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Abstract

Hepatitis C virus is an infectious disease affecting millions of people worldwide and
causing chronic liver disease. The current standard of care is not only long but causes
numerous side effects. Due to incomplete virological response and poor tolerability,
only 50% of the patients are cured, with variability by genotype. Despite the
development of non-enzymatic viral protein inhibitors, new therapies target mainly
enzymes responsible for viral replication or translation. Being commonly used for
antiviral and anticancer therapy, nucleosides analogues have played an important role as

anti-HCV agents.

Despite their potency and selectivity, nucleoside analogues appear to be poor substrates
for metabolic enzymes. In particular, the first essential phosphorylation step is often
rate-limiting thus, resulting in poor bioactivation to the active triphosphate form. Hence,
monophosphate prodrug strategies have been applied to efficiently deliver
intracellularly the key monophosphate derivatives. Such strategies have been
successfully used for anti-HCV therapy and the phosphoramidate ProTide INX-08189,

discovered in our lab, is one such example.

Aiming at developing back-up molecules of INX-08189, we report in the present work,
the synthetic strategies to obtain several modified !-2’-C-methyl-6-O-methyl guanosine
and other modified !-2’-C-methyl purine nucleoside analogues. The phosphoramidate
ProTide approach and the phosphorodiamidate approach were applied to these modified
nucleosides. In-vitro, and sometimes in-vivo evaluation against HCV replication is
reported, and the mechanism of bioactivation to their corresponding monophosphate
species is discussed. Enzymatic experiments using carboxypeptidase Y and Huh-7 cell
lysates were carried out to investigate the release of the monophosphate forms. We also
investigated the hydrolysis of the 6-O-methyl group at the nucleoside level with
adenosine deaminase enzyme, and at the monophosphate level using molecular docking
in adenosine deaminase like protein-1. Eventually, the intracellular putative mechanism
of activation of the ProTides was studied using molecular modeling with cathepsin A

enzyme and human Hint-1 phosphoramidase.
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Chapter One: Introduction

1. Hepatitis C Virus

About 130 to 170 million* people worldwide are infected by hepatitis C virus (HCV).
This spherical> small-enveloped single-stranded positive-sense  RNA hepacivirus
(Figure 1.1) belongs to the Flaviviridae family® and affects only humans. It spreads by
blood-to-blood contact* and causes liver disease in 60-70%> of cases, often resulting in

liver failure or cancer® and transplantation need.’

Figure 1.1. HCV structure.’

1.1. History and Epidemiology

Following the differentiation of hepatitis A and hepatitis B viruses, a “non-A, non-B”
entity was discovered during the second part of the 20™ century.® After Micheal
Houghton’s group developed new molecular biological techniques to characterise the
viral genome,’ it became known as hepatitis C virus."® The viral pandemia has mainly
been influenced by inadequately screened blood used for transfusion, unsafe injection
equipment or illegal injection of drugs™ affecting 3 to 4 million people each year.®> The
HCV infection prevalence varies geographically with the highest rate for Egypt.'? In
each geographic region predominates one of the six major genotypes of HCV*® (Figure
1.2), among which genotype 1a being the most widespread.
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Figure 1.2. HCV prevalence worldwide.*

1.2. HCV infection

After exposure to the virus, the disease develops slowly through different stages. The
acute phase corresponds to the first 6 months after infection®® and is difficult to
diagnose because of the lack of symptoms'® or specific diagnostic tests.'” However,
non-specific symptoms might occur during this phase, such as loss of appetite,
abdominal pain, fatigue, nausea and jaundice®® and HCV antibodies can only be
detected after 15 weeks of exposure in 80% of cases.'® Spontaneous viral clearance is
still likely during this phase,'” with variability from 10% to 50% depending on the
genotype,™® whereas 60% to 80% of infected individuals develop persistent infection.?
The natural evolution of acute HCV infection depends on the transmission pattern, the
viral factors and the ability of developing a strong immune response to eliminate the
virus.® During the chronic phase of the disease the clinical symptoms are still minor®
and symptoms of liver failure such as accumulation of fluid in the abdomen, bruises and
bleeding only develop at a later stage, sometimes decades after the infection, once the

disease has progressed to cirrhosis or liver cancer.®
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1.3. HCV genome
The HCV genome is approximately 9600 base pairs long®* containing a single open

reading frame (ORF) encoding for a polyprotein of 3011 amino acids,? and is divided
into two non-translated regions and three functional regions (Figure 1.3).

Figurel.3. HCV genome.* %

The most conserved segment of the HCV genome is the 5° non-translated region
containing the structured internal ribosomal entry site (IRES) at which binding initiates
the first step of viral RNA polyprotein translation.*

The 5’-terminal region contains the structural proteins C,® E1% and E2,%® which form
respectively the viral capsid®’ and envelope essential for viral entry?® and fusion.”®

3 Zinc-

Seven non-structural proteins®® complete the HCV genome: NS2,3“
metalloprotease, and p7 (NS1),* integral membrane protein, are not essential for
replication but play an essential role in virion formation and membrane permeability.*
The 3’-terminal segment comprises the proteins NS3, NS4A, NS4B, NS5A and NS5B
assembling as a replicase complex required for replication of the viral genome. While
NS3-NS4A protease catalyses HCV polyprotein cleavage,®™ ** 3" NS4B induces a
special membranous web-like compartment in which replication occurs.®® Interactions
between the multi-functional protein NS5A and host proteins regulate viral genome
replication and assembly,®® *° whereas the error-prone NS5B RNA-dependant-RNA-
polymerase (RdRp) enables the synthesis of positive- and negative- strand HCV

RNAs,* hence resulting in the genetic variability of the virus.***

The sequence of the 3’ non-translated region is genotype-variable** and takes part in

RNA replication.*> *®
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1.4. HCV life cycle

Common to all flaviviruses, six key steps (Figure 1.4) taking place outside the host cell
nucleus are required for HCV life cycle: binding to receptors and entry into the host cell
(1; Figure 1.4), uncoating of the viral genome (2; Figure 1.4), translation (3; Figure 1.4)
followed by replication (4; Figure 1.4), viron assembly (5; Figure 1.4) and eventually
release of the newly formed virions (6; Figure 1.4).%

4

Figure 1.4. HCV life-cycle steps.*®

Molecular recognition between glycoproteins at the surface of the virus and specific
host cell receptors™ triggers the virus attachment, and allows its entry into cells via

endocytosis (Figure 1.4, step 1).4¢°°

Fusion of the viral envelope with the cellular membrane is pH-dependant,™ enabling the
removal of the nucleocapsid and release of the positive-stranded genomic RNA into the
cytosol (Figure 1.4, step 2).2

Acting as messenger RNA (mRNA), it then undergoes translation via binding of the
IRES of the 5’ non-translated region and 40S ribosome subunit containing the initiation
codon of the host system (Figure 1.4, step 3).° A single polyprotein of approximately
3000 amino acids is produced and cleaved by the viral protease complex NS3-NS4B

releasing ten viral proteins, essential for the viral replication machinery.** >

Semi-conservative and asymmetric, HCV replication takes place in a membranous web

induced by NS4B? and occurs in two steps catalysed by NS5B RdRp. Firstly, the
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positive strand RNA serves as a template for the synthesis of negative-strand RNA,

which then becomes a template for several nascent positive-strand viral RNAs (Figure
1.5) ready to be encapsulated.>

"%

14

"%

1§

"%

Figure 1.5. Mechanism of RNA replication.?

Virion assembly involves interactions between the 5° non-translated region of new

55, 56

positive-strand RNAs and the core protein (C) enabling the formation of a viral

internal coat with subsequent encapsidation of the viral genome (Figure 1.4, step 5).>*

Further interactions between structural proteins and NS2 control excretion of nascent
viral particles outside the host cell by exocytosis (Figure 1.4, step 6).2°

1.5. Current treatment

As mentioned earlier, acute HCV infection evolves to either spontaneous viral clearance
or to chronic infection leading to cirrhosis, liver failure or cancer at a later stage.
Neither a protective vaccination currently exists, nor a highly effective antiviral agent
allows total eradication of the virus. Thus the use of combination therapies, which are
not always efficient in all patients at long term and often cause side effects.

Three responses to anti-HCV therapy are described: lack of detectable HCV RNA
during and six months after the end of the treatment known as sustained virological
response (SVR), end of treatment response and relapse or non-response to the therapy.

The recent discovery and FDA approval of two NS3 protease inhibitors, telaprevir>’
(Vertex, 1) and boceprevir (Merck, 2) (Figure 1.6),® has slightly changed the optimal
current therapy. To avoid resistance if these protease inhibitors were dosed alone,* the

new standard of care comprises a triple combination therapy with one protease inhibitor
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and the two non-specific antiviral agents pegylated interferon-! and ribavirin (3, Figure
1.6).%

— X NH, N D
Njﬁ%HﬂNO%:H O %Hrﬂvﬁgﬁ HOWdJ
PARP S S
1

2 3
Figure 1.6. Structures of telaprevir (1), boceprevir (2) and ribavirin (3).

The multi-functional protein pegylated interferon-! is involved in cell regulation,
antiviral defense and activation of the immune mechanism.> Pegylated interferon-! is
slowly absorbed thus reducing the dosing from three to one sub-cutaneous injection per

week during the treatment.®*

1-1-D-ribofuranosyl-1,2,4-triazole-3-carboxamide, also known as ribavirin (3, Figure
1.6), has a broad spectrum of antiviral activities against DNA and RNA viruses.®? First,
the inhibitory effect of the ribavirin 5’-monophosphate towards the inosine 5’-
monophosphate dehydrogenase (IMPDH) has an indirect effect on the synthesis of the
viral RNA.%® However the antiviral mechanism has not yet been entirely understood and
recently ribavirin has shown enhancement of antiviral response of lymphocytes Thil,
responsible for the activation of B and T cells and for immune cell response, and
suppression of lymphocytes Th2, responsible for hypersensitive immune reaction.** In
addition to its mutagenic action leading to virion mutations,® the misincorporation of
ribavirin monophosphate into viral RNA increases the frequency of mutations, and

eventually leads to a reduction of the virus replication.®*

The new triple combination therapy applied to genotype 1 infected patients improved
SVR to 70%°® in comparison with the 55%°’ obtained with dual combination pegylated
interferon-1 and ribavirin. However the treatment still lasts 24 to 48 weeks and is not
only high-dosing (750-800 mg tablets, three times a day)® but also causes side effects
such as anaemia, severe rash and gastrointestinal symptoms.>® To face the need for more
effective HCV therapy, the development of potent and selective virus inhibitors suitable
for clinical application is essential.
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1.6. Clinical candidates for HCV treatment

Every steps of the HCV life cycle is a potential target for HCV treatment. Many

d,% % and

molecules targeting the viral proteins have been designed and synthesise
several are currently in clinical trial or under clinical investigation. Despite the recent
development of non-enzymatic viral protein inhibitors,*® the two favoured viral targets
are the HCV NS3 protease and the NS5B polymerase, since biochemical assays are
readily available.”® Currently, approximately 100 potential drugs have been advanced to
clinical development and aim at targeting directly HCV; some of them are reported
Table 1.1, while others are tested in drug combination to improve HCV antiviral

therapy.®® These enzymatic viral protein inhibitors are either nucleoside analogues or

non-nucleosides agents.

1HS e QLS A o) | 0PTSRS | IS

45678899 140 IS TO$-3$.17-3 (M| 16;<.1-/=H$"U$ >
2@ABCD>8E 1-g0I$ TO/$-83$17-3" (M| :6;<.1-/=HS$"$ >
4<719F8 1171 O/$-3$ 16;<.1-/=H$""4$ >
GHITF>D 1-g0I$ 1O/$-43$.1"-3" (2 634 8"

GHIT>EC TO$-3$.17-3 (M| 16;<.1-/=HS$"U$ 8,.J-1.+-/3K
LR 12171 ()/$-%38. +,-./0'12345675' 8"
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Table 1.1. Non-nucleosides and nucleosides inhibitors of HCV polymerase
and protease currently in clinical trials.®®




Claire Bourdin Chapter One: Introduction
!

2. Classes of inhibitors for HCV therapy

Despite their potent antiviral activity, respectable safety profile and good tolerability in
HCV-treated patients, nucleos(t)ide analogues and non-nucleoside inhibitors differ by
their mode of action, efficacy and resistance profile as well as their activity against the
different genotypes.

2.1. Non-nucleoside inhibitors

Non-nucleoside analogues, such as telaprevir (1, Figure 1.6) or BMS-79005 (Table 1.1),
target specifically the allosteric sites of the enzyme.” Their properties define the area of
binding, altering the conformation of the enzyme active site and disrupting the steps
prior to or during the initiation phase of the viral RNA synthesis.”™

As mentioned earlier, mutations occur easily and result in genetic variability,”* therefore
the rapid emergence of resistance constitutes the main drawback of non-nucleoside
inhibitors. Hence numerous mutations at allosteric sites happen without impairment of
the enzyme function’ but conferring resistance to the inhibitor. This is the main reason
for the failure of some clinical developments and for the limited activity across
genotypes.” However, resistance mutations at one allosteric site do not usually show
cross-resistance to other inhibitors binding at other allosteric sites of the enzyme, thus
the importance of combination therapy’* for HCV treatment is evident.

2.2. Nucleoside and nucleotide analogues

Nucleoside analogues are widely used in antiviral and anticancer therapies as they
mimick the role of natural nucleosides essential for genome replication and
transcription.” Upon cellular uptake via specific nucleoside transporters, nucleoside
analogues undergo bioactivation in the presence of three kinases to release the active
triphosphate form (Figure 1.7).” "® 7" The latter binds to the enzyme active site and
competes with natural nucleotides for incorporation into growing DNA or RNA

strands,”® resulting in chain termination or inhibition of the viral polymerase.
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Figure 1.7. Activation pathway of nucleoside analogues (NK: nucleoside kinase, NKM:
nucleoside monophosphate kinase, NKD: nucleoside diphosphate kinase).

Over the past decades, several modified ribonucleosides such as 4’-azidocytidine
(R1479)"® and 2’-C-methylcytidine (NM107)® have been reported as potent inhibitors
of HCV RNA replication in replicon assays. Acting as non-obligate chain terminators,
their lack of bioavailability and enzymatic stability, together with their poor conversion
to the bioactive triphosphate, as for the majority of nucleoside analogues, led to the

investigation of prodrug strategies.

2.2.1. Prodrugs

An inactive pharmacological substance, undergoing physico-chemical or enzymatic
transformations in vivo, to afford the active metabolite was defined in 1951 by Adrien
Albert® as a prodrug.

Such a prodrug should not only display a good stability towards enzymes or other
chemical reactions occurring during the absorption, sufficient solubility, good
membrane permeability and good distribution, but also be less toxic than the related
drug, stable in plasma and blood, and eventually intravenously or orally dosed.®* After

cell permeation, efficient and selective activation®”

should generate the desired
metabolite at the site of action, allowing higher exposure of the drug, thus enhancing
therapeutical effects towards the target.** Optimisation of the drug physico-chemical

properties should enable better selectivity towards its target.®

The site of conversion of prodrug into its active form defines the two different classes.
In some cases, such as antiviral nucleotide analogues, the conversion takes place
intracellularly; whereas others are converted outside the cells and will not further
discussed in this thesis.
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Many issues encountered with nucleos(t)ide analogues can be overcome by application
of the prodrug strategy.

2.2.2. Nucleoside prodrugs

Many pharmaceutical companies have investigated nucleoside prodrugs as anti-HCV
agents targeting essentially the enzyme for viral replication, with consequent inhibition
of the NS5B polymerase to stop the synthesis of viral RNA (Figure 1.8).

NH, NH, HCI NH,

L, A O, e O,
W\\‘. oO OH OJ\;O O;/i) OJ\;O

NM283 R1626 RG7128

Prodrug of NM107 Prodrug of R1479 Prodrug of PSI-6130
Figure 1.8. Nucleoside prodrugs as NS5B RdRp inhibitors.

Despite their potency and selectivity, nucleoside prodrugs appear to be poor substrates
for metabolic enzymes.®® Resistance is most likely to develop due to poor membrane
permeability, lack of transporters, poor affinity towards targeted enzyme and thus poor
bioactivation.®” Moreover, the first phosphorylation step is often the rate limiting,®
preventing sufficient exposure of triphosphate at the active site to compete with natural
substrates.” Research on nucleotide analogues is currently heavily conducted to
overcome these major issues, by enhancing the formation of the active triphosphate

form, and therefore potentially increasing antiviral activity.®®

2.2.3. Nucleotide prodrugs

Despite their interesting biological activities in a variety of assays and the discovery of
potential drug candidates, nucleotides bear negative charges responsible for high
hydrophilicity, resulting in poor membrane permeability and instability in cell media.*

Nucleotide prodrug technology, aiming at delivery of the monophosphate directly inside

80, 91 was

the cells following passive diffusion and hydrolytic or enzymatic metabolism,
successfully applied in anticancer and antiviral therapies.?* ®  Once the highly polar

and charged monophosphate is trapped inside the cell, it either acts as the bioactive

10
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form or it undergoes enzymatic conversion to its corresponding di- and tri-phosphate
forms. This technology may improve potency as well as selectivity, while decreasing
toxicity.

Several nucleotide prodrug methodologies have been developed based on enhancement
of cell permeability and enzymatic stability by introducing neutral lipophilic moieties at
the phosphorus center.* The most interesting approaches are described below and

combine ester, ether or amino acid masking groups.

2.2.3.1. Phosphonate and tri-esters approaches

Farquhar and co-workers were the first to report a phosphotriester approach by
developing mono(POM) and later on bis(POM) derivatives (4, Figure 1.9).%® The latter
enhances cellular delivery of the 5’-monophosphate species inside the cells after two
enzymatic hydrolysis by carboxyesterase and/or phosphodiesterase® resulting in release
of potentially cytotoxic formaldehyde.

NH, R
0 >:o

N=
of L N 0
) A )
o! Y 0
A /O (e A ,O (e} R’
Nucleoside.. R ~ \[H< K/O\/ R
o) o 3 0] (0]
R
4 4a:R=H,R' =1Bu

4b : R =CHj, R = O/Pr
Figure 1.9. Structure of bis(POM) 4 and prodrugs: adefovir dipivoxil 4a
and tenofovir disoproxil 4b.

With the exception of marketed adefovir dipivoxil 4a and tenofovir disoproxil 4b for
the treatment of hepatitis B (HBV) (Figure 1.9), the poor stability of such prodrugs in

plasma has mainly limited their development to in vitro assessments.”’

Undergoing similar enzymatic mediated hydrolysis via the action of a reductive
enzyme, Imbach and co-workers developed bis(S-acyclic-2-thioethyl) phosphotriester
(SATE) 5a, and later on bis(dithioethyl) phosphotriester (DTE) 5b (Scheme 1.1). The
thioethyl intermediate formed by release of the S-acyl-2-thioethanol or thioethanol
masking groups,®® liberates the highly toxic ethylene sulfide. Thus limiting their

advancement into in-vivo studies.

11
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Scheme 1.1. Mechanism of activation of bis(SATE) 5a or bis (DTE) 5b.

2.2.3.2. Cyclic phosphotriester approaches

Because of early cleavage of phosphotriester prodrugs in plasma, cyclic analogues were
designed in order to enhance their stability in plasma and avoid the release of toxic

metabolites.

HepDirect prodrugs are designed to undergo specific activation within the liver*® via
oxidation triggered by a single enzyme, cytochrome Paso (CYP4s0), affording the cyclic
hemiketal (Scheme 1.2). The later undergoes a spontaneous ring opening releasing the

free monophosphate and an aryl vinyl ketone.

Ar,
o 0
O o
Ar CYPs;o  Ar. OH spontaneous o Nucle03|de\o,R\O
Do e S
pZ pZ R spontaneous
; / o'\ Ar
c 9 c ? O N
Nucleoside Nucleoside Nucleoside

o]
Scheme 1.2. HepDirect phosphotriester and mechanism of activation.

Several agents are based on this strategy, for example the HepDirect prodrug of 2’-C-
methyladenosine 6 (Figure 1.10) improved dramatically the triphosphate exposure.*®
Nevertheless, these agents have not progressed to clinical trials for HCV treatment but
only for HBV.*™

12
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Figure 1.10. HepDirect prodrug of 2’-C-methyladenosine.

In contrast with the use of enzymatic metabolism, Meier developed an approach
describing the release of 5’-monophosphates from cyclic phosphotriesters via a
controlled and selective chemical hydrolysis mechanism of the benzylic and phenolic

phosphate ester bonds (Scheme 1.3).'%

)
. . O« /O . '
e} chemical hydrolysis P H,O Nucleoside 5-MP
120 - Nucleoside—O 0 s

o P\o pH>7 ©€OH
!
Nucleoside OH
OH

Scheme 1.3. CycloSal phosphotriesters and mechanism of activation.

This approach was applied successfully to different antiviral and antiviral
nucleosides,’* % however it was less efficient than strategies involving enzymatic

activation.%*

2.2.3.3. Phosphoramidate di- and mono-ester approaches

The first aryl phosphoramidate prodrug was designed by McGuigan.*® The introduction
of an amino acid ester moiety and an aryl group attached to the phosphorus center was
applied to a large number of nucleoside monophosphate analogues. Later on, Wagner
and co-workers designed an achiral phosphorus center by masking only one negative
charge of the monophosphate (phosphoramidate monoester).'*® Despite improvement of
hydrophilicity and stability in plasma, the later displayed poor oral bioavailability
107

compared to the aryloxyphosphoramidate (ProTides),
described below (Figure 1.11).

whose general structure is

13
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RgR, O nucleobase

OH OH
R, = alkyl, H
Rz, R3 = alkyl, H

R4 = alkyl
Ar = aryl

Figure 1.11. General structure of ProTide.

Despite the obtention of diastereoisomeric mixtures at the phosphorus center, the
advantage of this strategy is the release of natural or metabolites with relatively low

toxicity.

2.2.3.3.1. Mechanism of ProTide activation

Valette and co-workers studied extensively the enzymatic decomposition of aryl
phosphoramidate prodrugs.'®® '® Once inside the cells, the first step of activation
consists of the ester cleavage by an esterase or carboxypeptidase type enzyme (Scheme
1.4).

Interactions between the ester moiety and the three catalytic residues of human

lysosomal carboxypeptidase (cathepsin A)*®

110

trigger the initial ester cleavage in the
activation of the ProTide.”™ While Ser146 attacks the ester carbonyl group, the two
glycines (Gly53 and Gly52) stabilise the resulting intermediate.**® Conversion to the
phosphoramidate monoester intermediate (or amino-acyl intermediate) occurs via an
intra-molecular attack of the nucleophilic oxygen at the phosphorus atom, releasing the
aryl moiety and followed by spontaneous hydrolysis of the putative unstable cyclic

anhydride intermediate.'*

The discovery of adenosine monophosphate-bound amines as substrates*** of histidine

triad nucleotide-binding proteins family (Hint-1),**# 13

indicates its possible role in the
convertion of the phosphoramidate monoester into its corresponding nucleoside
monophosphate.™* Interactions between the key residues Ser107, His112 and His114'"
of these phosphoramidase-type enzymes and the phosphorus center, catalyse the

hydrolysis of the P-N bond of the phosphoramidate monoester intermediate.

The resulting 5’-monophosphate can then undergo two phosphorylation steps to afford
the bioactive 5’-triphosphate species.

14
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Scheme 1.4. Putative mechanism of ProTide activation.

2.2.3.3.2. Structure activity relationship

Numerous aryl phosphoramidates have been synthesised on various nucleosides. An
extensive SAR was built varying the amino acid, ester or aryl moieties, and results from
in vitro evaluation suggest that the efficacy of ProTides varies significantly depending
on the nucleoside. However from these studies resulted a general trend usually
considered for designing new ProTide families.

The first part considered for the ProTide activation is the ester moiety. Linear,
branched, cyclic and aromatic esters have been considered as substrates for esterases. In
general, tertiary ester such as the tert-butyl group is not cleaved, whereas ProTides

bearing the benzyl ester proved to be highly potent.*% '*°

The investigation of the aryl moiety resulted in enhanced activity for aryl
phosphoramidates bearing more lipophilic moieties such as naphthyl instead of phenyl.
Variety of aryl group can generally be used to enhance lipophilicity, hence better cell
permeation, and eventually activity of the ProTides.™

Natural amino acids tend to be preferred than unnatural amino acids, with the exception

117

of 1,1-dimethylglycine that showed interesting efficacy.”" Only !-amino acids deliver

15
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the 5’-monophosphate,**

and in terms of stereochemistry the L-series is often more
active than the D-series.™® These results are probably due to the substrate specificity of
the carboxypeptidase/esterase and phosphoramidase/human Hint enzymes responsible
for bioactivation. L-Alanine usually gives the best results in terms of activity compared

to other amino acids.

2.2.3.3.3. Stereochemistry of ProTide

The chirality issue at the phosphorus center is the one of the limitation of this strategy.
The diastereoisomeric ratio is usually 1:1, but often varies depending on the SAR
considered, making the separation of both diastereoisomers difficult. Since cellular
targets are chiral, either only one isomer may fit in the pocket,? or if both fit, one may
be processed faster than the other, thus resulting in difference of activity."® However,
because the chirality is lost during the activation of ProTide, even diastereoisomeric
mixtures can be highly potent, and progress into clinical trials such as the anti-HCV
BMS-986094 (known as INX-08189, Figure 1.12) from Inhibitex Inc.*®® In
comparison, Pharmasset recently developed a separation technique to pursue the clinical
trials with only one isomer GS-7977 (known as PSI-7977, Table 1.1).*#

INX-08189 or BMS-986094 GS-7977 or PSI-7977
Figure 1.12. Structures of ProTides progressed in clinical trials for HCV treatment.

2.2.3.4. Phosphorodiamidate approach

To overcome the problems encountered due to chirality, another prodrug approach was
developed and consisted in attaching two identical amino acid moieties at the
phosphorus center.

This approach was first reported by McGuigan and co-workers,*?? but was not further
explored until recently. Similarly to the phosphodiester approach, such

16
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phosphorodiamidate prodrugs bear an achiral phosphorus center. The lack of electronic
charges enables passive diffusion as well as increases hydrophilicity.

Recently, phosphonic diamidate prodrugs have been reported with good activity against
various viruses (Figure 1.13) and further studies indicate delivery of the parent molecule
into the cells.*®
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o
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A

Figure 1.13. Structures of phosphonic diamide against type 2 diabetes (7)
or orthopox virus (8).%

The mechanism of bioactivation is similar to the aryl phosphoramidate prodrugs, and

non-toxic amino acids by-products are released.

2.2.3.5. Summary of nucleotide prodrug approaches

To summarize and facilitate the comparison, Table 1.2 reports the key attributes of the
different nucleotide prodrug technologies discussed in this section, and whether they

reached clinical trials in humans.

Prodrug Prodrug class Bioactivation By-product human
approach trials
Bis(POM) Esterase Formaldehyde Yes
) Bis(SATE)/Bis(DTE) Esterase Episulfide No
Phosphotriester ) )
HepDirect Cytochrome Pgsg  Aryl vinyl ketone  Yes
CycloSal Chemical Quinone methide  No
Aryloxyphosphoramidate Esterase, amidase  Phenol, naphtol, Yes
(ProTide) amino acid
Phosphoramidate
Phosphoramidate Amidase Amino acid No

monoester (Wagner)

Phosphorodiamidate | Phosphorodiamidate Esterase, amidase  Amino acid Yes

Table 1.2. Comparison of prodrug approaches.

17
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2.3. Combination for HCV therapy

In the near future, the therapy of HCV is likely to involve regimens comprising both
nucleoside analogues and non-nucleoside inhibitors. As an example, the combination of
GS-7977 and TMC435 (Table 1.1) has been advanced into clinical phase 2 to
investigate the safety during 12 and 24 weeks treatment.®

Such therapy would alleviate resistance issues, minimise side effects and enhance
tolerability in patients while potentially boosting antiviral potency, compared to either
mono-therapy. Nevertheless, if not carefully applied, such dual combination would
increase the risk of multi-drug resistance.

18
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Chapter Two: Background and aim of the work

1. Background relevant to the present work
1.1. 1-2’-C-methyl purines: nucleoside analogues and ProTide strategy

Among anti-HCV nucleoside analogues, !-2’-C-methyl adenosine (9, Figure 2.1) and !-
2’-C-methyl guanosine (10, Figure 2.1) have shown to inhibit HCV at micromolar

concentrations, respectively 0.3 uM and 3.5 pM in subgenomic replicon assays.!

NH, o
NfN N NH
< ] <L
NP NIV
HO N HO N* NH,
o o
OH OH OH OH
9 10

Figure 2.1. Structures of 1-2’-C-methyl adenosine (9) and !-2’-C-methyl guanosine (10).

However, 1-2’-C-methyl guanosine 5’-triphosphate intracellular levels were rather poor
compared to 1-2’-C-methyl adenosine 5’-triphoshate.” The ProTide approach applied to
these two nucleoside analogues proved that this difference was related to the 1-2’-C-
methyl guanosine not being a good substrate for nucleoside kinases, and thus limiting
antiviral efficacy.> While ProTides of 1-2’-C-methyl adenosine showed similar
efficiency to the parent nucleoside in delivering the 5’-monophosphate, ProTides of !-
2’-C-methyl guanosine were 10-30 fold more active in HCV replicon assays than 1-2’-
C-methyl guanosine.®

An extensive structure activity relationship (SAR) on !-2’-C-methyl guanosine
ProTides was then built within our group.* Resulting from this work, **-naphthyl as aryl
moiety increased anti-HCV potency independently from the ester and amino acid
moieties. The favoured amino acid moiety was the L-Alanine, showing activity against
HCV replicon in nanomolar range, depending on the ester moiety. ProTides bearing L-
Valine and L-Phenylalanine were more potent than the parent 1-2’-C-methyl guanosine,
but giving molecules more cytotoxic and ten times less potent than L-Alanine ProTides.
Branched amino acids such as L-Leucine, L-Dimethylglycine or L-Isoleucine were

slightly or similarly active than the parent nucleoside but more cytotoxic. The ester
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variations led to the following conclusions: small such as methyl, branched such as
neopentyl or bigger cyclic ester groups such as benzyl and cyclohexyl, are tolerated in
the pocket of esterase-type enzymes and relatively quickly processed. Hence, resulting
in highly potent molecules stable in plasma, delivering efficiently the 5’-
monophosphate species inside the cells and further inhibiting at sub-micromolar
concentrations the HCV RNA polymerase.”

1.2. 1-2’-C-methyl-6-O-modified guanosine analogues

Following the discovery of the !-2’-C-methyl modified guanosine analogue as an
inhibitor of the HCV NS5B polymerase,* and the reported low triphosphate levels after
dosing,? further modifications of the nucleobase were applied to boost the lipophilicity
and increase the cellular uptake. Among other 6-modified nucleosides,’ the 1-2’-C-
methyl-6-O-methyl guanosine (11, Figure 2.2) derivative resulted from this work, and
showed poor replicon activity (ECsp = 3.0 uM) as predicted by the modelling.”

-0

=N
N
QN \ N/)\NH2
HO
0

OH OH
11
Figure 2.2. Structure of 1-2’-C-methyl-6-O-methyl guanosine 11.
The poor anti-HCV potency observed in general for !-2’-C-methyl-6-O-modified
analogues can be explained by slow intracellular conversion at a nucleoside or

nucleotide level, to the 1-2’-C-methyl guanosine.’

2. Aim of the work

The discovery of the poorly active 1-2’-C-methyl-6-O-methyl guanosine® and the
prediction that its triphosphate binds poorly into the NS5B active site,” led us to
investigate prodrug strategies in order to improve cellular uptake and to bypass the first
phosphorylation step, thus eventually resulting in efficient conversion to the 1-2’-C-
methyl guanosine triphosphate.
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Moreover, the need of more efficient therapy and the use of nucleoside analogues to
target the essential enzyme responsible for replication of the virus (NS5B RdRp), led us
to modify several moieties of !-2’-C-methyl-6-O-methyl guanosine 11 depicted in
Figure 2.3, in order to explore the SAR and understand better the metabolism pathway

of such nucleoside analogues.

Figure 2.3. Modifications of 2’-C-methyl-6-O-methyl guanosine.

Aiming at delivering efficiently inside the cells the desired bioactive triphosphate form
after metabolism, two prodrugs technologies, the ProTide and phosphorodiamidate
approaches, were applied during this project, as a tool for potential inhibition of HCV
replication, improvement of potency and selectivity of these modified nucleosides.

The following chapters describe the design and synthesis of 1-2’-C-methyl-6-O-methyl
guanosine prodrugs and modified analogues as well as novel acyclic derivatives, a new
concept in the HCV field. The biological results are reported and correlated with
mechanistic analysis and enzymatic assays to provide better understanding of the
metabolic pathway, and to explore the moieties essential for the inhibition of NS5B
RdRp.

"%
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Chapter Three: Phosphate moiety modifications

of 1-2’-C-methyl-6-O-methyl guanosine prodrugs

1. ProTide technology applied to !-2’-C-methyl-6-O-methyl guanosine

Aiming at boosting the anti-HCV activity, the ProTide technology was applied to !-2’-
C-methyl-6-O-methyl guanosine 11, prodrug of I-2’-C-methyl guanosine 10. Aiming at
enhancing passive cellular uptake and investigating the effect on potency of bypassing
the first phosphorylation step,* several ProTides were prepared, with variation at the

amino acid and the ester moieties.

1.1. Procedure
1.1.1. Preparation of amino acid tosylate salts

Several amino acid esters were commercially available, whilst some others were
prepared as para-toluene sulfonic acid salts (Scheme 3.1).

Following the path described in Scheme 3.1, tosylate salts of L-phenylglycine neopenty!l
ester (12.a) and L-phenylglycine benzyl ester (12.b) were prepared respectively in 77%
and 80% yield, over two steps. The last step enabled recovery of a white precipitate in
both case, while the Boc protected intermediate required flash chromatography. L-
Alanine cyclopropyl methyl ester was provided by Inhibitex Inc.

o 0 o
R, Rz - ‘0
OH i ©) . v .0 RZ\HJ\O/
Oy NH - Oy NH i 2
Y — Y — o] NHz*

o 0
X >( 12.a-b

(i. anh.DCM, DCC (1.0 eq), DMAP (0.1 eq), R;OH (1.4 eq), overnight, rt; ii. EtOAc, pTSA (1.0
eq), overnight, 65 °C.)
Scheme 3.1. General synthesis of amino acid ester tosylate salts.
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1.1.2. Preparation of 1-2’-C-methyl-6-O-methyl guanosine ProTides

The naphthyloxy phosphodichloridate (13, Scheme 3.2) was formed in 51% yield by
addition of "*-naphthol to phosphorus oxychloride (POCIs). The *'P-NMR appeared as
one peak at 3.74 ppm.

R, O
O o o X
OH i P ii. 12.2-b O-P~-NH  O-
O e e .0

13 14.a-c

o~ o~
N B N
N (0] SN
¢ ¢ f
(@]
N N/)\NHZ :g—NH N N/)\NHZ
HO iii. 14.a-c K \P’O
(o) 2 oc \ [e)

O

—_—
OH OH O OH OH
11 Q 15.a-c

(i. anh. Et,0, POCI; (1.0 eq), anh. NEt; (1.0 eq), 30 min, -78 °C, 1hr, rt; ii. anh. DCM, anh.
NEt; (2.0 eq),12.a-b (1.0 eq), 1 hr, -78 °C, rt, 30 min; iii. anh. THF, tBuMgCl (2.0 eq), 20 min,
RT, 14.a-c (2.0 eq), overnight, rt.)

Scheme 3.2. Route to -2’-C-methyl-6-O-methyl guanosine ProTides.

Addition of 13 with 12.a, 12.b and L-alanine-cyclopropylmethyl ester tosylate salt,
provided by Inhibitex Inc., gave respectively the "-naphtyl amino acid ester
phosphochloridates 14.a, 14.b and 14.c, all as a mixture of two diastereoisomers at the
phosphorus center. This was confirmed by *P-NMR with the apparition of two peaks
around 7-8 ppm. Without further protection of the nucleoside hydroxyl groups,
phosphorochloridates 14.a-c were reacted with 1-2’-C-methyl-6-O-methyl guanosine 11
following the Uchiyama procedure,? using the Grignard reagent tert-butyl magnesium
chloride (tBuMgCl) as a base. The desired ProTides (15.a-c, Scheme 3.2) were formed
as mixtures of unseparable diastereoisomers in different ratio (Table 3.1). Substitution
of the remaining chlorine of 14 by the 5’-oxigen results in an upfield *!P-NMR peaks,
shifting from 7-8 (14) to 4 ppm (15).

Amino acid Ester Yield | *P (ppm) in CDCl5/ ratio
15.a L-PhGly tBuCH, 46% 3.97, 3.60 (62/38)
15.b L-PhGly Bn 32% 3.82, 3.41 (20/80)
15.c L-Ala cProp-CH; | 32% 4.07, 3.90 (43/57)

Table 3.1. Yields, *!P NMR and diastereoisomer ratio
of 1-2’-C-methyl-6-O-methyl guanosine ProTides.
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1.2. Structure activity relationship
Upon completion of the family of !-2’-C-methyl-6-O-methyl guanosine ProTides,
ProTides were
(15.a), L-
phenylglycine benzyl ester (15.b) and L-Alanine cyclopropyl methyl ester (15.c)

which majority were synthesised previously, three additional

synthesised. Bearing respectively L-phenylglycine neopentyl ester

moieties. The most important results of the SAR are reported in Table 3.2.

Amino acid Ester ECso (M) | CCs (UM) | ClogP™

107 - - 35 >100

117 - - 5.2 >100

10a" L-Ala tBUCH 0.057 >100 1.3
15.a | L-PhGly tBUCH 0.032 n.d 45
15b | L-PhGly Bn 0.028 n.d 4.3
15.c L-Ala cProp-CH, n.d n.d 2.40
15.d" L-Ala tBuCH 0.01 7 3.3
15.e" L-Ala Bn 0.03 12 3.1
15.f D-Ala tBUCH 0.24 51 3.3
159 | L-Met tBUCH 0.06 28 3.4
15.h" | L-Leu tBuCH 0.07 14 4.7
15.i° L-lle tBuCH 0.86 18 4.7
15" L-Val tBuCH 0.19 33 4.2
15.k" L-Ala cHex 0.03 6 35

* synthesised by previously.™**

** ClogP from CS ChemDraw Ultra 11.0 software.

Table 3.2. Activity (ECsp) in HCV replicon assays and cytotoxicity (CCsp) in Huh-7 cells of -
2’-C-methyl-6-O-methyl guanosine ProTides.

Considering the L-Alanine amino acid moiety, the neopentyl ester (15.d) not only

exhibits a 500-fold boost in potency compared to the parent nucleoside !-2’-C-methyl-

6-O-methyl guanosine (11), but also enhances activity and has greater lipophilicity than

its 1-2’-C-methyl guanosine analogue (10.a), facilitating cellular uptake.* Similar trends

were observed when the lipophilic benzyl ester (15.e) was used.!

Variation of the amino acid was studied while retaining the neopentyl ester moiety.

Exhibiting a 24-fold reduction of activity compared to 15.d, the D-Ala ProTide (15.f)

proves the importance of intracellular metabolism for potency.! Bigger or branched
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amino acid moieties (15.a-b, 15.g-]) decrease anti-HCV activity compared to 15.d, but
in general are more potent than their 1-2’-C-methyl guanosine analogues.

1.3. From bench to clinical trials

From this study, 15.d (known as INX-08189 or BMS-986094) emerged as the most
promising candidate. Separated diastereoisomers showed similar activity in replicon
assays." In addition to excellent properties, such as cell permeability and good
bioavailability,> good metabolism and high triphosphate levels detected in plasma,® 15.d
is potent against multiple HCV genotypes,* exhibiting 1Cses in replicon assays of 12, 10
and 0.9 nM versus genotype 1a, 1b and 2 respectively.’ Moreover, in combination with
the standard of care therapy, 15.d showed high synergy with ribavirin.> ® These data
made 15.d one of the most potent NS5B polymerase inhibitors ever reported.
Unfortunately, its clinical development has recently been discontinued due to
cardiotoxicity developed by patients during phase 2b clinical.’

1.4. Conclusion of the ProTide approach

The ProTide technology was successfully applied for anti-HCV therapy, to the poorly
active 1-2’-C-methyl-6-O-methyl guanosine 11, affording mixtures of diastereoisomers
at the phosphorus center, releasing the same metabolite and showing submicromolar
potency against HCV.

The only disadvantage of the ProTide approach is the difficulty of separating the two
diastereoisomers using common separation techniques. As a result, only the mixture
was tested. Because metabolic enzymes are substrate specific, one diastereoisomer
might not be processed or processed slower than the other, thus affecting the overall
potency.

Hence to avoid isolation of a diastereoisomeric mixture, the notion of achiral phosphate

prodrugs was investigated by application of the phosphorodiamidate approach.
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2. Phosphorodiamidates of 1-2’-C-methyl-6-O-methyl guanosine

A new motif was designed in order to investigate the effect of an achiral phosphate
prodrug on delivering the !-2’-C-methyl guanosine 5’-triphosphate, and eventual
inhibition of HCV replication. The phosphoramidate core was retained and preferably
non-toxic natural moieties such as amines and amino acids were considered, affording

phosphorodiamidates® which general structure is depicted in Figure 3.1.

-0
N =N
(N \ N/>\NH2

P
~ - \ O
N NH

R2 OH OH
Figure 3.1. General structure of phosphorodiamidate prodrug of 1-2’-C-methyl-6-O-methyl
guanosine (R:: amine 1 or amino acid 1, R,: amine 2 or amino acid 2).

2.1. Synthetic route

Little is reported in the literature about phosphorodiamidate motif on nucleosides,
however our group was among the first to explore synthetic pathways of such
prodrugs.® 1 Nevertheless a new synthetic route had to be adapted for 1-2’-C-methyl-6-

O-methyl guanosine 11.

2.1.1. 2,2,2-trichloroethyl approach

Described by Sheeka,'* the first approach considered aimed at forming either the 2,2,2-
trichloroethyl (2,2,2-TCE) phosphorochloridate or dichloridate, followed by sequential
displacement of TCE with amines, as shown in Scheme 3.3.
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(i. anh. Et,0, anh. NEts, -80 °C then rt, 6hrs 30min; ii. anh. DbM, anh. NEt;, -80 °C then rt,
1hr 30min; iii. anh. THF, NMI, rt, 8hrs 30min; iv. CsF, rt/i’. anh. Et,0, anh. NEt;, -80 °C then
rt, overnight; ii’. pyridine, rt, 2 days; iii’. CsF, rt, 2 weeks.)
Scheme 3.3. Synthetic routes to phosphorodiamdates using TCE.

Both the 2,2,2-TCE phosphodichloridate (16) and phosphochloridate (20) were
synthesized from phosphorus oxychloride (POCIs) and 2,2,2-TCE, and were obtained in
relatively low yields (2 to 6%) after distillation. Their formation was monitored by *'P-
NMR showing a phosphorus chemical shift recorded was in accordance with the
substituents and the number of substitutions at the phosphorus center. Bis-substitution
of TCE shields the phosphorus, hence lowers the chemical shift recorded for 20 (3.10
ppm) compared to the phosphorodichloridate 16 (7.70 ppm).

Following the substitution of 16 with L-Alanine methyl ester, 17 (R::
CH(CH3)COOCHS3;) was coupled with 1-2°-C-metyl-6-O-methyl guanosine 11 provided
by Inhibitex Inc. While the *H-NMR and mass spectrum proved formation of the
desired molecule 18.a (Ry: CH(CH3)COOCHSs), *'P-NMR recorded a single peak

instead of the two expected due to the presence of a chiral phosphorus center. Either the
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signals are overlapping each other or less likely only one isomer has been formed.
However, too little amount was recovered to be able to conclude on the formation of
both diastereoisomers by HPLC or for further experiments leading to 19.a (Ri:
CH(CH3)COOCHs3) or to the phosphoramidate monoester intermediate.

Coupling of 20 with 11 afforded 21, which was sent for biological evaluation in HCV
replicon. Unfortunately, displacement of the TCE groups by N-butylamine to afford
19.b (R1=R2: CH,CH,CH,CHj3, R3: H) failed.

Due to the lack of reaction and material recovered, and the poor properties of TCE as a
leaving group, this approach was eventually abandoned. The next approach considered
was based on the lability of the P-CI bond towards substitution.

2.1.2.  Phosphorus oxychloride approach

Considering the lability of the P-ClI bond and reported synthetic routes on
phosphorodiamidates of AZT,™ the unprotected nucleoside was treated with phosphorus
oxychloride (POCIs) to generate in-situ the phosphorodichloridate (22, Scheme 3.4),
which formation was monitored by *P-NMR (~8.00 ppm). Subsequently various
amines or amino acid esters were added to obtained either symmetrical or asymmetrical

phosphorodiamidates (12 ppm < **P NMR < 18 ppm).

) o) -0
N—( N—C N—(
) J~NH, B\ J~NH, ¢\ J~NH,
N N N
N cl N N
HO _ N . o)
o I R o " R o
—_— Cl o) —_— Az e}
OH OH OH OH OH OH
1 22 23-36

(i. anh. THF, anh. NEt; (1.2 eq), RT, 30 min, POCI; (1.2 eq), -78 °C, 30 min, rt, 30 min; ii. anh.
DCM, A1, A; (5.0 eqg), NEt; (10.0 eq), -78 °C to rt, overnight.)
Scheme 3.4. Phosphorus oxychloride approach to phosphorodiamidates.
(Ar=AzorA; 1 Ay, Az amine 1 or amino acid 1, A,: amine 2 or amino acid 2)

The formation of the intermediate 22 usually takes place under Yoshikawa conditions?
to give the regioselectivity of the reaction at the 5’-hydroxyl. However here the
regioselectivity is obtained using triethylamine as a base and only 1.2 equivalents of
phosphorus oxychloride in tetrahydrofuran. To prevent degradation and hydrolysis,
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formation of 22 is monitored by **P-NMR after an average optimum reaction time of 30
min. Symmetrical phosphorodiamidates required the addition of 5.0 eq of amino acid
ester or amine. The only asymmetrical phosphorodiamidate 23 synthesised, was
obtained by addition of 1.0 eq of the L-Alanine cyclohexyl ester para-toluene sulfonic
acid salt affording the phosphochloridate seen by NMR, and then addition of 5.0 eq of
L-Alanine cyclopentyl ester para-toluene sulfonic acid salt.

A wide structure activity relationship (SAR) was built following this synthetic route.
The benzyl, cyclohexyl, neopentyl and methyl esters were selected from the ProTide
SAR results.

The tosylate salts of L-Leucine benzyl ester, L-Phenylalanine benzyl ester, and both L-
Alanine cyclopentyl ester and L-Alanine cyclopropyl methyl ester, were supplied by
Inhibitex Inc. Except L-Tyrosine and S-methyl-L-Cysteine, all amino acid ester tosylate
salts (12.c-f, 12.J) were synthesised in relatively good yields (44-94%) from the Boc
protected amino acid as described in Scheme 3.1. S-methyl-L-Cysteine amino acid ester
tosylate salts (12.g-i) were obtained by reaction of the free S-methyl-L-Cysteine with an
excess of the desired alcohol (13 to 15 eq) using the Dean-Stark apparatus.

Synthesis of L-Tyrosine phosphorodiamidates (25 a-d) was first undertaken with
commercially available L-Tyrosine—-O-methyl chloridate salt, and afforded L-Tyrosine
and an achiral specie different from the one desired. Because of the non-protected
phenol, competitive substitution on the phosphorus can occur, hence resulting in the
formation of three products: the phosphorodiamidate desired, the phosphotriester and
the mixed phosphoramidate. To prevent such competition, the commercially available
phenolic protected Boc-L-Tyrosine(tBu) amino acid was used to yield the
corresponding amino acid esters as tosylate salts, with the exception of the
commercially available L-Tyrosine(tBu)-O-methyl chloridate salt. The standard
procedure used for the formation of amino acid ester tosylate salts (Scheme 3.1)
resulted in the cleavage of both the Boc and tBu protecting groups. Attempt of re-
protection of the free phenolic alcohol by refluxing overnight using potassium
hydrogencarbonate and methyl iodide®® failed, and the starting material was recovered.
To enable orthogonal deprotection, Fmoc instead of Boc protecting group appeared to
be a wise choice since it is cleaved under mild basic conditions,™* which would not
affect the phenolic tBu ether. Scheme 3.5 describes the route to L-Tyrosine
phosphorodiamidates, starting from commercially available Fmoc-L-Tyrosine(tBu)-OH
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to obtained desired amino acid esters, followed by selective deprotection of Fmoc using
morpholine/DMF to afford the free amino acid esters (12.k-m, Scheme 3.5). Successful
coupling with 1-2’-C-methyl-6-O-methyl guanosine 11, as described in Scheme 3.5,
afforded 24.a-d in moderate yields (18-31%). Eventually the tBu ether group was
cleaved with trifluoroacetic acid (TFA)™ to afford the desired phosphorodiamidates
(25.a-d, 24-49%).
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R: CH,tBu 24.a R: CH,tBu 25.a
cHex 24.b cHex 25.b
Bn 24.c Bn 25.c
CH324.d CH3 25.d

(i. anh DCM, DCC (1.0 eq), DMAP (0.1 eq), ROH (1.4 eq), overnight, rt; ii. anh.
DMF/morpholine (1:1), 30 min, rt; iii. a) anh. DMF, anh. NEt;, 30 min, rt, POClIs, -78 °C, 30
min to rt, 30 min; b) anh. DCM, anh. NEts, -78 °C to rt, overnight; iv. anh. DCM, TFA, 30 min,
rt.)

Scheme 3.5. Route to L-Tyrosine ester phosphorodiamidates.

The synthesis of L-1soleucine benzyl ester (26.c), dimethylglycine neopentyl and benzyl
ester phosphorodiamidates failed. The non-natural amino acid is probably too hindered
to allow two consecutive substitutions at the phosphorus center, while the reaction with
L-Isoleucine benzyl ester was carried out with too little material to enable the coupling.
The poor solubility of L-Asparagine did not allow formation of amino acid ester
chloridate salts using thionyl chloride, as decribed by Turner®, but free amino acid
esters along with the starting material were obtained instead. Second reaction to obtain
tosylate salt by reaction with pTSA was attempted in vain.

The phosphorus oxychloride route enabled the recovery of one asymmetrical 23 and
twenty-two symmetrical phosphorodiamidates (19.b, 24.a-d, 25.a-d, 27.e-f, 29.a-c,
32.a-c, 34.a, 35.a-c, 36).
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2.2. Biological evaluation
2.2.1. In-vitro results
2.2.1.1. Replicon assays

The potency and cytotoxicity of phosphorodiamidates synthesised were tested in HCV
replicon assays at Inhibitex Inc. and are reported in Table 3.3.

* synthesised by co-workers.?
** scaled up for in-vivo studies.?
Table 3.3. Biological activity (ECsp) and cytotoxicity (CCsg) of phosphorodiamidates in
replicon-based assays.®

The biological results clearly indicate that phosphotriester 21 and phosphorodiamidate
prodrugs bearing simple amines (19.b and 36) are, at best, poorly active in HCV

replicon. The inactivity of 36 is likely to result from non-permeation of the host cell
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membrane since its ClogP is low (0.85), while 19.b (ClogP~2.31) is probably not a
good substrate for intracellular metabolism. The latter suggestion will be studied later in
this chapter.

Switching from simple amines to amino acid ester moieties (23-35) has a significant
impact on the activity against HCV, however cellular toxicity is observed for some
amino acids different than the L-Alanine.

The SAR of the ester moiety shows that the benzyl and methyl esters (c and d) give
similar activities for all amino acid moieties, while the cyclohexyl and neopentyl esters
(b and a) allow discrimination. In general, bigger (32-33 and 24-25) or more branched
(26, 28-31 and 35) amino acid moieties result in poor activity, with the exception of L-
Phenylalanine neopentyl ester diamidate 32.a, L-Tyrosine(tBu)-methyl ester and S-
methyl-L-Cysteine neopentyl ester diamidates (24.d and 35.a). The extra methylene
group present in L-Methionine phosphorodiamidates (30.a-b) results in a significant
loss of potency in comparison with S-methyl-L-Cysteine phosphorodiamidates (35.a-b).
Results from phosphoramidates 24.a-d, 25.a-d and 32.a-c indicate that substitution of
the phenyl group has a negative impact on HCV potency, with the tBu group being the
less tolerated, with the exception of 24.d which has a ClogP value similar to
phosphoramidates 25.a-c (5.45 < ClogP < 6.0). The low potency exhibited by such
molecules is probably due to poor cell permeation resulting from their high
liphophilicity (5.45 < ClogP < 9.8). However, with the lowest ClogP value (2.02),
phosphoramidate 25.d is also poorly active in replicon. This biological evaluation
suggests that the pocket where the amino acid moiety lies in the metabolic enzymes
accommodates preferentially small groups, such as methyl. Among the L-Alanine
family, phosphorodiamidates bearing the neopentyl (27.a), cyclohexyl (27.b) and
cyclopentyl (27.e) ester moieties are potent inhibitors of HCV replication, hence well
tolerated by the metabolic esterase-type enzymes. Bigger ester moieties (27.c) decrease
significantly the anti-HCV activity and exhibit 5 to 10-times loss of potency compared
to alkyl or cyclic esters.

Surprisingly, the unnatural D-Alanine neopentyl ester diamidate (34.a) retains the

selectivity (TI = 909) and exhibits only a 2-fold lost in potency compared to its
analogue in the L-series 27.a (T1 = 1666). Similar results were not expected since the D-
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Alanine neopentyl ester ProTide was 24-fold weaker than 15.d in HCV replicon

assays.

From this study, 27.a, 27.e and 34.a were selected for further in-vitro and in-vivo
studies performed at Inhibitex Inc.

2.2.1.2. Intracellular triphosphate level

Phosphorodiamidates 27.a, 27.e and 34.a were incubated at a concentration of 10 pM in
human hepatocytes, and levels of triphosphate were measured after 2, 6 and 24 hours
using LC-MS/MS spectroscopy (Graph 3.1). ProTide 15.d was also incubated for
comparison. This work was done by Inhibitex Inc.
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Graph 3.1. Intracellular triphosphate concentrations (C) in human hepatocytes.

Similarly to the lead compound 15.d, phosphorodiamidates deliver efficiently the
bioactive triphosphate form inside the cells, with 27.e being the less efficient. While the
maximum concentration of triphosphate is achieved after 6 hours of incubation in the
case of 15.d, both its diamidate derivatives 27.e and 34.a produce triphosphate levels up

to 24 hours after incubation, thus increasing its bioavailability.

2.2.2. In-vivo results

The three phosphorodiamidates selected (27.a, 27.e and 34.a) were formulated (95%
Capmul MCM / 5% Tween 80) and orally dosed to rats. Concentrations were collected
up to 24 hours post administration using LC-MS/MS spectroscopy. This work was done
by Inhibitex Inc.
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2.2.2.1. Pharmacokinetics

The pharmacokinetic profiles of the selected phosphorodiamidates together with 15.d
were evaluated after dosing 10 mg/kg orally to rats (Graph 3.2 and Graph 3.3).

"«

@~ 27.a (L-Ala-O-neopentyl)
1'4$%4 27.e (L-Ala-O-cPent)
34.a (D-Ala-O-neopentyl)
15.d (INX-08189)
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Graph 3.2. Concentrations of 1-2’-C-methyl guanosine 10 in rat plasma.
The exposure of parent nucleoside !-2’-C-methyl guanosine 10 in rat plasma was
measured as a biomarker to monitor liver pharmacokinetics of !-2’-C-methyl guanosine
triphosphate in-vivo.> The three phosphorodiamidates selected (27.a, 27.e and 34.a)
release similar or lower maximum concentrations of the parent nucleoside !-2’-C-

methyl guanosine 10 in comparison with 15.d, hence suggesting relatively good
stability of 1-2’-C-methyl guanosine triphosphate in the liver.

The liver concentrations of 1-2’-C-methyl guanosine triphosphate were also determined
(Graph 3.3) at Inhibitex Inc.
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Graph 3.3. Concentrations of !-2’-C-methyl guanosine triphosphate in rat liver.

After 24 hours, all phosphorodiamidates but 27.a show a concentration of 2’-C-methyl
guanosine triphosphate in liver similar or higher than 15.d, and most importantly above
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the concentration necessary to achieve 90% of inhibition of HCV replication (ECg ~
243 pmol/g liver).?

These combined results prove that phosphorodiamidates 27.a, 27.e and 34.a, are
effective prodrugs delivering the desired 2’-C-methyl guanosine triphosphate in high
concentrations and inhibiting effectively HCV replication.

2.2.2.2. Toxicology studies

Preliminary 14 days toxicity studies were performed by Inhibitex Inc. Rats were
administered orally a 30 mg/kg formulation containing each of the three most potent
phosphorodiamidates (27.a, 27.e and 34.a). The body weight was measured daily pre-
dosing. All three diamidates exhibit a more favourable toxicity profile than 15.d (Graph
3.4 b-d), with 34.a showing the best profile (Graph 3.4 c¢), with less variation in body
mass compared with the vehicule group. Its analogue in the L-series (27.a) exhibits high
gastrointestinal tract toxicity leading to morbidity in both groups of rats.

a) b)
= 15.d (INX-09189) == 27.a (L-Ala-O-neopentyl)
—= Vehicule —= Vehicule
c) d)
— 34.a (D-Ala-O-neopentyl) = 27.e (L-Ala-O-cPent)
—= Vehicule — Vehicule
X dead

necropsied in moribund conditions

Graph 3.4. Toxicity studies in rats (30 mg/kg dose).
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2.3. Mechanistic studies

To probe and better understand the mechanism of activation of phosphorodiamidate
prodrugs inside the host cells, enzymatic studies were performed and metabolic steps
were monitored by *P-NMR.

The putative mechanism of activation is described in Scheme 3.6.° The first step
consists of the cleavage of the ester moiety by esterase-type enzymes to afford 37 or 38,
followed by intramolecular attack of the charged oxygen onto the phosphorus center
forming a putative five-membered ring intermediate 39. The latter opens by attack of a
water molecule releasing the amino-acyl intermediate 40 (also called phosphoramidate
monoester), which P-N bond is then cleaved by phosphoramidase-type enzymes to
afford the desired 5’-monophosphate 41.

Scheme 3.6. Putative mechanism of activation of phosphorodiamidates.

2.3.1. Carboxypeptidase Y assays

The commercially available carboxypeptidase Y (CPY) is an esterase type enzyme
known to carry out the initial cleavage of the ester moiety. This assay was performed
incubating 35.a (3.5 mg in 0.140 mL ds-acetone) with carboxypeptidase Y (0.1 mg) in
Trizma buffer (pH~7, 0.420 mL), and *'P-NMR experiments were run every 7 minutes
at room temperature (25 °C) (Figure 3.2). While the peak corresponding to 35.a (purple)
slowly disappears with time, one new species is formed (peak at 6.45 ppm, orange).
According to the literature,"” this species corresponds to the amino-acy! intermediate 40.
Due to its putative transient nature, the *!P-NMR peak corresponding to the 5-
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membered ring intermediate 39 is not detectable. 37 and 38 are also not detected by
$IP_NMR suggesting instability of 37, which cyclises and undergoes fast hydrolysis
following the cleavage of one or both esters. This experiment does not discriminate if
both esters need to be cleaved to afford 40, however based on the ProTide mechanism
(Scheme 1.4, Chapter 1) the cleavage of only one ester should be sufficient for

delivering the amino-acyl intermediate.

Figure 3.2. Carboxypeptidase Y catalysed ester hydrolysis of phosphorodiamidate 35.a (purple:
35.a, orange: hydrolysed specie 40).

Results from the carboxypeptidase Y assay (0.1 mg) with the morpholine
phosphorodiamidate 36 (5.0 mg in 0.200 mL deuterated water) in Trizma buffer (pH~7,
0.600 mL) are reported Figure 3.3. The peak of 36 remains stable overnight, suggesting
no metabolism by carboxypeptidase Y to the key intermediate. This data correlates with
the biological results observed in replicon for both 19.b and 36 (Table 3.3) and indicates
that at least one ester moiety is required for activation of phosphorodiamidates to the
key intermediate, essential for delivery of the 5’-monophosphate.
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Figure 3.3. Carboxypeptidase Y catalysed hydrolysis of phosphorodiamidate 36.
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Similar assays were performed with phosphorodiamidates 24.c and 25.c, bearing L-
Tyrosine as amino acid and benzyl as ester moiety, only differing by the presence of the
tert-butyl group. 25.c (3.1 mg) was dissolved in deuterated acetone (0.124 mL) and
incubated with CPY (0.1 mg) in Trizma buffer (pH~7, 0.372 mL). Similarly, 24.c (1.6
mg) was dissolved in deuterated acetone (0.064 mL) and incubated with CPY (0.1 mg)
in Trizma buffer (pH~7, 0.192 mL). *!P-NMR experiments were recorded every 7
minutes for 14 hours. The data are represented in Graph 3.5.

Graph 3.5. Graphic representation of carboxypeptidase Y assay experiments of 24.c (blue) and
25.c (purple) (green: amino acyl intermediate of 25.c, red: amino acyl intermediate of 24.c, x:
time in min, y: % of molecule present during the experiment).

This graph indicates slow ester cleavage of 25.c to its amino-acyl intermediate, whereas
24.c is not processed. L-Tyrosine amino acid is probably too big to fit properly in the

esterase enzymatic pocket, hence poor hydrolysis to its amino-acyl intermediate.

2.3.2. Cell lysate

A study of the second metabolic step was performed at 37 °C in deuterated water (0.200
mL) incubating Huh-7 cell lysate with 35.a (Img in 0.05 mL of DMSQO) and was
monitored by *P-NMR overnight (Figure 3.4). This experiment was not conclusive on
the delivery of the 5’-monophosphate 41 (green), since the *P-NMR peak at 2.54 ppm
corresponds to the cell lysate and not the desired metabolite, which *!P-NMR peak
should appear more upfield (~0.9 ppm).*®* However, if conversion to the 5'-
monophosphate occurs, it is relatively slow since 35.a remains after 24 hours.
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Figure 3.4. Huh-7 cell lysate assay of 35.a
(purple: 35.a).

2.3.3. Molecular modelling
2.3.3.1. Docking with cathepsin A enzyme

Cathepsin A is an esterase-type enzyme sharing similar structural homology and
substrate specificity with carboxypeptidase Y. % The crystal structure of cathepsin,
available in the protein data bank (PNB 1YSC),? was used for docking studies.
Interactions between the carbonyl group of the ester moiety and Serl146, Gly53, and

Gly52 are essential for ester catalytic cleavage.

In order to investigate the ester cleavage step, phosphoramidates 35.a, 24.c and 25.c
were docked into the catalytic site of cathepsin A. Figure 3.5 and Figure 3.6 report the
molecular modelling predictions. Docking of 35.a (Figure 3.5) suggests that one
carbonyl group of the S-methyl-Cysteine neopentyl ester moiety is in the right position
for ester cleavage (in comparison with the L-Alanine-neopentyl ester 1-2’-C-methyl-6-
O-methyl guanosine ProTide 15.d). It correlates with the formation of the amino-acyl

intermediate 40 observed in the carboxypeptidase Y experiment (Figure 3.2).
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Figure 3.5. Docking of S-methyl-Cysteine neopentyl ester phosphorodiamidate 35.a (grey) and
15.d (orange line) in the catalytic site of cathepsin A enzyme (red: oxygen, blue: nitrogen, pink:
phosphorus, yellow: sulfur).

Figure 3.6. Docking of L-Tyrosine benzyl ester phosphoramidate 25.c (yellow) and L-Tyrosine-
O-tert-butyl benzyl ester phosphoramidate 24.c (blue) in the catalytic site of cathepsin A
enzyme (red: oxygen, blue: nitrogen, pink: phosphorus).

Docking of 24.c and 25.c predicts that the combination of the bulky L-Tyrosine amino
acid together with the benzyl ester moiety does not accommodate easily in the catalytic
pocket of cathepsin A. The tert-butyl group of 24.c makes it even worse and provokes a
clash with the surface of the pocket preventing good fit for catalytic mechanism; hence
no delivery of the amino acyl intermediate is predicted and correlates with the
observations of the carboxypetidase Y assay (Graph 3.5). Whereas 25.c accommodates
tightly in the pocket, enabling the ester carbonyl group to lie in proximity to the
catalytic residues. This prediction may explain the extremely slow conversion to the
amino-acyl intermediate (Graph 3.5) and the low antiviral activity exhibited in replicon-

based assays.
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2.3.3.2. Docking with Hint-1 enzyme

Human histidine triad nucleotide-binding proteins (Hint) are a superfamily of nucleotide
transferases and hydrolases which are thought to be responsible for the P-N bond
cleavage of phosphoramidate monoesters into nucleoside monophosphates.?? %
Adenosine monophosphate-bound amines are the natural substrates of Hint, and
hydrolysis of the P-N bond occurs via interaction of the key residue Ser107, His112 and
His114.2* Interactions between the substrate and the histidines are key for catalytic
hydrolysis (Figure 3.7).>> One of the three histidines (blue) attacks the phosphorus
center resulting in release of the amino acid moiety, which is subsequently protonated
by the serine (green). Attack of a molecule of water triggers the hydrolysis to the 5’-

monophosphate and release the histidine (blue).

Hint ~__ Hint
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Figure 3.7. Mechanism of action of Hint enzyme.

Docking studies with the amino acyl intermediate 40 of phosphorodiamidate 35.a were
carried out with human Hint-1 enzyme (PNB 1KPF)? and the co-crystallised structure
of adenosine monophosphate (AMP, orange line), in order to identify the active site of

this enzyme (Figure 3.8).%

Figure 3.8. Docking of S-methyl-Cysteine amino acyl intermediate 40 within the catalytic
pocket of human Hint-1 enzyme.

This docking predicts that the phosphate moiety lies far from the catalytic residues. In
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comparison with AMP, the carbonyl group of the amino acyl intermediate 40 lies where
the phosphorus moiety should be accommodated for efficient hydrolysis. This might be
the reason of poor intracellular conversion of 35.a to its 5’-monophosphate, as
suggested by the cell lysate assay (Figure 3.4), and thus, might explain the biological
activity reported against HCV (Table 3.3).

2.4. Summary and conclusions

The phosphorodiamidate technology applied to !-2’-C-methyl-6-O-methyl guanosine
11 was successful and resulted in L-Alanine neopentyl ester ProTide as a mixture of
diastereoisomers (15.d). The diastereoisomers being hardly separable by flash
chromatography, the mixture was advanced up to phase 2 clinical trials for hepatitis C
treatment, at which stage severe cardiac and liver toxicity were found and halted its
progression. As a back-up project, new achiral phosphate prodrugs were investigated for
delivery of the same bioactive form, 1-2’-C-methyl guanosine triphosphate, inside the
cells. Novel phosphorodiamidates were designed and synthesised successfully and
exhibited good inhibitory potency in HCV replicon assays. A large SAR was built and
enzymatic assays showed that at least one amino acid ester moiety is essential for
activity. Biological results showed that alkyl ester moieties and small amino acid
moieties were preferred. Enzymatic assays and molecular docking experiments predict
that long chains or bigger groups at the amino acid C- may not only slow down or
prevent hydrolysis to the amino acyl intermediate (CPY and cathepsin A), but also may
lead to incomplete or relatively poor metabolism in Huh-7 cells (cell lysate and Hint-1).
These data reflect the reported anti-HCV activity in replicon assays.

From this study, three of the most potent molecules in-vitro were selected and dosed to
rats. High 1-2’-C-methyl guanosine triphosphate levels were measured in-vivo and good
pharmacokinetics profiles were obtained. In particular, the unexpected promising results
of the D-Alanine neopentyl ester phosphorodiamidate 34.a, which appeared as the best
back-up molecule for 15.d.

To conclude, phosphorodiamidate is a new and effective phosphate prodrug motif,
which may enhance the properties and selectivity index of ProTide analogues.
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Chapter Four: Nucleobase modifications

of | -2GC-methyl-6-O-methyl guanosine

1. Backgroundand Objectives

Numerous heteltase modifications of nucleoside analoghese resdted in potent
antiviral agents, such as ahtCMV acyclic uracil analoguesor the antiHCV N-1-
hydroxyinosine (42, Figure 4.)° and !-D-N-4-hydroxycytidine (43, Figure 4.}.°
Within the ! -2GC-methyl ribonucleosidefamily, modificationsare mainly reported at
positionsC-2,* C-6*>® and C-7 of the nucleobask® While C-6 modificatons increase
significantly the lipopilicity and eventually resultn retention orenhancement of
potency against HCY the Zdeazamodified adenosine analogud4, Figure 4.}
exhibits significant invivo potency against HCV Whereas the€-8 position ha never
been explored on the -Bmethyl series, it has been extensively studied on other
nucleoside analogu¥ssuch as guanosine and its-d¥dxy derivatives as anti
proliferative agent$®

OH
0
&N'OH " N2
N SN
! \ /> (k J SN
HO AN N HO N/&o HO N | »
:o: :o: | o N
OH OH OH OH OH OH
[ L # }

Figure 41. Structure of anttHCV base modified purinand fyrimidine nucleosides.

Considering thentiviral success othese nucleobasmodifications,C-8 and 7deaza
modifications were investigated 6r2GC-methyt6-O-methyl guanosindlin order to
explore the impact of steric, electronic and hydrogen borchaggesn the antrHCV

activity.
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2. 8-modifications ofl -2GC-methyl6-O-methyl guanosine
2.1.Introduction

Since Holmes andl. reported thepreparation of the active-@omoguanosing45,
Figure 42),*2 numerousC-8 modified purine nucleosides hae beendesigned and
synthesisedas anticancef’ and antiviral agents->'® and have also been used for the
study of DNA mdificationscausedy carcinogenic agent§?* The introduction of>-8
substituerd do not affect thebasepairing with pyrimidinesthus the ability to form
nucleic acid duplexes is retained. Pointing outside the DNA minor groove, 8
substituents only modulate the interaction witproteins?

O

N
NH
s— ]I
HO N™ >N NH,
o

OH OH
|

Figure 42. Structure of ®romoguanosine.

Modifications at theC-8 position of ganosinehave beenextensively investigated and
reactions such as halogenation, oxidation and nucleophilic addition of various amines o
aryl groups are largelyeported in the lgrature.However as mentioned previously,
these modifications have neverebpeexplored irthe HCV fieldand t was decided to
address the effect d2-8 steric hindrancen HCV activity when applied td -2GC-
methyl6-O-methyl guanosinél.

2.2.Synthesis of 8nodified nucleosides

Modifications including amino, ether and cyano groupsgere considered for
substitution at the -osition of the ! -2GC-methy+6-O-methyl guanosind.1 (Scheme
4.1). These wee obtainedstartingfrom the halogenated derivativpeeviouslyprepared
by electrophilic additioff at C-8 of ! -20C-methyt6-O-methyl guanosind 1, provided
by InhibitexInc.
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(i. anh. MeOH, NBS (1.2 eq), 80 min, 96%ii. anh. THF, NIS (2.6 eq)}r3 days, in the dark,
25%; iii. anh. THF, NCS (1.2 eq), /8 days, in the dark, 66%; iv. a) anh. MeOH, BaNBI5
eq), sealed vessel, 116, 3 days, 6.6%; b) anh. DMF, NH(GH (1.2 eq), anh. NE{2.6 eq),
115iC, 3 days, 51%; v. a) anh. DMF, pyrroiite (1.2 eq), anh. NE(2.6 eq), 115C, 3 days,
9%; b) anh. pyridine, NaOAc (10 eq)iMI (0.38 eq), A (10.6 eq), (N®HCO;s, relux,
overnight; ¢) DMSO, NaiN(3.0 eq), 75C, overnight; d) anh. BnOH, NaOBn (3.0 eq), €5
48 hrs; vi. a) hydrazine hydte, 100iC, 42 hrs; b) anh. DMF, tributyltin cyanide (1.1 eq), Pd
Tetrakis (0.05 eq), 98C, 3 days; vii. a) anh. MeOH, anh. NHMe (1.3 eq), 1€518hrs, 37%;
b) anh. MeOH, anh. aniline (2.0 eq), 16, 3 days, 32%; c) anh. MeOH,-blutylamine (2.0
eq), ®aled vessel, 115, 3 days, 27%; d) anh. EtOH, NaOEt (3.0 eq), reflux, overnight; e)
anh. MeOH, 2Zaminopentane (2.0 eq), sealed vessel, @5 3 days; f) HO, hydrazine
dihydrate, reflux, 2 hrs)

Scheme 4. Synthetic pathway to

8-modified! -2GC-methyl6-O-methyl guanosine nucleosides.

2.2.1. Preparation of -2GC-methyl6-O-methy}t8-halogeno guanosine

Halogenation atC-8 postion of purineanaloges is extensivelyreported in the
literature™® #* *The most common reagent for iodiisa, chlorination or bromination

is the correspondiniy-halogeno succimide known asa source of halogens in various
electrophilic additiong® N-halogencsuccinmide reagents were used eitiemmethanol

or tetrahydrofurafi for the preparation of modeles46, 47 and 48 (Scheme 4.1)n
moderate tayood yields(25 to 96%) The electron rich heterobase acts as nucleophile
by total delocalization of thd -electrons, while theN-succinmide releasg the
correspondingelectrophilic halogen at a low concentration in the meSiiace! -20C-

!
! 54
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methyl6-O-methyl guanosinell is solubk in both methanol and tetrahydrofuran
protection of the hydroxyl groups the sugawas not required.

Bromination atthe 8position wa fast (onehour at room temperature) in comparison
with the chlorination or iodination reactions. Moreover, the la@s kept in the dark to
avoid decomposition due to tlgesence of thehotolabile iodine atomAll novel 8-
halogenatednucleosides46, 47 and 48 were then subject to various aromatic
nucleophilic substitutions.

2.2.2. Sulstitutions of! -2GC-methyk6-O-methyt8-halogeno guanosine

The electronic effect of the haloghas an impact on the stability of the carb@iogen
bond, hence it is expected tt&todo derivative @7) would react quicker than the 8
bromo derivative46), which shoull be more reactive than thecBloro derivative 48).

In addition, substitution of halogewith various groups at thé-8 of the heterobasés
not usually regioselective and depending on the electron density of the ring the attacl
can be favared in posibn C-6 of the purinering.?® However, in the case @6, 47 and
48, the methoxy group &E-6 is much less reactive than the haloge©-& towards
substitutions. Furthermore, even in case of-dikilogenopurine the nucleophilic
displacement occurs primigr at C-8 even in thecase of weakly basic nucleophilic
reagent® Hence explainingthe regioselectivityobserved atC-8 with our nucleoside
during thenucleophilic aromatic substitution.

2.2.2.1.8-N-modified! -2GC-methyt6-O-methyl guanosine

Substitition of C-8 haloges was first performed with primary and secondary alkyl or
aryl amines such as methylamine, dimethylamine, aniline, benzylamine, pyrraNdine,
butylamine, 2aminopentane or hydrazine hydrate; afready reported on 20
deoxyguanosinguanosineor adenosiné’

High temperature and pressure were necessary to achieve most of these aromat
aminations, while the same reaction at room temperature I¢ietieecovery of the
unreacted®-halogend -2GC-methyt6-O-methyl guanosiné46-48).
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2.2.2.1.1C-8 substitution byrimary amines

Substitution of chlorine 48) or bromine 46) in 8-position with primary amines was
relatively easyas previouslyeported in the literatune the case of sevalrotherpurine
analogue$® Nucleosidest9, 57 and 58 were obtained in lowo moderate yield$7 to
37%), only changing the equivalent of primary amioeereducethe eventual double
substitution(C-8 andC-6). However, even addition &0 equivalentof primary amine
did not substitute the 83-methyl group The use of anhydrousolvent with liquefied
amines wasequired to avoigide reactions and degradatiSn

Aromatic groups being synthetically tolerated G8, substitutiors of longer alkyl
amine and branched alkylamine were then investigated Reactionof 48 with N-
butylamineafforded 59 in 27% yield following the experimental conditions preusly
mentiored In contrast, substitution with-@ninopentane did not occuviore reactive
8-bromo analogue 46, was subjectto similar conditions. Howeverjntroducing
triethylamine or switchig from polar protic solvent (methahdbd polar aprotic solvent
(dimethyl formamideand tetrahydrofurajh did not allow theformation of the desired
molecule 61, but only degradation andecovery ofunreacted starting materialhis
behaviourwould suggest that branchatkyl amines are not tolerated at position 8 of
the nucleobasm this reactionThis result is contradictory tihe successful substitution
of more hinderd phenylamine%8) and benzyl amine4).

Following the conditions reportemh the literaturefor the synthesis of -8ydrazino
guanosiné’ reaction between compound? and hydrazine hydrate & to total
degradation. Theynthetic conditions report&dto form 8-hydrazinoguanosine uses
hydrazine 60% instead of hydrazine 25%4,high tempe