interactions)™’. In the case of NOS,
differential induced fitting of NNOS (but not INOS and eNOS) active site to the
inhibitor was likely to be the reason for selective nNOS inhibition, and this led to a

proposal of a size-exclusion mechanism for achieving nNOS selective binding. The
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different capacities of the active sites to undergo induced-conformational changes
were likely due to the differences in protein residues found in the protein core'’®.

The lead compound XXXXII was subjected to further in vivo testing, and it
was found that the in vitro activity was trandatable into in vivo activity. The
compound XXXXII showed moderate neuroprotection with minimal neuromotor side
effects. The results tended to suggest that full NNOS inhibition was undesirable,
while a partial NNOS inhibition was preferred. The nNOS inhibitor was found to be
neither a proconvulsant nor an anticonvulsant, but instead offered protection against
the convulsive neurological damages.

With the information obtained in the current study, several further studies
could be identified. Since compound XXXXI1 was shown to be nNOS selective and
well tolerated in in vivo model, it could be used as a template for future inhibitors, in
which the bulky hydrophobic RegG-interacting group is to be retained in order to
exploit the size-exclusion mechanism for achieving NNOS selective inhibition.
Additional groups interacting with NBS, CBS and/or SacBS can be introduced in
order to enhance the potency of compound XXXXII. Besides that, in order to
understand the structural basis for the size-exclusion mechanism, X-ray
crystalography of nNNOS, iINOS and eNOS bound with compound XXXXII shall be
performed. Further SAR study can aso be performed with the aim to evaluate the
optimal orientation of the phenyl ring for achieving p-p stacking interaction. Since
neurodegeneration is usually a multifaceted and long-term disease, nNOS inhibitors
obtained shall also be tested using additional in vivo neurodegenerative models.

Finaly, the hypothesis of the study was proven true; that guanidino
compounds such as N'-substituted-N?-nitroguanidines showed reasonably good

binding to NNOS and that they exhibited good isoform selectivity. The RegGs of the
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three NOS isoforms were found to show different capacities to undergo induced-
conformational changes, thus enabling a size exclusion mechanism for achieving

nNOS sdlective inhibition.
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M aterials and M ethods

Material and Analysis. All the solvents and reagents used in the synthesis were
purchased from Sigma, Aldrich, Fluka, Merck and Tokyo Kasei. The Rink Resin was
obtained from Advanced ChemTech. All the solvents and reagents were obtained
commercialy and used without purification. Melting points (mp) were determined in
°C using Gallenkamp melting point apparatus, and were recorded without correction.
UV spectra were obtained using Shimadzu UV-160A spectrophotometer and | max
were reported in nm. IR spectra were obtained using Jasco FT/IR-430 spectrometer
and representative peaks were reported as cm™. TLC was carried out using silica gel
coated aluminium plates with fluorescent indicator, and was visualized with UV light
of wavelength 254nm, as well as iodine vapour chamber. LCMS was performed in a
Finnagan LCMS system. LCMS analysis of SPOS products was performed on
Eclipse XDB-C8 (4.6 mm x 15 cm) column using the following gradient elution
system: 0 min (50% A, 50% B), 0.1 min (50% A, 50% B), 4.1 min (5% A, 95% B),
6.0 min (5% A, 95% B), 10.0 min (50% A, 50% B), 11.0 min (50% A, 50% B), 14.5
min (100% A), 24.5 min (100% A), 28.0 min (50% A, 50% B), 40.0 min (50% A,
50% B), where mobile phase A is 0.01%v/v TFA/methanol and mobile phase B is
0.01%v/v TFA/H,0. *H and **C NMR spectra were recorded by Bruker-Spectrospin
300 Ultrashield spectrometer and the chemical shifts (d) were reported in parts per
million (ppm) relative to internal standard TMS: s = singlet, d = doublet, dd = double
doublet, t = triplet, m = multiplet. Deuterium oxide (D,O) exchange 'H NMR was
also performed. The MS spectra were obtained on a Finnagan LCQ lon Trap MS
Mass Spectrometer under electron-spay ionization (ESI) (50% aqueous methanol as
solvent) or atmospheric pressure chemical ionization (APCI) (acetone as solvent)

mode, and the m/z ratios (and relative intensity) of [M+1]" or [M-NO,]" were
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reported. Elemental analyses were performed using a Perkin Elmer Elemental
Analyzer 2400 CHN and a Perkin Elmer Series Il CHNS Analyzer 2400 (by
Elemental Analysis Laboratory, National University of Singapore).

Synthesis of N*-monoalkylguanidines (I —1X). S-Methylisothiourea sulphate (0.01
mol) was added to a conical flask containing 50% methanol/water solution of
akylamine (0.01 mol) and the reaction mixture was refluxed for 24 hours. The
cooled solution was then put into refrigerator at 4 °C. If no precipitation occurred, the
solution was rotary evaporated to dryness.

N*-(1-Propyl)guanidine sulphate (I). White crystals (yield 81%), recrystallised from
water: mp 243 — 6 °C; | max (MeOH) 202.2 nm; IR (KBr disc) 3343, 3138, 1661,
1118, 620 cm'}; 'H NMR (D,0): d 3.19 (t, 2H, CH), 1.63 (m, 2H, CH), 0.98 (t, 3H,
CH) ppm; *C NMR (D-0): d 157.50, 43.53, 22.03, 10.95 ppm; MS (ESI) (50%
MeOH) [M+1]* m/z 102.1 (100%).

N*-(2-Methylpropyl)guanidine sulphate (I1). Pale white crystals (yield 84%),
recrystallised from water: mp 202 — 5 °C; | yax (MeOH) 204.4 nm; IR (KBr disc)
3340, 3169, 1661, 1117, 620 cm™; *H NMR (D,0): d 3.00 (d, 2H, CH), 1.87 (m, 1H,
CH), 0.94 (d, 6H, CH) ppm; *C NMR (D-0): d 159.13, 50.70, 29.77, 21.27 ppm; MS
(ESI) (50% MeOH) [M+1]" m/z 116.1 (100%).

2-Piperidinylamidine sulphate (I11). White crystals (yield 51%), recrystallised from
water: mp 288 — 92 °C (ref. %" 284 — 287 °C (decomposed)); | max (MeOH) 204.4 nm;
IR (KBr disc) 3354, 3188, 2942, 2858, 1631, 1115, 619 cm™; *H NMR (D,0): d 3.32
(t, 4H, CH), 1.54 (t, 6H, CH) ppm; *C NMR (D,0): d 157.60, 48.71, 26.71, 25.10
ppm; MS (ESI) (50% MeOH) [M+1]* m/z 128.2 (100%).
N*-(Phenylmethyl)guanidine sulphate (1V). White crystals (yield 86%),

recrystallised from agueous propanol and agueous ethanol: mp 205 — 7 °C (ref.?®® 204
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°C); | max (MeOH) 207.8 nm; IR (KBr disc) 3451, 3315, 3151, 1663, 1455, 1112, 618,
457 cm™; 'H NMR (DMSO-dg): d 8.98 (s, NH), 7.81 (s, NH), 7.27 (m-overlap, 5H,
Ar-H), 3.35 (s, 2H, CH) ppm; *C NMR (DMSO-ds): d 156.98, 137.12, 128.44,
127.37,127.11, 43.80 ppm; MS (ESI) (50% MeOH) [M+1]" m/z 150.0 (100%).
N*-((p-Chlor o)phenylmethyl)guanidine sulphate (V). White crystals (yield 98%),
recrystallised from agueous propanol and agueous ethanol: mp 222 — 5 °C (ref.?* 220
— 222 °C); | max (MeOH) 203.4, 220.2 nm; IR (KBr disc) 3330, 3134, 1662, 1636,
1490, 1112, 807, 619, 541 cm™; *H NMR (DMSO-dg): d 9.04 (s, NH), 7.81 (s, NH),
7.31 (m, 4H, Ar-H), 4.25 (s, 2H, CH) ppm; *C NMR (D,0): d 157.09, 136.84,
131.60, 128.83, 128.13, 42.75 ppm; MS (ESI) (50% MeOH) [M+1]" m/z 184.1
(100%), 186.1.

N*-((p-M ethyl)phenylmethyl)guanidine sulphate (V1). White crystals (yield 56%),
recrystallised from agueous propanol and aqueous ethanol: mp 209 — 12 °C; | max
(MeOH) 212.0 nm; IR (KBr disc) 3477, 3339, 3161, 1664, 1115, 809, 619 cm'™’; 'H
NMR (DMSO-de): d 8.93 (s, NH), 7.79 (s, NH), 7.18 (dd, 2H, Ar-H, J= 7.9 Hz), 7.09
(dd, 2H, Ar-H, J = 8.3 Hz), 4.19 (s, 2H, CH), 2.25 (s, 3H, CH) ppm; *C NMR
(DMSO-dg): d 157.05, 136.00, 134.76, 128.75, 127.02, 43.22, 20.58 ppm; MS (ESI)
(50% MeOH) [M+1]* m/z 163.7 (100%).

N*-((p-Nitr o)phenylmethyl)guanidine sulphate (VI1). Golden yellow crystals (yield
63%), recrystallised from agueous propanol and agueous ethanol: mp 238 — 9 °C
(decomposed); | max (MeOH) 204.2, 265.8 nm; IR (KBr disc) 3464, 3335, 3169, 3093,
1694, 1627, 1515, 1345, 1107, 1059, 732, 619, 468 cm™; 'H NMR (DMSO-dg): d
9.19 (s, NH), 7.87 (s, NH), 8.08 (dd, 2H, Ar-H, J= 9.0 Hz), 7.52 (dd, 2H, Ar-H, J =

8.6 hz), 4.41 (s, 2H, CH) ppm; *C NMR (DMSO-ds): d 157.23, 146.40, 145.82,
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127.90, 123.22, 42.92, 22.82 ppm; MS (ESI) (50% MeOH) [M+1]" m/z 194.6
(100%).

N*-((p-Amino)phenylmethyl)guanidine sulphate (VII1). Yelow crystals (yield
26%), recrystallised from agueous propanol and aqueous ethanol: mp 216 — 8 °C; | max
(MeOH) 205.0, 242.2 nm; IR (KBr disc) 3464, 3365, 3151, 1636, 1115, 1048, 824,
620 cm™; *H NMR (DM SO-dg): d 8.58 (s, NH), 7.71 (s, NH), 6.97 (dd, 2H, Ar-H, J=
8.3 Hz), 6.52 (dd, 2H, Ar-H, J= 8.3 hz), 4.99 (s, 2H, NH), 4.05 (s, 2H, CH) ppm; **C
NMR (DMSO-ds): d 156.83, 147.71, 128.15, 124.39, 113.66, 43.45 ppm; MS (ESI)
(50% MeOH) [M+1]" m/z 164.3 (100%).

N®-((m,p-Dichlor o)phenylmethyl)guanidine sulphate (IX). White crystals (yield
55%), recrystallised from agqueous propanol and aqueous ethanol: mp 236 — 7 °C; UV
I max (MeOH) 206.0 nm; IR (KBr disc) 3475, 3326, 3093, 1685.96, 1626, 1468, 1402,
1051, 971, 761, 615, 590, 431 cm™; *H NMR (DM SO-ds): d 9.14 (s, NH), 7.83 (s,
NH), 7.50 (m-overlay, 2H, Ar-H), 7.28 (d, H, Ar-H, J = 8.7 Hz), 4.27 (s, 2H, CH)
ppm; C NMR (DMSO-dg): d 157.09, 139.04, 130.81, 130.34, 129.60, 129.02,
127.23, 42.33 ppm; MS (ESI) (50% MeOH) [M+1]* m/z 217.5 (100%), 219.5.
Synthesis of N*N*dialkylguanidine (X — XV). 0.5g of Rink resin (1.05 mmol/g)
was soaked in DCM for at least 6 hours, and subsequently washed with DCM (5ml)
and DMF (2 x 5ml). The Rink resin was deprotected by reacting with 20%v/v
piperidine/DMF for 30 minutes at room temperature, followed by two washing cycles
of DMF (5ml) and THF/DCM (1:1) (5ml). Subsequently, the resin was reacted with a
reaction mixture of 0.5 M p-nitrophenyl chloroformate and 0.5 M DIEA in THF/DCM
(2:1) at room temperature for 30 minutes, and followed by two washing cycles of
THF/DCM (1:1) (5ml) and DMF (5ml). After that, the resin was reacted with a

reaction mixture of 0.5 M akylamine and 0.5 M TEA in DMF at room temperature
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for 30 minutes, and followed by two washing cycle of DMF (5ml) and THF/DCM
(2:1) (5ml). Subsequently, three cycles of reaction mixture of 0.5 M TosylCl and 0.5
M pyridine in TEA/DCM (1:1) was added at room temperature to the resin. The
reaction interval for each cycle was 15/15/30 minutes for unbranched akyl chain and
30/30/60 minutes for hindered alkyl chain, with three washing cycles of DMF (5ml)
and THF/DCM (1:1) (5ml) after each reaction. Following that, the resin was reacted
with 0.5 M akylamine in THF/DCM (1:1) at 50 °C for 24 hours, and this was
followed by two washing cycles of THF/DCM (1:1) (5ml) and DMF (5ml).
Subsequently, the resin was washed with a series of solvents in sequence: THF/DCM
(2:1) (2 x 5ml), DMF (2 x 5ml), acetone (2 x 5ml), water (5ml), acetone (2 x 5ml),
DMF (2 x 5ml), THF/DCM (1:1) (2 x 5ml), DCM (2 x 5ml). After that, the product
was cleaved from the resin using TFA/MeOH/DCM (5:1:94). The cleavage reaction
was performed as two reaction cycles at room temperature for 15 minutes. The
cleaved resin was washed with DCM (2 x 5ml) and water (5ml). The combined
filtrate was concentrated using vacuum evaporator until saturation and DCM (5ml)
was added to the concentrate. This was followed by a liquid-liquid extraction (2x) of
the concentrate using water. The organic phase was subsequently evaporated to
dryness.

N*-Benzyl-N>-propylguanidine (X). Yelow liquid (yield 46 %, purity (LCMS) 83.1
%): *H NMR (DMSO-dg) d 7.37 (m, 5H, Ar-H) 4.41 (d, 2H, CH) 3.11 (g, 2H, CH)
1.50 (m, 2H, CH) 0.86 (t, 3H, CH) ppm; MS (ESI) (50% MeOH) [M+1]* m/z 191.5
(100%).

N*-Diphenylmethyl-N?-propylguanidine (XI). Yellow liquid (yield 38 %, purity

(LCMS) 515 %): *H NMR (DMSO-dg) d 7.61-7.24 (m, 10H, Ar-H) (an CH is
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overlapped with water peak), 2.91 (t, 2H, CH), 1.47 (m, 2H, CH), 0.84 (m, 3H, CH)
ppm; MS (ESI) (50% MeOH) [M+1]* m/z 267.3 (100%).

N*-(2,4-Dichlor obenzyl)-N>-propylguanidine (XI1). Yelow liquid (yield 128 %,
purity (LCMS) 58.6 %): *H NMR (DMSO-dg) d 7.69 (d, 1H, Ar-H, J = 2.3Hz), 7.49
(d, 1H, Ar-H, J = 1.9HZ), 7.35 (s, 1H, Ar-H), 4.45-4.43 (d, 2H, CH,), 3.10 (m, 2H,
CH), 1.51 (m, 2H, CH), 0.85 (m, 3H, CH) ppm; MS (ESI) (50% MeOH) [M+1]" m/z
260.6 (100%).

2-(N-Piperidinyl)-1-propylamidine (XII1). Yélow liquid (yield 17 %, purity
(LCMS) 29.5 %: *H NMR (DMSO-ds) d 3.37 (m, 4H, CH), 3.13 (g, 2H, CH), 1.54
(m, 8H, CH), 0.85 (m, 3H, CH) ppm; MS (ESI) (50% MeOH) [M+1]" m/z 170.2
(100%).

N»-Benzyl-N? N>-diethylguanidine (X1V). Yellow liquid (yield 32 %, purity
(LCMS) 11.0 %): *H NMR (DMSO-dg) d 7.35 (m, 5H, Ar-H), 4.47 (d, 2H, CH), 3.39
(m, 4H, CH), 1.09 (m, 6H, CH) ppm; MS (ESI) (50% MeOH) [M+1]" m/z 206.2
(5%).

1-Cyclohexyl-2-(N-piperidinyl)amidine (XV). Yellow liquid (yield 26 %, purity
(LCMS) 45.3 %): *H NMR (DMSO-dg) d 3.35 (s, 4H, CH), 1.75 (m, 4H, CH), 1.60-
1.51 (s, 6H, CH), 1.26 (s, 4H, CH), 1.10 (m, 2H, CH) ppm; MS (ESI) (50% MeOH)
[M+1]* m/z 209.4 (100%).

Synthesis of S-methyl-N-nitroisothiourea (SMNNITU).  S-methylisothiourea
sulphate (20 g) was added slowly over 5 minutes to a mixture of fuming nitric acid
(20 ml) and concentrated sulphuric acid (60 ml) in an ice-bath. After continuous
stirring for another 15 minutes, the reaction mixture was poured slowly into a beaker
of ice (850 g). The white precipitate formed was collected by vacuum filtration after

the ice had melted. Two recrystallisations from agueous ethanol afforded clear, white
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needle crystals (50 — 60 % vyield): mp 161 — 163 °C (ref.® 163 — 164 °C); | max
(MeOH) 279.8 nm; IR (KBr disc) 3377, 3279, 3112, 1627, 1457, 1250, 1122, 978,
732, 581 cm™®; 'H NMR (DM SO-ds) d 9.13 (b, 2H, NH), 2.41 (s, 3H, CH) ppm; MS
(ESI) (50% MeOH) [M+1]" m/z 136.1 (100%).

Synthesis of N*-alkyl-N-nitroguanidine (XVI — XXXXIV). To a solution of
akylamine (0.01 mole) in ethanol (15ml), S-methyl-N-nitroisothiourea (0.01 mole)
was added and the reaction mixture was stirred and refluxed for 12 hours. |If
hydrochloride salt of alkylamine was used, then the free base form was obtained with
by neutralization with triethylamine (0.02 mole) prior to the addition of S-methyl-N-
nitroisothiourea. For ammonia and alkylamines with boiling point lower than
agueous ethanol, two equivalents of amines was used for each equivalent of
SMNNITU, and the reation was conducted at room temperature with continuous
stirring.  The product precipitated occurred during the reaction or upon cooling, and
was collected by vacuum filtration. Recrystallizations from agueous ethanol afforded
purified compounds for characterizations.

N*-Nitroguanidine (XVI). White needle crystals (yield 59.6%), recrystallised from
agqueous ethanol: mp 240 — 242 °C (decomposed) (ref.?*® 246 — 247 °C); | ma (MeOH)
221.6nm, 264.8 nm; IR (KBr disc) 3454, 3398, 3342, 3199, 1667, 1635, 1526, 1406,
1280, 1150, 1040, 781, 562 cm™; *H NMR (DM SO-d°) d 7.50 (b, 5H, NH) ppm; *C
NMR (DM SO-d°) d 161.54 ppm.

N*-M ethyl-N%nitroguanidine (XVI1). White powders (yield 18.86%), recrystallised
from agqueous ethanol: mp 161.1 — 161.9 °C (ref.*"* 159 — 161 °C); | ma (MeOH)
270.2 nm; IR (KBr disc) 3409, 3319, 3243, 3119, 1647, 1603, 1407, 1286, 1139,
1071, 782, 591 cm’®; *H NMR (DM SO-d®) d 8.55 (s, 1H, NH), 7.82 (s, 2H, NH), 2.76

(s, 3H, CH) ppm; MS (ACP!) (50% MeOH) [M-NO»+2]* miz 74.0 (100%).
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N*-Propyl-N?-nitroguanidine (XVII1). White crystals (yield 11%), recrystallised
from agueous ethanol: mp 97.9 — 98.7 °C (ref.?*? 98 — 98.5 °C); | max (MeOH) 270.2
nm; IR (KBr disc) 3386, 3308, 3158, 2965, 1652, 1597, 1558, 1425, 1319, 1092, 762,
577 cm™; 'H NMR (DMSO-d®) d 854 (s, 1H, NH), 7.91 (s, 2H, NH), 3.11 (g, 2H,
CH) 1.50 (g, 2H, CH), 0.87 (t, 3H, CH) ppm; MS (ACPI) (50% MeOH) [M-NO,+2]*
m/z 102.0 (100%).

NI sobutyl-N-nitroguanidine (X1X). White flakes (yield 7.51%), recrystallised
from agqueous ethanol; mp 121.0 — 121.7 °C (ref.** 120 — 121 °C); | ma (MeOH)
270.0nm; IR (KBr disc) 3375, 3322, 3175, 2959, 1652, 1601, 1553, 1422, 1323, 1105,
759, 605, 558 cm™; *H NMR (DM SO-d®) d 8.58 (s, 1H, NH), 7.89 (s, 1H, NH), 6.96
(s, 1H, NH), 2.96 (s, 2H, CH), 1.78 (s, 2H, CH) 0.88 (d, 6H, CH) ppm; MS (ACPl)
(50% MeOH) [M-NO»+2]* m/z 116.1 (100%).

N*-Cyclohexyl-N-nitroguanidine (XX). White powders (yield 59.46%),
recrystallised from agueous ethanol: mp 198.2 — 199.7 °C (ref.'*® 197 — 198 °C); | max
(MeOH) 270.4nm; IR (KBr disc) 3419, 3308, 3160, 2929, 2851, 1636, 1520, 1436,
1385, 1260, 1140, 724, 576 cm™*; *H NMR (DMSO-d®) d 8.39 (s, 1H, NH), 8.03 (s,
1H, NH), 1.50 (m, 11H, CH) ppm; MS (ACPI) (50% MeOH) [M-NO»+2]" m/z 142.1
(100%).

N*,N*-Dimethyl-N%nitroguanidine (XXI1). ~ White crystals (yield 55.30%),
recrystallised from agueous ethanol: mp 196.9 — 199.2 °C (ref.** 193.5 — 195 °C);
| max (MeOH) 270.8nm; IR (KBr disc) 3398, 3266, 2936, 1611, 1589, 1492, 1355,
1298, 782, 559 cm™; *H NMR (DM SO-d®) d 8.29 (s, 2H, NH), 2.97 (s, 6H, CH) ppm;
MS (ACPI) (50% MeOH) [M-NO»+2]* m/z 89.0 (100%).
N*,N™-Diethyl-N>-nitroguanidine  (XXI1). White crystals (yield 6.25%),

recrystallised from aqueous ethanol: mp 93.7 — 95.1 °C; | nax (MeOH) 280.0nm; IR
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(KBr disc) 3378, 3260, 2978, 1611, 1582, 1483, 1385, 1268, 1198, 1081, 778, 605
cm™: H NMR (DMSO-cf) d 8.33 (s, 2H, NH), 1.09 (s, 10H, CH) ppm; MS (ACPI)
(50% MeOH) [M-NO»+2]" m/z 116.1 (100%).

N’-Benzyl-N*nitroguanidine (XXII1). White flaky crystals, recrystallised from
aqueous ethanol (yield 75 %): mp 181 — 183 °C (ref.?** 179 — 180.5 °C); | max (MeOH)
270.8 nm; IR (KBr disc) 3378, 3177, 1654, 1596, 1307 740, 707 cm™. 'H NMR
(DMSO-dg) d 8.89 (b, 1H, NH), 7.99 (b, 2H, NH), 7.33 (m, 5H, Ar-H), 4.42 (s, 2H,
CH) ppm; MS (APCI) (acetone) [M-NO,]" m/z 148.1 (100%).

N*-(p-Chlor o)benzyl-N*nitroguanidine (XX1V). White crystal, recrystallised from
agqueous ethanol (yield 38 %): mp 197 — 199 °C (ref.** 195 — 197 °C); | ma 269.8
(MeOH) nm; IR (KBr disc) 3371, 3177, 1645, 1589, 1301, 818 cm™. H NMR
(DMSO-dg) d 8.95 (b, 1H, NH), 8.01 (b, 2H, NH), 7.43 (dd, 2H, Ar-H, J = 8.3 H2),
7.32 (dd, 2H, Ar-H, J = 8.7 Hz), 4.40 (d, 2H, CH) ppm; MS (APCI) (acetone) [M-
NO,|* m/z 182.1 (100%), 184.0.

N*-(m-Chloro)benzyl-N?-nitroguanidine (XXV). White powders, recrystallised
from agueous ethanol (yield 25 %): mp 169 — 170 °C (ref.?*® 166 — 167 °C); | max
(MeOH) 270.2 nm; IR (KBr disc) 3376, 3161, 1652, 1595, 1309, 783, 726 cm™. H
NMR (DMSO-de) d 8.97 (b, 1H, NH), 8.05 (b, 2H, NH), 7.35 (m, 4H, Ar-H), 4.43 (d,
2H, CH) ppm; MS (APCI) (acetone) [M-NO,]* m/z 182.1 (100%), 184.1.
N®-(p-Fluoro)benzyl-N?-nitroguanidine  (XXVI). White flaky crystals,
recrystallised from agueous ethanol (yield 69 %): mp 205 — 206 °C (ref.* 205 — 206
°C): | max (MEOH) 270.0 nm; IR (KBr disc) 3382, 3178, 1652, 1592, 1307, 832 cmi™,
14 NMR (DMSO-dg) d 8.96 (b, 1H, NH), 8.01 (b, 2H, NH), 7.28 (m, 4H, Ar-H), 4.40

(d, 2H, CH) ppm; MS (APCI) (acetone) [M-NO;]* m/z 166.1 (100%).
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N*-(p-M ethyl)benzyl-N>-nitroguanidine (XXVI1). White crystals, recrystallised
from agueous ethanol (yield 54 %): mp 186 — 187 °C (ref.?*® 181 — 183 °C); | max
(MeOH) 270.6 nm; IR (KBr disc) 3380, 3162, 1650, 1593, 1306, 805 cm™. *H NMR
(DM SO-ds) d 8.97 (b, 1H, NH), 7.96 (b, 2H, NH), 7.18 (m, 4H, Ar-H), 4.36 (s, 2H,
CH), 2.90 (s, 3H, CH) ppm; MS (APCI) (acetone) [M-NO,]" m/z 162.1 (100%); Anal.
(CoH12N4Oy) C, H, N: calcd, 40.17, 3.79, 29.28; found, 40.19, 3.80, 29.17.
N*-(p-Trifluor omethyl)benzyl-N-nitroguanidine (XXVIII).  White needlelike
crystals, recrystallised from agueous ethanol (yield 61 %): mp 156 — 158.5 °C; | max
(MeOH) 268.0 nm; IR (KBr disc) 3385, 3180, 1653, 1596, 1330, 832 cm™. *H NMR
(DM SO-ds) d 9.05 (b, 1H, NH), 8.05 (b, 2H, NH), 7.74 (dd, 2H, Ar-H, J = 8.3 Hz),
7.51 (dd, 2H, Ar-H, J = 8.2 Hz), 4.51 (d, 2H, CH) ppm; MS (APCI) (acetone) [M-
NO,|* m/z 216.1 (100%); Anal. (CoFsHoN4O,) C, H, N: calcd, 41.23, 3.46, 21.37;
found, 41.24, 3.39, 21.43.

N*-(p-M ethoxy)benzyl-Nnitroguanidine (XXIX). White crystals, recrystallised
from agueous ethanol (yield 68 %): mp 191 — 192 °C (ref.>* 191.5 — 192.5 °C); | max
(MeOH) 271.4 nm; IR (KBr disc) 3374, 3185, 1653, 1595, 1302, 1238, 1096, 820 cm’
! IH NMR (DM SO-dg) d 8.94 (b, 1H, NH), 7.94 (b, 2H, NH), 7.25 (dd, 2H, Ar-H, J=
8.7 Hz), 6.92 (dd, 2H, Ar-H, J = 8.7 Hz), 4.33 (s, 2H, CH), 3.74 (s, 3H, CHz) ppm;
MS (APCI) (acetone) [M-NO,]* m/z 178.1 (100%).
N*-(p-Nitro)benzyl-N-nitroguanidine  (XXX). White needlelike crystals,
recrystallised from agueous ethanol (yield 75 %): mp 178 — 179 °C; | max (MeOH)
271.8 nm; IR (KBr disc) 3405, 3235, 1652, 1609, 1340, 844 cm™. 'H NMR (DM SO-
ds) d 9.06 (b, 1H, NH), 8.91 (b, 2H, NH), 8.24 (dd, 2H, Ar-H, J= 9.0 Hz), 7.56 (dd,

2H, Ar-H, J = 9.1 Hz), 4.57 (d, 2H, CH) ppm; MS (APCI) (acetone) [M-NO,]" m/z
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193.1 (100%); Anal. (CgHoNsO4) C, H, N: calcd, 40.17, 3.79, 29.28; found, 40.19,
3.80, 29.17.

N*-(p-Amino)benzyl-N*nitroguanidine (XXXI). Pae yellowish golden flaky
crystals, recrystallised from aqueous ethanol (yield 63 %): mp 205 — 208 °C; | max
(MeOH) 269.8 nm; IR (KBr disc) 3373, 3089, 1644, 1607, 1352, 1280, 832, cm™. 'H
NMR (DMSO-ds) d 8.86 (b, 1H, NH), 7.88 (b, 2H, NH), 6.69 5 (dd, 2H, Ar-H, J=8.3
Hz), 6.55 (dd, 2H, Ar-H, J= 8.3 Hz), 5.04 (s, 2H, Ar-NH), 4.20 (s, 2H, CH) ppm; MS
(APCI) (acetone) [M-NO,]* m/z 163.1 (100%); Anal. (CgH1:NsO,) C, H, N: calcd,
45.93, 5.30, 33.48; found, 45.93, 5.28, 32.99.
N*-(p-Aminosulphonyl)benzyl-N?-nitroguanidine (XXXI1). White powders,
recrystallised from agueous ethanol (yield 59 %): mp 198 — 200 °C; | max (MeOH)
270.8 nm; IR (KBr disc) 3400, 3181, 1644, 1588, 1167, 1322, 811 cm™. *H NMR
(DM SO-ds) d 9.03 (b, 1H, NH), 8.05 (b, 2H, NH), 7.82 (m, 2H, Ar-H), 7.47 (m, 2H,
Ar-H), 7.34 (m, 2H, SO,NH,), 4.51 (s, 2H, CH) ppm; MS (APCI) (acetone) [M-
NO;]" miz 227.2 (100%); Anal. (CgH11Ns04Sy): C, H, N, S: calcd, 35.16, 4.06, 25.63,
11.73; found, 35.38, 4.51, 25.23, 12.12.

N*-(p-t-Butyl)benzyl-N*nitroguanidine (XXXII1). White powdery crystals,
recrystallised from agueous ethanol (yield 39 %): mp 170 — 172 °C; | nax (MeOH)
270.2 nm; IR (KBr disc) 3388, 3208, 2950, 1661, 1599, 1311, 821 cm™. *H NMR
(DM SO-ds) d 8.96 (b, 1H, NH), 7.94 (b, 2H, NH), 7.38 (dd, 2H, Ar-H, J = 8.3 Hz),
7.23(dd, 2H, Ar-H, J= 8.3 Hz), 4.36 (S, 2H, CH), 1.27 (s, 9H, CH) ppm; MS (APCI)
(acetone) [M-NO,]" m/z 204.2 (100%); Anal. (C12H18N4O2): C, H, N: calcd, 57.58,
7.25, 22.38; found, 57.61, 7.32, 21.85.

N*-(m-M ethyl)benzyl-Nnitroguanidine (XXXIV). White crystals, recrystallised

from agueous ethanol (yield 48 %): mp 152 — 154 °C (ref.?*® 151 — 153 °C); | max
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(MeOH) 270.0 nm; IR (KBr disc) 3396, 3160, 1650, 1595, 1303, 751, 702 cm™. H
NMR (DMSO-de) d 8.96 (b, 1H, NH), 7.98 (b, 2H, NH), 7.18 (m, 4H, Ar-H), 4.38 (d,
2H, CH), 2.30 (s, 3H, CH) ppm; MS (APCI) (acetone) [M-NO,]" m/z 162.1 (100%).
N*-(m-Trifluoromethyl)benzyl-Nnitroguanidine (XXXV).  White crystas,
recrystallised from agueous ethanol (yield 27 %): mp 164 — 165 °C (ref.** 164 — 165
°C): | mac (MEOH) 270.4 nm; IR (KBr disc) 3489, 3157, 1651, 1618, 1329, 778, 705
cm™. 2H NMR (DMSO-de) d 9.00 (b, 1H, NH), 8.08 (b, 2H, NH), 7.66 (m, 4H, Ar-H),
451 (s, 2H, CH) ppm; MS (APCI) (acetone) [M-NO,]* m/z 216.1 (100%).
N-(m-Nitro)benzyl-N-nitroguanidine  (XXXVI). Milky white powders,
recrystallised from agqueous ethanol (yield 62 %): mp 202 — 203 °C; | max (MeOH)
268.8 nm; IR (KBr disc) 3379, 3151, 1645, 1596, 1346, 769, 732 cm™. 'H NMR
(DMSO-dg) d 9.10 (b, 1H, NH), 8.16 (b, 2H, NH), 8.17 (t, 2H, Ar-H, J= 8.3 Hz), 7.78
(d, 1H, Ar-H, J= 7.5 Hz), 7.68 (t, 1H, Ar-H, J = 7.9 Hz), 4.55 (d, 2H, CH) ppm: MS
(APCI) (acetone) [M-NO,]" m/z 193.1 (100%); Anal. (CsHgNsO4): C, H, N: calcd,
40.17, 3.79, 29.28; found, 40.22, 3.84, 28.84.

N*-Piperonyl-Nnitroguanidine  (XXXVI1). Milky white flaky crystals,
recrystallised from agueous ethanol (yield 78 %): mp 209 — 210 °C (ref.?*® 207.5 —
209 °C); | ma (MeOH) 273.0 nm: IR (KBr disc) 3369, 3158, 1651, 1598, 1308, 1259,
1094, 813, 770, 704 cm™. *H NMR (DMSO-ds) d d 8.90 (b, 1H, NH), 7.94 (b, 2H,
NH), 6.89 (t, 1H, Ar-H, J= 45 Hz J = 3.4 H2), 6.88 (s, 1H, Ar-H), 6.81 (d, 1H, Ar-H,
J=8.3Hz), 5.99 (s, 2H, CH), 4.31- 4.29 (d, 2H, CH) ppm; MS (APCI) (acetone) [M-
NO|* m/z 192.1 (100%).

N*-(o,p-Dichloro)benzyl-N*nitroguanidine (XXXVII1). White powdery crystals,
recrystallised from agueous ethanol (yield 59 %): mp 205.5 — 207.5 °C (ref.?%® 200 —

202 °C); | max (MeOH) 269.4 nm; IR (KBr disc) 3379, 3176, 1652, 1600, 1306, 822,

151



694 cm'™t. *H NMR (DMSO-dg) d 8.88 (b, 1H, NH), 8.10 (b, 2H, NH), 7.64— 7.64 (d,
1H, Ar-H, J = 1.9 Hz), 7.47 (dd, 1H, Ar-H, J = 8.3 Hz), 7.34 (dd, 1H, Ar-H, J= 8.3
Hz), 4.46 (s, 2H, CH) ppm; MS (APCI) (acetone) [M+1]" m/z 216.2 (100%), 218.1,
220.1; Anal. (CgCl,HgN4O,): C, H, N: caled, 36.52, 3.07, 21.30; found, 36.57, 3.05,
21.26.

N*-(m,p-Dichlor o)benzyl-N?-nitroguanidine (XXXIX). White powdery crystals,
recrystallised from agueous ethanol (yield 41 %): mp 209 — 211 °C (ref.** 208 — 210
°C); | max (MEOH) 269.6 nm; IR (KBr disc) 3372, 3161, 1652, 1594, 1308, 824, 784,
737 cmt. *H NMR (DM SO-dg) d 8.96 (b, 1H, NH), 8.05 (b, 2H, NH), 7.63 (dd, 1H,
Ar-H, J= 8.3 Hz), 7.57 (d, 1H, Ar-H, J = 1.9 Hz), 7.30 (dd, 1H, Ar-H, J = 8.3 Hz),
4.41 (d, 2H, CH) ppm; MS (APCI) (acetone) [M-NO;]* m/z 216.1 (100%), 218.1,
220.0.

S(-)-N*-(a-Methyl)benzyl-N-nitroguanidine (XXXX). White flaky powders,
recrystallised from agueous ethanol (yield 37 %): mp 123 — 125 °C (ref.*® 126 — 127
°C); | max (MeOH) 271.2 nm; IR (KBr disc) 3397, 3210, 1659, 1590, 1456, 1411,
1364, 1300, 754, 698 cm™. *H NMR (DMSO-ds) d 8.76 (b, 1H, NH), 7.92 (b, 2H,
NH), 7.37 (m, 4H, Ar-H), 7.28 (m, 1H, Ar-H), 4.89 (m, 1H, CH), 1.43— 1.41 (d, 3H,
CH) ppm; MS (APCI) (acetone) [M-NO,]" m/z 162.1 (100%); Anal. (CoH1:N405): C,
H, N: calcd, 51.92, 5.81, 26.91; found, 52.13, 5.48, 26.68.
R-(+)-N-(a-Methyl)benzyl-N*nitroguanidine  (XXXXI). White crystals,
recrystallised from aqueous ethanol (yield 7 %): mp 124.5 — 126 °C (ref.**® 126 — 127
°C); | max (MEOH) 271.0 nm; IR (KBr disc) 3400, 3208, 1658, 1590, 1456, 1410,
1364, 1298, 753, 698 cm™. *H NMR (DMSO-dg) d 8.73 (b, 1H, NH), 7.94 (b, 2H,

NH), 7.36 (m, 4H, Ar-H), 7.29 (m, 1H, Ar-H), 4.89 (m, 1H, CH), 1.42 (d, 3H, CH)
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ppm; MS (APCI) (acetone) [M+1]" m/z 162.1 (100%); Anal. (CoH12N4O,): C, H, N:
calcd, 51.92, 5.81, 26.91; found, 51.96, 5.83, 26.90.
N®-(a-Phenyl)benzyl-N2-nitroguanidine (XXXXI1). White powders, recrystallised
from agueous ethanol (yield 34 %): mp 231 — 232 °C (ref.?*® 236 — 237 °C); | max
(MeOH) 272.8 nm; IR (KBr disc) 3429, 3321, 3249, 1634, 1586, 1453, 1387, 1257,
746, 717 cm™. 'H NMR (DMSO-ds) d 9.23 (b, 1H, NH), 7.87 (b, 2H, NH), 7.32 (m,
10H, Ar-H), 6.09 (d, 1H, CH) ppm; MS (APCI) (acetone) [M-NO,]* m/z 224.3
(100%); Anal. (C1aH1aN4O5): C, H, N: caled, 62.21, 5.22, 20.73; found, 62.49, 5.27,
20.35.

N*-(1-Indanyl)-N?-nitroguanidine (XXXXI11). White powders, recrystallised from
aqueous ethanol (yield 24 %): mp 156 — 158 °C; | max (MeOH) 271.8 nm; IR (KBr
disc) 3379, 3184, 1646, 1584, 1422, 1348, 1309, 750, 700 cm™*. *H NMR (DM SO-dg)
d 8.12 (b, 3H, NH), 7.25 (m, 4H, Ar-H), 5.23 (m, 1H, CH), 3.96 (m, 1H, CH), 2.80
(m, 1H, CH), 2.50 (m, 1H, CH), 1.86 (s, 1H, CH) ppm; MS (APCI) (acetone) [M-
NO,|* m/z 174.1 (100%); Anal. (C1oH1:N4O5): C, H, N: calcd, 54.53, 5.49, 25.53;
found, 54.49, 5.36, 25.42.

N*-(1,2,3,4-Tetrahydro-1-napthyl)-N%nitroguanidine (XXX X1V). White powders,
recrystallised from agueous ethanol (yield 26 %): mp 175.5 — 177 °C; | max (MeOH)
272.2 nm; IR (KBr disc) 3392, 3168, 2930, 1645, 1590, 1420, 1366, 1301, 786, 717
cmt. 'H NMR (DM SO-dg) d 8.06 (b, 3H, NH), 7.20 (m, 3H, Ar-H), 7.14 (m, 1H, Ar-
H), 4.91 (s, 1H, CH), 2.74 (m, 2H, CH), 1.95 (s, 1H, CH), 1.78 (m, 3H, CH) ppm; MS
(APCI) (acetone) [M-NO,]" m/z 188.1 (100%); Anal. (C1:H1aN4O2): C, H, N: calcd,
56.40, 6.02, 23.91; found, 56.46, 5.93, 24.03.

Synthesis of 1-alkyl-4-nitroimino-1,3,5-triazinane  (NGAA) (XXXXV -

XXXXVII). To 0.01 moles of dl-a-amino acid, 10ml of 1M sodium carbonate was
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added and the reaction mixture was heated to boil. Subsequently 0.01 moles of S
methyl-N-nitroisothiourea was added to the boiling mixture. When the S-methyl-N-
nitroisothiourea was fully dissolved, the reaction mixture was left to cool to room
temperature with continuous stirring for 24 hours.

2-(2-nitroguanidino)-ethanoic acid (XXXXV). Whitish orange powders (yield
78%), recyrstallised from aqueous ethanol: mp 176.2 °C (decomposed) (ref.>** 179 °C
(decomposed)); | max (MeOH) 270.2 nm; IR (KBr disc) 3379, 3291, 3202, 1704, 1666,
1621, 1537, 1463, 1317, 1133, 929, 784,730, 531 cm™; *H NMR (DM SO-dG) d 8.89
(s, 1H, NH), 8.00 (s, 1H, NH), 7.12 (s, 1H, NH), 2.52 (s, 2H, CH), 1.06 (s, 1H,
COOH) ppm; MS (ESI) (50% MeOH) [M+1]" m/z 161.6 (100%).

2-(2-nitr oguanidino)-4-methyl-pentanoic acid (XXXXVI). Orange powders (yield
17%), recyrstallised from agueous ethanol: mp 143.6 — 144.6 °C; | max (MeOH) 270.6
nm; IR (KBr disc) 3412, 3298, 3244, 3170, 2959, 1752, 1719, 1641, 1526, 1454,
1398, 1258, 1176, 785, 742, 581 cm™; *H NMR (DM SO-d®) d 7.99 (m, 3H, NH) 4.26
(s, 1H, CH) 1.63 (s, 2H, CH) 0.90 (s, 6H, CH) ppm; MS (ESI) (50% MeOH) [M+1]*
m/z 218.7 (100%).

2-(2-nitroguanidino)-3-phenyl-propanoic acid (XXXXVII). Orange crystals (yield
65%), recyrstallised from agueous ethanol: mp 113.4 — 116.7 °C; | max (MeOH)
270.4nm; IR (KBr disc) 3545, 3421, 3331, 1705, 1628, 1581, 1524, 1438, 1394, 1272,
1185, 1121, 875, 814, 784, 702, 615 cm'’; 'H NMR (DMSO-d°) d 8.84 (s, 1H, NH),
7.97 (s, 2H, NH), 7.28 (m, 5H, Ar-H), 4.53 (s, 1H, CH), 3.08 (d, 2H, CH) ppm; MS
(ESI) (50% MeOH) [M+1]" m/z 253.0 (100%).

Synthesis of 1-alkyl-4-nitroimino-1,3,5-triazinane (TZN) (XXXXVIII —LI11I). To
0.0025 moles of nitroguanidine, 10 ml of 50% agueous ethanol was added, followed

by 0.0025 moles of alkylamine and 0.005 moles of formaldehyde (37% aqueous
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solution). The reaction mixture was heated to 50 °C for 5 hours. The product was
precipitated after being cooled to room temperature or 0 °C, and was collected by
vacuum filtration. The product from recrystallized from agueous ethanol .
1-Methyl-4-nitroimino-1,3,5-triazinane (XXXXVII1). White crystals (yield 51 %),
recrystallized from agueous ethanol: mp 206.1 — 208.5 °C; | max (MeOH) 270.8 nm;
IR (KBr disc) 3344, 3211, 3131, 1615, 1449, 1389, 1320, 1108, 784, 714 cm™; *H
NMR (DMSO-d°) d 8.71 (s, 2H, NH) 4.18 (s, 4H, CH) 2.41 (s, 3H, CH) ppm; MS
(ESI) (50% MeOH acidified) [M]* m/z 159.0 (100%).
1-Propyl-4-nitroimino-1,3,5-triazinane (XXXXIX). White flakes (yield 71 %),
recrystallized from agueous ethanol: mp 186.0 — 187.5 °C; | nax (MeOH) 271.0 nm;
IR (KBr disc) 3342, 3207, 3129, 1616, 1454, 1385, 1321, 1107, 784, 715 cm™; *H
NMR (DM SO-d°) d 8.68 (s, 2H, NH) 4.24 (s, 4H, CH), 2.53 (t, 2H, CH), 1.47 (m, 2H,
CH), 0.88 (t, 3H, CH) ppm; MS (ESI) (50% MeOH acidified) [M]* m/z 187.1
(100%).

1-(2-Methyl)propyl-4-nitroimino-1,3,5-triazinane (L). White flakes (yield 64 %),
recrystallized from agueous ethanol: mp 183.1 — 184.9 °C; | nx (MeOH) 270.8 nm;
IR (KBr disc) 3335, 3212, 3133, 1613, 1459, 1388, 1318, 1105, 784, 713 cm™; *H
NMR (DMSO-d°) d 8.69 (s, 2H, NH) 4.22 (s, 4H, CH), 2.35 (d, 2H, CH), 1.74 (m,
1H, CH), 0.89 (m, 6H, CH) ppm; MS (ESI) (50% MeOH acidified) [M]* m/z 200.9
(100%).

1-Cyclohexyl-4-nitroimino-1,3,5-triazinane (L1). White crystals (yield 76 %),
recrystallized from agueous ethanol: mp 180.2 — 182.0 °C; | max (MeOH) 271.6 nm;
IR (KBr disc) 3346, 3208, 3124, 2926, 1607, 1475, 1383, 1298, 1108, 784, 719 cm™;

'H NMR (DMSO-d°) d 8.64 (s, 2H, NH), 4.34 (s, 4H, CH,), 1.88 (d, 2H, CH), 1.73
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(d, 2H, CH), 1.56 (m, 1H, CH), 1.19 (m, 6H, CH) ppm; MS (ESI) (50% MeOH
acidified) [M]* m/z 226.7 (100%).

1-Benzyl-4-nitroimino-1,3,5-triazinane (LI11). White crystas (yield 85 %),
recrystallized from agueous ethanol: mp 215.0 — 217.2 °C (ref.>* 217 — 218°C); | max
(MeOH) 271.6 nm; IR (KBr disc) 3358, 3191, 3122, 1595, 1482, 1389, 1310, 1109,
998, 777, 742, 715, 699 cm™; *H NMR (DM SO-d°) d 8.77 (s, 2H, NH), 7.34 (m, 5H,
Ar-H), 4.24 (s, 4H, CH), 3.79 (s, 2H, CH) ppm; MS (ESI) (50% MeOH acidified)
[M]* m/z 234.5 (100%).

1-(2-Phenyl)ethyl-4-nitroimino-1,3,5-triazinane (L111). White needle (yield 90 %),
recrystallized from agueous ethanol: mp 196.0 — 197.5 °C; | nax (MeOH) 271.2 nm;
IR (KBr disc) 3346, 3120, 3114, 1603, 1468, 1398, 1371, 1314, 1106, 782, 751, 741,
697 cm™; 'H NMR (DM SO-d°) d 8.72 (s, 2H, NH), 7.20 (m, 5H, Ar-H), 4.29 (s, 4H,
CH), 2.81 (m, 4H, CH) ppm; MS (ESI) (50% MeOH acidified) [M]* m/z 248.4
(100%).

Synthesis of 1-(substituted)phenyl-2,4-diamino-1,2-dihydro-2,2-dimethyl-1,3,5-
triazine HCI (TZP>HCI). In the synthesis of TZP, a mixture of substituted anilines
(0.02 mole), cyanoguanidine (1.86g, 0.022 mole), acetone (30ml) and concentrated
hydrochloric acid (1.7ml, 0.02 mole) was refluxed for 2 hours to 30 hours depending
on the type of aniline used. The progress of the reaction was monitored by TLC and
biguanide-test The reaction was stopped if the substituted anilines were consumed
completely (by TLC), or when no further consumption of the anilines by 30" hour of
reaction (by TLC), or when the biguanide-tests gave positive results on two
successive hours. Precipitation occurred when the reaction solution was cooled down
to room temperature. The reaction mixture was then vacuum filtered. The product

obtained was recrystalised from ethanol-water mixture. Without further
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characterisations, except melting point determination and UV absorption spectra
determination, TZPHCI was used for Dimroth rearrangement.

Synthesis of 6-(substituted)anilino-4,6-diamino-1.2-dihydro-2,2-dimethyl-1,3,5-
triazine (L1V — LXI11). 1g of TZP>HCI was dissolved in 20ml of 50% methanol in
water. Usually complete dissolution occurred or else, heat was applied to encourage
dissolution. After complete dissolution, a base, such as 10M NaOH, was added
dropwise until no further change in pH (i.e. pH14 for NaOH, by using pH paper) or
maximum precipitation of free base TZP occurred. The reflux was started, and the
progress of the rearrangement was monitored by UV spectrophotometry spectrum
scanning (from 200nm to 400nm). The reaction was stopped when there was no
further shift in the | o value on two consecutive measurements (usualy at first one
hour as suggested by literature, as well as the first one and a half hour). The reaction
solution was then kept in a freezer for at least 24 hours for crystallisation. If a sticky
mass was produced instead of crystals, the reaction solution was kept in the
refrigerator for a longer period until the mass became non-sticky. This was then
harvested, by suction filtration, as crystals or powder. Recrystallisations were carried
out using mixtures of methanol and water.
4-Amino-6-anilino-1.2-dihydro-2,2-dimethyl-1,3,5-triazine (L1V). White crystals
(yield 85 %), recrystallised from agueous methanol: mp 187 — 188 °C (ref.*® 187 —
189 °C); | max (MeOH) 250.6 nm; IR (KBr disc) 3422, 3373, 3075, 2976, 1668, 1618,
1575, 1543, 1479, 1395 cm™; *H NMR (DM SO-dg) d 7.68 (d, 2H, Ar-H, J= 7.9 Hz),
7.11 (t, 2H, Ar-H, J= 7.9 HZ), 6.74 (t, 1H, Ar-H, J= 7.9 HZ), 1.27 (s, 6H, CH) ppm;
MS (ESI) (50% MeOH) [M+1]* m/z 218.2 (100%).
4-Amino-6-(3-chloro)anilino-1.2-dihydr o-2,2-dimethyl-1,3,5-triazine (L V). White

powder (yield 46%), recrystallised from aqueous methanol: mp 142 — 146 °C; | max
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(MeOH) 261.2nm:; IR (KBr disc) 3396, 2970, 1666, 1574, 1478, 1409, 1355 cm'*; 'H
NMR (DM SO-dg) d 7.83 (s, 1H, Ar-H), 7.50 (d, 1H, Ar-H, J = 8.3 Hz), 7.21 (t, 1H,
Ar-H, J= 8.3 Hz), 6.91 (d, 1H, Ar-H, J= 7.9 Hz)), 1.32 (s, 6H, CH) ppm; MS (ES)
(50% MeOH) [M+1]" m/z 252.3 (100%).
4-Amino-6-(4-chloro)anilino-1.2-dihydro-2,2-dimethyl-1,3,5-triazine (LVI).
Y ellowish white crystals (yield 98%), recrystallised from aqueous methanol: mp 131
— 134° C (ref.?® 135 — 137 °C); | max (MeOH) 263.4nm:; IR (KBr disc) 3422, 3375,
3075, 2977, 1669, 1618, 1576, 1543, 1480, 1395 cm*; *H NMR (DM SO-ds) d 7.75
(d, 2H, Ar-H, 3= 9.1 Hz), 7.12 (d, 2H, Ar-H, J= 9.1 Hz), 1.24 (s, 6H, CH) ppm; MS
(ESI) (50% MeOH) [M+1]" m/z 252.3 (100%).
4-Amino-6-(3-bromo)anilino-1.2-dihydro-2,2-dimethyl-1,3,5-triazine (LVII).
White crystals (yield 86%), recrystallised from aqueous methanol: mp 162 — 165 °C;
| max (MeOH) 260.8nm; IR (KBr disc) 2966, 2835, 1671, 1580, 1488, 1413, 1356 cm’
1 IH NMR (DMSO-dg) d 8.05 (s, 1H, Ar-H), 7.62 (d, 1H, Ar-H, J = 8.3 Hz), 7.06 (t,
1H, Ar-H, J = 8.3 Hz), 6.90 (d, 1H, Ar-H), 1.26 (s, 6H, CH) ppm; MS (ESI) (50%
MeOH) [M+1]* m/z 296.3 (100%).
4-Amino-6-(4-bromo)anilino-1.2-dihydro-2,2-dimethyl-1,3,5-triazine (LVIIL).
White crystals (yield 95%), recrystallised from agueous methanol: mp 141 — 145 °C;
| max (MEOH) 265.2nm; IR (KBr disc) 3422, 3370, 3059, 2976, 1670, 1618, 1573,
1543, 1478, 1392 cm™; *H NMR (DMSO-dg) d 7.69 (d, 2H, Ar-H, J = 9.0 Hz), 7.24
(d, 2H, Ar-H, J= 9.0 Hz), 1.24 (s, 6H, CH) ppm; MS (ESI) (50% MeOH) [M+1]" m/z
296.3 (100%).

4-Amino-1.2-dihydr o-2,2-dimethyl-6-(3-methyl)anilino-1,3,5-triazine (L1X).
White crystals (yield 47%), recrystallised from aqueous methanol: mp 171 — 175 °C;

| mex (MEOH) 258.8nm; IR (KBr disc) 2979, 1673, 1581, 1488, 1408, 1356 cm™; *H
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NMR (DM SO-dg) d 7.60 (d, 1H, Ar-H, J = 7.9 HZ), 7.40 (s, 1H, Ar-H), 6.99 (t, 1H,
Ar-H, J= 7.9 Hz), 6.57 (d, 1H, Ar-H, J= 7.9 Hz), 2.20 (s, 3H, CH), 1.25 (s, 6H, CH)
ppm; MS (ESI) (50% MeOH) [M+1]* m/z 232.2 (100%).

4-Amino-1.2-dihydr o-2,2-dimethyl-6-(4-methyl)anilino-1,3,5-triazine (LX).
White powder (yield 94%), recrystallised from agueous methanol: mp 155 — 157 °C;
| max (MeOH) 258.0nm; IR (KBr disc) 3445, 2977, 1654, 1578, 1514, 1401, 1358 cm’
1 1H NMR (DMSO-ds) d 7.58 (d, 2H, Ar-H, J= 7.9 Hz), 6.91 (d, 2H, Ar-H, J= 7.9
HZz), 2.18 (s, 3H, CH), 1.23 (s, 6H, CH) ppm; MS (ES) (50% MeOH) [M+1]" m/z
232.2 (100%).
4-Amino-1.2-dihydro-2,2-dimethyl-6-(3-methoxy)anilino-1,3,5-triazine (LX1).
White powder (yield 75%), recrystallised from agueous methanol: mp 156 — 161 °C;
| max (MeOH) 262.2nm; IR (KBr disc) 3490, 3384, 2970, 1671, 1574, 1475, 1410,
1356 cm'}; 'H NMR (DM SO-dg) d 7.58 (s, 1H, Ar-H), 7.12-7.14 (d, 1H, Ar-H), 7.00
(m, 1H, Ar-H), 6.33 (d, 1H, Ar-H, J = 6.8 Hz), 3.67 (s, 3H, CH), 1.25 (s, 6H, CH)
ppm; MS (ESI) (50% MeOH) [M+1]* m/z 248.2 (100%).

4-Amino-1.2-dihydr o-2,2-dimethyl-6-(4-methoxy)anilino-1,3,5-triazine (L XII).
White powder (yield 34%), recrystallised aqueous methanol: mp 190 — 193 °C; | max
(MeOH) 255.6nm:; IR (KBr disc) 2980, 2833, 1512, 1489, 1407, 1356 cm™; *H NMR
(DMSO-dg) d 7.57 (d, 2H, Ar-H, J = 9.0 Hz), 6.74 (d, 2H, Ar-H, J= 9.0 Hz), 3.67 (s,
3H, CH), 1.26(s, 6H, CH) ppm; MS (ES) (50% MeOH) [M+1]* m/z 248.2 (100%).
4-Amino-1.2-dihydr o-2,2-dimethyl-6-(3-nitro)anilino-1,3,5-triazine (LXTIT).
Bright yellow crystals (yield 98%), recrystallised from agueous methanol: mp 214 —
216 °C; | max (MeOH) 260.4nm; IR (KBr disc) 3479, 3441, 3380, 3347, 2964, 1651,

1521, 1397, 1347 cm™; 'H NMR (DM SO-dg) d 8.82 (d, 1H, Ar-H), 7.97 (s, 1H, Ar-H,
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J=83Hz), 7.56 (d, 1H, Ar-H, J = 7.5 Hz), 7.37 (t, 1H, Ar-H, J = 7.9 Hz), 1.28 (s,

6H, CH) ppm; MS (ESI) (50% MeOH) [M+1]* m/z 256.8 (100%).

L-Citrulline Assay (in vitro).
A variety of in vitro assays are available for characterisation NOS activity,
mainly by detecting the NO (or products of NO-related reactions), or the L-

citrulling®®®2%,

However, the radiolabelled L-citrulline assay has become the
standard assay for determining the activity of NOS because of its high sensitivity, low
false positive and simple assay procedures™®?’. As a radiolabelled assay, the
technique is very sensitive with limit of detection in the picomole range. Besides that,
the assay is likely to be specific to NOS pathway as the direct consumption of L-Arg
in eukaryotic cells is unprecedented. Furthermore, the ease of separating L-Cit from
L-Arg enables hundreds of samplesto be tested in arelatively short time.

The principal of L-citrulline assay is based on the difference in pK, of
guanidine (pK4 13.6) and urea (pK4 0.1). Upon oxidation of L-Arg, L-Cit is produced
in stoichiometric ratio of 1:1 to NO. With basic guanidino side chain, the L-Arg is
positively charged at neutral pH, while the L-Cit with an ureido side chain has zero
net charge. Thus, when the reaction mixture containing both L-Arg and L-Cit is
passed through a column containing anionic Dowex resin (kept at pH <8), the L-Arg
is retained on the resin but the L-Cit is eluted out. Subsequently, the amount of L-Cit
eluted, which reflects the NO produced, is quantified by scintillation counting.

In the early phase of the current research, the L-Citrulline assay was
performed using crude NOS extracted from rat cerebellum. Magjority of the NOS

activity could be attributed to nNOS, but a minor fraction of eNOS aso contributed to

the NOS activity. Besides that, crude tissues were aso known to have intact urea
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cycle, which consumes urea, as well as both arginine succinate synthase and
arginosuccinase, which recycle L-Cit into L-Arg, are known to be present in crude
neurons™’. As a result, it was decided to replace the crude nNOS extract with
commercially available NOSs. The nNOS (rat recombinant), INOS (murine
macrophage) and eNOS (bovine recombinant) were obtained from Cayman Chemical
Company (USA).

The protocol used in the study was developed with reference to the Current
Protocols in Pharmacology®®. The incubation period was optimised to produce a
linear time-activity relationship, thus ensuring the consistency and extrapolatibility of
the data. The incubations of NNOS and eNOS were carried out at 37 °C, with the
incubation periods of 10 and 20 minutes for NANOS and eNOS respectively. Asfor the
INOS, it was found that the activity of the enzyme at 37 °C deteriorated within a short
period, which is too brief for proper execution of assay. Hence, the INOS was
incubated at a lower temperature (30 °C) for 15 minutes, after which the bath
temperature was raised to 37 °C for another 15 minutes of incubation.

The [*H]L-Citrulline assays. All the chemicals were obtained from Sigma. The L-
[2,3,4,5-3H]-Arginine HCl and scintillation cocktail was obtained from Amersham.
The enzymes were obtained from Cayman Chemicals Company. The incubation
mixture containing 125 m drug solution, 10 m of deionized water, 20 m of reaction
buffer (350 mM HEPES pH 7.4, 10 mM EDTA, 12.5 mM CaCl,, 0.15 nCi [3H]-L-
arginine) and 45 m of enzyme mixture (enzyme aliquot, 5 m 20 mM NADPH, 5 m 40
mM DTT, 5 n 400 ng/ml CaM, 5 m 360 mM BH4 and 25 m 50mM HEPES pH7.4)
was incubated at 37 °C. The reactions were initiated by the addition of the cold
enzyme mixture and were terminated by 200 m of the stopping buffer (160 mM

HEPES pH5.5, 16 mM EDTA). Since the iNOS is Ca’*-independent, the stopping
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buffer with high concentration of L-Arg in place of Ca’*-chelator was used instead
(160 mM HEPES pH5.5, 80 mM L-Arginine). The reaction mixture was passed
through the Dowex-Na" (pH < 8) column, followed by 500 mi of deionised water to
rinse column. 5 ml of the scintillation cocktail was added to the eluent and
radioactivity was measured in count per minute (cpm) using liquid scintillation
counter (Beckman LS3801). Each set of assays was performed in triplicate. L-NA
was used as positive controls. The compounds were screened at a concentration of
125 nmM. Compounds, which showed at least 10% inhibition at 125 nM, were
selected for further evaluation of ICsy values. The analysis of experimenta raw data

and statistical evaluation were performed using the software Prism 3.

NNOS INOS eNOS

%Inh1Csp  £SEM  %Inh1Csy £SEM  %Inh1Csy £ SEM

L-NA 100 0.083 +0.008495 726 *0.63 99 0.184 *0.068

MES Test (in vivo heur opr otection)

The chemical-induced convulsion model, pentylenetetrazol-induced
convulsions (PTZ test), was used to evaluate the neuroprotective potential of the
compound. PTZ convulsion model is the one of the two standard convulsion model

00

used for initial screening of anticonvulsants®®. PTZ is a chemoconvulsant that

reliably causes convulsion in mammals®®®. The mechanism of action of PTZ is not
yet well understood, although PTZ was shown to be a GABA receptor antagonist®®®.
The impaired GABA-mediated inhibition results in increased excitability of the

neurons, and thus convulsion. The amount of PTZ used can be tailored for inducing

tonic-clonic convulsion at high doses and clonic convulsion at low doses™®.
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Convulsion leads to neuronal damages. Neuronal excitation results in a series of
downstream events, which produces neuronal necrosis and apoptosis, and finally the
demise of the animal. As aresult, if a compound could provide neuroprotection, the
mice would suffer less or delayed brain damage, and thus survive for a longer
duration.

The rotarod test?”® is commonly performed in conjunction to the PTZ test. In
rotarod test, the animal is placed on arod that rotates at an accelerating speed. If the
animal is unable to stay on the rotating rod during a specified period, then it is likely
that the animal is suffering neuromotor side effects, such as muscle incoordination
and imbalance, of the compounds.

PTZ and rotarod tests. The experimental protocols were adapted from Current
Protocols in Pharmacology?’®, and the experiments were designed and performed in
accordance to ethical and scientific requirements. All the chemicals were obtained
from Sigma except the diazepam which was obtained from Merck. The experiments
were performed using Swiss Albino mice (male, 20-25g). The mice were kept 6-8 in
a cage at room temperature with 12/12 hours of day/night lighting cycle, and were
provided with free access to food and water. All the drugs were dissolved in DMSO
and given intraperitonedly (i.p.) with injection volume of 5 mil/kg. The test
compounds were given at a dose of 100 mg/kg. The diazepam (DZP, Merck) was
used as the positive control at a dose of 2 mg/kg, and the DMSO was used as the
negative control. Due to ethical consideration, six mice (n=6) were used for each
treatment group. The rotarod test was carried out on Rotarod machine (Accelerating
rota-rod (Jones and Robers) for mice 7650, Ugo Basile, Italy) for 300 seconds, a
period during which the speed of rotarod accelerated from 16 rpm to 32 rpm. The

tests were carried out at 15™ minutes after the mice were injected with drugs. In PTZ
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test, the pentetrazole (PTZ, Sigma) was given at a dose of 120 mg/kg subcutaneously
(s.c.) using saline as vehicle. At 30™ minute after a mouse was treated with drug, PTZ
was injected and the mouse was observed in isolated cage for a period of 30 minutes.
Latencies to each stage of convulsive events (jumping, full hind-limps extension and
death) were recorded. The mice were sacrificed after 30 minutes of observation. The
data was analysed with Prism 3 and reported as mean (+ standard error of mean).
Kruskal-Wallis test (non-parametric one-way ANOVA) with Dunn's multiple

comparison test were performed using Prism 3.
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