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Abstract 

 

Cancer and viral infections such as hepatitis B infection and acquired immune deficiency 

syndrome (AIDS) have caused millions of deaths worldwide. The use of nucleoside 

analogues, a main class of treatment for these diseases, is limited due to their unpleasant side 

effects and the development of resistance. Hence, there is an urgent need for new and 

effective anticancer agents and antiviral agents for treating these diseases. 

 

These limitations of nucleotide analogues can be improved by delivering them into cells as 

monophosphate prodrugs rather than as nucleosides. The aryloxy triester phosphoramidate 

prodrug technology, commonly referred to as ProTide technology, is one of the most 

successful prodrug technologies used to enhance the drug-like properties of therapeutic 

nucleosides. However, a key issue is that ProTide metabolism depends on the expression of 

two different enzymes at the action site. Additionally, due to the system regarding patenting 

and intellectual property, its extensive use by the pharmaceutical industry and medicinal 

chemistry academic researchers for the discovery of nucleoside analogue ProTides has 

limited further applications. Therefore, a new IP-free nucleotide prodrug technology is 

needed to stimulate the discovery of new anticancer and antiviral nucleoside and nucleotide 

prodrugs.    

 

The aim of this study was to discover new IP-free nucleoside monophosphate prodrugs that 

can treat cancer, HBV, and HIV and overcome current resistance mechanisms. Particularly, 

we aimed to design a new IP-free monophosphate prodrug approach, which was termed 

POMtide and POCtide prodrugs. The POMtide monophosphate group is masked by 

pivaloyloxymethyl (POM) and aryl motifs, while the POCtide monophosphate group is 

masked by isopropyloxymethylcarbonate (POC) and aryl motifs. The nucleoside analogue 

prodruges synthesised in this study include d4T, FUDR, AraC, L-thymidine, L-uridine, and 

lamivudine as well as their derivatives. Metabolism studies of these prodrugs are reported for 

the release of desired metabolites, and for the first time, the POMtide metabolism pathway is 

reported. Additionally, these prodrugs show good stability in human serum, and their 

biological evaluation is reported against several established tumour cell lines.  Collectively, 

the data indicated that the potency of the anticancer POMtide prodrugs was comparable to 

that of anticancer ProTides drugs, and in some cases, it was much better. Hence, they could 

be considered potential therapeutics.  
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Chapter 1. Introduction  

 

1.1 Nucleoside and nucleotide analogues 

For over 50 years, nucleoside analogues have been used in clinical settings to treat cancer or 

viral infections.1 Nucleoside and nucleotide analogues are chemically modified synthetic 

compounds that have been developed to mimic endogenous nucleotides and endogenous 

nucleosides (thymidine, guanosine, adenosine, cytidine, and uridine), which are involved in 

several cellular processes such as deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) 

synthesis, cell signaling, enzyme regulation, and metabolism, and mimic their physiological 

counterparts to exploit cellular metabolism and inhibit cell division and viral replication by 

subsequently being incorporated into DNA and RNA.1 Additionally, nucleotide analogues 

can interact with and inhibit essential enzymes such as human and viral polymerases.1 

 

In the early 1950s, two natural nucleosides with antiviral activity (spongouridine and 

spongothymidine) were isolated from marine sponges.2 They were found to contain an 

arabinose sugar, which marked the first time a  nucleoside sugar other than ribose or 

deoxyribose was found.2 This finding led to the discovery of the first synthetic antiviral 

nucleoside analogue, idoxudine, which was approved by the Food and Drug Administration 

(FDA) in 1969 for the treatment of herpes infection. However, idoxudine is only used 

topically due to cardiotoxicity. Currently, over 25 nucleoside and nucleotide analogues have 

been approved for use as antiviral agents against hepatitis, human immunodeficiency virus 

(HIV), and herpes viruses.3 Structurally, the clinically approved antiviral analogues include 

nucleosides and (cyclic and acyclic) nucleotides (Figure 1.1 and 1.2). In addition, over 15 

anticancer nucleoside analogues have been approved by FDA for the treatment of various 

cancers such as lung, pancreatic, bladder, and breast cancers, as well as leukemia and 

lymphoma (Figure 1.3 and 1.4).4 

 

Antiviral agents greatly differ from anticancer agents in that their nucleoside and/or 

nucleotide analogs have low activity on mammalian enzymes, which provide them better 

tolerance profiles compared to the anticancer nucleoside analogs.1 
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Figure 1.1. Chemical structures, approval year, and type of viruses targeted by the FDA-

approved antiviral pyrimidine nucleoside analogues.5 
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Figure 1.2. Chemical structures, approval year, and type of viruses targeted by the FDA-

approved antiviral purine nucleoside analogues.5 
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Figure 1.3. Chemical structures, approval year, and type of cancer targeted by the FDA-

approved anticancer nucleoside analogues.4
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Figure 1.4. Chemical structures, approval years, and type of cancer targeted by the FDA-

approved anticancer nitrogen base analogues.4  
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1.1.1 Modification of natural nucleosides 

The general structure of natural nucleoside consists of sugar and heterocyclic base (Figure 

1.5). The sugar unit is the most significant difference between DNA and RNA structures. 

DNA contains ɓ-2ô-deoxy-D-ribose and RNA contains ɓ-D-ribose. However, the OH group 

at the anomeric carbon can be in equatorial and axial positions which gives ɓ- and Ŭ-form, 

respectively (Figure 1.5).6 ɓ-sugar is more stable than Ŭ-sugar that because all the OH (large 

groups) in equatorial position far away from each other as possible so the ring system has less 

steric hindrance.  

 

Figure 1.5. Chemical structures of D-ribose and 2ô-deoxy-D-ribose sugars.  
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Inside a host cell, RNA and DNA viruses replicate their genomes by utilising the host cellôs 

natural nucleotide triphosphates for transcription. Thus, the RNA/DNA replication processes 

are an effective target for nucleoside analogue antiviral agents.7 Nucleoside analogues with 

antiviral/anticancer activities are obtained by structurally modifying the D-configuration of 

natural nucleosides.8 Additionally, modifications to the heterocyclic base and/or the sugar 

moiety of natural nucleosides can lead to antiviral and anticancer activities (Figure 1.6).  

 

The principal modifications in the sugar moiety utilised by medicinal chemists include the 

inversion of the hydroxyl group configurations, elimination of hydroxyl groups leading to 

dideoxy- or dideoxy-didehydro-nucleosides, substitution/functionalisation by various 

synthetic groups, and cleavage of the sugar ring leading to acyclic nucleosides.8 Table 1.1 

shows the natural nucleosides in DNA and examples of some nucleoside analogues with 

modified sugar moiety. 
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Figure 1.6. Chemical structures of natural nucleosides, including thymidine (37), 2ô-

deoxycytidine (38), 2ô-deoxyguanosine (39), 2ô-deoxyadenosine (40), and 2ô-deoxyuridine 
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(41), and their modified drugs.  

 

Table 1.1. Natural nucleosides and examples of their modified therapeutic nucleoside 

analogues, type of activity, and type of modifications. 

Natural nucleoside Example of 

nucleoside 

analogue 

Activity  Modification  

Thymidine (37) Zidovudine (3) Anti-HIV  ¶ The 3ô-hydroxyl group is 

replaced with an azido 

group  

2ô-deoxycytidine (38) Lamivudine (6) Anti-HIV 

and HBV  

¶ The sugarôs 3ô-carbon is 

replaced with a sulfur 

atom 

¶ L-isomer  

2ô-deoxyuridine (41) Floxuridine (22) Anticancer ¶ Addition of fluorine atom 

at the fifth position of 

uracil   

2ô-deoxyguanosine (39) Acyclovir (12) Anti-HSV 

and VZV 

¶ The 2ô- and 3ô-carbons of 

the sugar are removed  

2ô-deoxyadenosine (40)  Vidarabine (10) Anti-HSV ¶ Inclusion of an ara-2ô-

hydroxyl group  
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1.1.2 Intracellular a ctivation of nucleoside analogues 

The pharmacological effects of nucleoside analogues are based on the intracellular 

phosphorylation to their mono (42), di (43), and triphosphate (44). Nucleoside analogues 

enter the cell through transporters such as concentrative nucleoside transporters and peptide 

transporters or by passive diffusion.1,9,10 Inside the cell, they are subsequently 

phosphorylated, and the first phosphorylation step is catalysed by nucleoside kinases such as 

thymidine kinase 1, to yield the nucleoside 5ô-O-monophosphate (42), which is then 

converted to 5ô-O-diphosphate (43) by nucleoside monophosphate (NMP) kinases. The last 

phosphorylation step is catalysed by nucleoside diphosphate (NDP) kinases to yield the active 

5ô-O-triphosphate derivative (44) (Scheme 1.1).9 

 

 

Scheme 1.1. Intracellular activation of nucleoside analogues. The first phosphorylation step 

generates the nucleoside 5ô-O-monophosphate (42), the second generates the 5ô-O-

diphosphate (43), and the last generates the active 5ô-O-triphosphate (44). NMP: nucleoside 

monophosphate kinase enzyme, NDP: nucleoside diphosphate kinase enzyme. 

  

1.1.3 Nucleoside analoguesô mechanism of action 

Generally, the active forms of nucleosides, which include the mono (42), di (43), and 

triphosphate (44) forms, act by inhibiting various intracellular enzymes, e.g., the triphosphate 

species inhibit viral or human polymerases.3,4 Additionally, they act as competitive inhibitors 

of DNA and RNA synthesis. When incorporated into DNA or RNA, they induce the 

termination of chain elongation or induction of apoptosis.1 
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1.1.3.1 Antiviral activity  

Vidarabine (10, Figure 1.2), the first antiviral nucleoside analogue approved by the FDA, is 

systemically administered in clinics.3 It is an arabinosyladenine with high potency against 

herpes simplex virus (HSV) and varicella zoster virus (VZV) infections, and it targets their 

viral DNA polymerases. Nowadays, it is used in the treatment of acute keratoconjunctivitis, 

recurrent superýcial keratitis caused by HSV-1 and HSV-2, and herpes zoster infections in 

AIDS patients.5  

 

L-nucleoside enantiomers are an important class of antiviral agents whose antiviral activity is 

comparable and sometimes greater than that of their D-counterparts.8 They have 

demonstrated favorable toxicological profiles and greater metabolic stability than their 

natural counterparts.8 The L-nucleosides lamivudine and telbivudine (Figure 1.1), which are 

the mirror images of the natural nucleosides cytidine and thymidine, respectively, are 

sterically hindered when taken up by viral polymerases or added to DNA chains, causing 

them to interfere with DNA/RNA replication. Like other nucleoside reverse transcriptase 

inhibitors (NRTIs), they need to be in the triphosphate form to inhibit viral replication by 

inhibiting HBV reverse transcriptase. After phosphorylating all NRTIs, known as 

2ô,3ôdideoxynucleoside analogs, to 5ô-O-triphosphates, their mechanisms as chain 

terminators become similar.3 Since 1995, lamivudine has been used as a last resort to treat 

chronic HBV infection.5 Additionally, it is used in combination with other anti-HIV 

medications to prevent and treat HIV infection.3 

 

The second generation of antiviral nucleoside analogues structurally includes an acyclic 

sugar. Acyclovir, which was discovered in 1982, is the best example of an acyclic antiviral 

nucleoside analogue.11 It is used in the treatment of VZV and HSV and shows high 

selectivity, low cytotoxicity, and limited side effects.12,13 

 

To target multiple stages of the virus life cycle, antiviral nucleoside analogues are commonly 

administered with other drugs to minimise viral resistance. However, for antiviral nucleoside 

analogues to be active  inside the infected cell, they must be phosphorylated to generate 5ô-O-

triphosphate.14  
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Overall, nucleoside analogues are an effective class of drugs in treating viral infections such 

as HBV and HIV. To achieve their pharmacological activity, they need to be phosphorylated 

inside the cell into the active 5ô-O-triphosphate form.  

 

1.1.3.2 Anticancer activity  

The nucleoside and nucleobase analogues showed in (Figures 1.3 and 1.4) have been 

approved by the FDA as antimetabolite chemotherapeutic agents. They are chemically 

modiýed analogues of natural nucleosides and nucleobases, and they are used as 

monotherapy or in combination therapy to treat various cancers.4 Additionally, many other 

nucleoside analogue candidates are currently being investigated in clinical trials as anticancer 

agents.1  

 

Within the body, similar to antiviral nucleoside analogues, anticancer nucleoside analogues 

must be phosphorylated inside the infected cell to become pharmacologically active. The 

cellular uptake for most anticancer nucleoside analogues is carried out by concentrative 

nucleoside transporters (CNT or SLC28) and/or equilibrative nucleoside transporters (ENT or 

SLC29).15 Inside the infected cell, anticancer nucleoside analogues are phosphorylated to the 

5ô-O-monophosphate; this is often the rate-limiting step in the process to generate the active 

5ô-O-triphosphate metabolites. Thymidine kinase 1, thymidine kinase 2, 2ô-deoxycytidine 

kinase, and 2ô-deoxyguananine kinase are responsible for the first phosphorylation step.16 

 

Anticancer nucleoside analogues utili se two modes of action to kill cancer cells (Figure 

1.7).17 The first mode of action is by incorporation of the 5ô-O-triphosphate, a substrate of 

DNA polymerases, into DNA.17 This incorporation is done during DNA replication or DNA 

excision repair synthesis, giving rise to stalled replication forks and chain termination.14 It 

often leads to apoptosis after activation of various DNA damage sensors that stimulate DNA 

repair and stop cell progression.18 The degree of selectivity for the incorporation of 

nucleoside analogues 5ô-O-triphosphates into cancer cell DNA, and not into the healthy cell 

DNA, depends on the nature of cancer cell replication as they replicate their genomes more 

frequently than the majority of normal adult cells, which are not actively synthesising their 

DNA.19 Moreover, 5ô-O-triphosphates can cause transcriptional termination and messenger 

RNA (mRNA) and ribosomal RNA (rRNA) instability by incorporation into RNA.20,21 
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The second mode of action of anticancer nucleoside analogues involves the inhibition of key 

cellular enzymes such as ribonucleotide reductase, purine nucleoside phosphorylase, and 

thymidylate synthase, by the mono (42), di (43), and triphosphate (44) forms of nucleoside 

derivatives.22,23,24 The ribonucleotide reductase enzyme is responsible for removing the 2ô-

hydroxyl group from the ribose sugar of ribonucleotide triphosphates to generate de novo 2ô-

deoxyribonucleoside triphosphate.22 In purine metabolism, purine nucleoside phosphorylase 

catalyses the reversible phosphorolysis of purine nucleosides.23 Finally, the inhibition of 

thymidylate synthase leads to subsequent decrease of thymidine, which can be deleterious for 

cancer cell growth.24 

 

 

Figure 1.7. General modes of action of anticancer nucleoside analogues. 1. Inhibition of key 

cellular enzymes. 2. Incorporation of the 5ô-O-triphosphate into DNA. Nuc kinase: 

nucleoside kinase enzyme, NMP: nucleoside monophosphate kinase enzyme, NDP: 

nucleoside diphosphate kinase enzyme, RNR: ribonucleotide reductase, TS: thymidylate 

synthase, DNA: deoxyribonucleic acid, RNA: ribonucleic acid.  
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Gemcitabine (Figure 1.3), 2ô,2ô-difluoro-2ô-deoxycytidine, has been successfully used as an 

anticancer nucleoside analogue. Gemcitabine, approved by the FDA in 1996,  has become the 

standard of care for the treatment of pancreatic cancer.25 Moreover, it has also gained 

approval for treating non-small cell lung, ovarian, bladder, and breast cancers.26 To inhibit 

tumor growth, it must be intracellularly phosphorylated to 5ô-O-diphosphates and 5ô-O-

triphosphates. Some of its mechanisms of action have been reported, including the 

replacement of deoxycytidine during DNA replication by 5ô-O-triphosphate and inhibition of 

ribonucleotide reductase by 5ô-O-diphosphate.27,28 

 

An example of an N-base analogue is the more promising compound mercaptopurine (33, 

Figure 1.4),  a thiopurine analogue that was rapidly advanced into clinical trials and 

approved by the FDA in 1953. Over the years, mercaptopurine has been successfully used to 

treat paediatric acute lymphocytic leukemia (ALL) and hematologic cancers (childhood and 

adult leukemias).29 It remains part of the standard of care for the treatment of acute 

lymphocytic leukemia, and it is used in combination with other chemotherapeutic agents.30 

As mercaptopurine is a thiopurine analogue, it requires further metabolism by cellular 

enzymes to reach the major active metabolites 6-thio-2ô-deoxyguanosine-5ô-O-triphosphate 

(45, Figure 1.8) and methylthioinosine-5ô-O-monophosphate (46, Figure 1.8).31,19 

 

 

Figure 1.8. Chemical structures of the mercaptopurine major active metabolites 6-thio-2ô-

deoxyguanosine-5ô-O-triphosphate (45) and methylthioinosine-5ô-O-monophosphate (46). 

 

All anticancer N-base, nucleoside, and nucleotide analogues are prodrugs that require 

intracellular activation to generate their active metabolites. However, there are a number of 

limitations associated with the administration of nucleoside analogues drugs such as the 

phosphorylation steps, poor oral bioavailability, and resistance mechanisms by viruses and 

cancer cells.9 
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1.1.4 Issues with nucleoside analogue drugs 

Since nucleoside analogues are chemically modified compounds that mimic naturally 

occurring nucleosides, the structural differences between the nucleoside analogues and the 

natural nucleosides often makes the phosphorylation of the analogues by cellular or viral 

kinases inefficient.32 This limits the generation of the active nucleoside analogue metabolites, 

which ultimately limits their therapeutic effects.32 

 

Most nucleoside analogues are polar compounds with low intestinal permeability.33 Their 

unfavourable physiochemical properties limit their absorption, and thus, most nucleoside 

analogues demonstrate poor oral bioavailability. Additionally, due to poor membrane 

partitioning properties, their transport across the cell membrane is mainly via the  paracellular 

route.33 

 

Then, the therapeutic efficacy of nucleoside analogues is further limited by resistance, which 

is mediated by various mechanisms of action (Figure 1.9), including the downregulation of 

the nucleoside kinases (the enzyme responsible for the first phosphorylation step), which 

ultimately limits the conversion of nucleoside analogues to the active triphosphate 

metabolites;34 the deficiency of nucleoside transporters, which limits the nucleoside 

analogues cellular uptake;35 the activation of phosphatase enzymes, which dephosphorylate 

the active metabolites;36 and  the rapid degradation of the nucleoside analogues into toxic by-

products through the expression of key deactivating enzymes such as cytidine deaminase, 

e.g., deaminases transform the anticancer nucleoside cytarabine (21) to the pharmacologically 

inert uridine arabinose (47, Figure 1.9). 37,38 

 

Collectively, all these issues associated with the administration of nucleoside analogues limits 

their activities as anticancer and antiviral agents. To address these limitations, the delivery of 

phosphorylated metabolites was suggested. However, the intracellular delivery of 

phosphorylated metabolites faced challenges (see below), which led to the discovery of 

phosphate prodrug technologies with improved delivery and efficacy.  
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Figure 1.9. Nucleoside analogues resistance mechanisms. 1. Deficiency of nucleoside 

transporters. 2. Downregulation of the nucleoside kinases. 3. Activation of phosphatase 

enzyme. 4. Expression of key deactivating enzymes e.g. conversion of the anticancer 

nucleoside analogue cytarabine to the inactive metabolite uridine arabinoside. Nuc kinase: 

nucleoside kinase enzyme, NMP: nucleoside monophosphate kinase enzyme, NDP: 

nucleoside diphosphate kinase enzyme.  
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1.2 Nucleoside analogues phosphate and phosphonate prodrugs 

To overcome some of the resistance issues of nucleoside analogues, one of the strategies 

often employed  is the delivery of the phosphorylated metabolites as a means of by-passing 

the kinase-dependent phosphorylation steps leading to an enhancement of the nucleoside 

analoguesô therapeutic activity.32 However, the intracellular delivery of phosphorylated 

metabolites faces two main challenges. First, mono (42), di (43), and triphosphate (44) 

metabolites are ionised at physiological pH (<7.4), which hinders their passive transport 

through the cell membrane (Figure 1.10). Second, the P-O bond has poor in vivo stability, 

making it prone to dephosphorylation in the bloodstream by phosphatase.32 The phosphatase 

and 5ô-O-nucleotidases are important enzymes involved in nucleotide dephosphorylation.14 

 

Figure 1.10. Nucleoside analogues and their monophosphate uptake into cells and 

phosphorylation to their active triphosphate species. First, nucleoside analogues are 

transported across the cell membrane via a transporter and then phosphorylated to 5ô-O-

triphosphate. Second, nucleoside monophosphate cannot penetrate the cell membrane due to 

the charged nature. Third,  monophosphates are protectively diffused through the cell 
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membrane and metabolised to give the 5ô-O-monophsphates which are then phosphorylated 

to give 5ô-O-triphosphates. Nuc kinase: nucleoside kinase enzyme, NMP: nucleoside 

monophosphate kinase enzyme, NDP: nucleoside diphosphate kinase enzyme.  

 

To address these two issues, the monophosphate (PīO) bond was switched by HolĨ and De 

Clercq to monophosphonate (P-CH2) bonds.14 This resulted in compounds that are more 

stable with longer half-lives compared to their monophosphates. This led to the discovery of 

many nucleoside analogue monophosphonates,32 e.g. cidofovir (48, anti-HCMV), adefovir 

(49, anti-HBV), and tenofovir disoproxil (50, anti-HIV and  anti-HBV), which are all FDA-

approved as antiviral agents (Figure 1.11).3 

 

 

Figure 1.11. Chemical structures, approval years, and type of viruses of antiviral nucleoside 

monophosphonates analogues cidofovir (48), adefovir (49), and tenofovir disoproxil (50). 

HCMV: Human cytomegalovirus, HBV: hepatitis B virus, HIV: the human 

immunodeficiency virus.  

 

This discovery effciently addressed the in vivo instability issue associated with nucleoside 

monophosphates, but these compounds still had poor cellular uptake due to the negative 

charges of the phosphonate group at physiological pH. As previously discussed, developing 

prodrugs of nucleoside analogue monophosphates is needed to overcome many challenges. 

Thus, numerous prodrug technologies have been developed and employed to efficiently 

deliver the monophosphate and monophosphonate-containing drugs into cells.5 These 
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prodrug technologies mask either one or two of the oxygens of the monophosphate and 

monophosphonate , making the molecule more lipophilic. Through this strategy, the 

monophosphate and  monophosphonate negative charges are masked, improving transport 

into cells which can be translated as better efficacy (Figure 1.10). 

 

Monophosphate prodrug technologies include aryloxy triester phosphoramidate (51, ProTide 

technology), the phosphorodiamidate (52), the bis[(pivaloyloxy)methyl] (53, bisPOM), the 

bis(isopropyloxymethylcarbonate) (54, bisPOC), HepDirect (55), phosphate monoester (56), 

and phosphonate monoester (57)  prodrug technologies (Figure 1.12).39,40,41 

 

 

Figure 1.12. Examples of nucleoside monophosphate and monophosphonate prodrug 

approaches include aryloxy triester phosphoramidate (51, ProTide), the phosphorodiamidate 

(52), the bis[(pivaloyloxy)methyl] (53, bisPOM), the bis(isopropyloxymethylcarbonate) (54, 

bisPOC), HepDirect (55), phosphate monoester (56), and phosphonate monoester (57) 

prodrug technologies. R and Rô= aryl or alkyl substitutions, X= O or CH2. 
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1.2.1 The aryl oxy triester phosphoramidate (ProTide) approach 

The phosphoramidate prodrug technology (51), which was  developed in the early 1990s by 

Prof. Chris McGuigan (Cardiff University, UK),42,43 is one of the major strategies applied in 

the modulation of antiviral nucleoside analogues.43 It has proven to be a powerful tool in 

nucleoside monophosphate and monophosphonate drug discovery.44 So far, 10 antiviral and 

anticancer clinical candidates and two FDA-approved ProTides have been approved as 

antiviral drugs.9 Most of the ProTide clinical candidates successfully passed phase I clinical 

trials for the treatment of HIV, HBV, HCV, and the Ebola virus.43 The two FDA-approved 

ProTides are the anti-hepatitis C sofosbuvir (58) 45 and the anti-hepatitis B/HIV tenofovir 

alafenamide (59).46,9 

 

1.2.1.1 Structure activity relationship of ProTide prodrugs 

Generally, the ProTide technology overcomes the key resistance mechanisms associated with 

the phosphorylation-dependent activation of nucleoside analogues previously discussed. 

Masking the negative charges of monophosphate or monophosphonate groups with bio-labile 

groups, an amino acid ester and an aryloxy motif in this case (Figure 1.13), allows the 

nucleoside analogues to by-pass the active transport of the compounds into cells as well as 

the initial phosphorylation rate-limiting step.42 

 

Structurally, ProTides consist of three main components (an aryl group, an L-alanine amino 

acid ester, and ester groups) that are essential to its transport, metabolism, and activity.  

 

The first component, the aryl group, which is typically a phenyl or 1-naphthol, is selected as a 

good leaving group that can be released during the metabolism process.43 Concurrently, it 

effectively masks one oxygen of the monophosphate and increases the clog P value of the 

ProTide drug molecule (Figure 1.13). 

 

The second component, the L-isomer of alanine amino acid, is responsible for masking the 

second oxygen of the monophosphate (Figure 1.13). It is specifically selected because it has 

the best interaction with metabolic enzyme.47 Indeed, the L-isomer has demonstrated better 

activity than the D-isomer of the alanine amino acid.47 

 

The third component, the ester groups, are important for the first activation step of ProTides 

(Figure 1.13), and they could be aryl, linear alkyl group such as methyl and ethyl, or alkyl 
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branched such as 2-propyl and tert-butyl. The four commonly used ProTide ester groups are 

benzyl, isopropyl, methyl, and tert-butyl moieties. The benzyl group has proven to be a 

highly potent ester group in comparison with other esters that have been used with success in 

the structures of the anticancer ProTides acelarin (60), currently in phase III clinical trials, 

and NUC-3373 (61), currently in phase I clinical trials (Figure 1.16). Isopropyl ester is used 

in the design and synthesis of the two FDA-approved ProTides phosphate and phosphonate 

prodrugs sofosbuvir (58) and tenofovir alafenamide (59) (Figure 1.14). A methyl ester is 

used in the chemical structure of both anti-HIV agents stampidine (64) and thymectacin (65) 

(Figure 1.16). Finally, the tert-butyl group, has demonstrated reduced antiviral activity by 

>10-times less than the methyl ester of same parent compound.47 The poor esterase 

susceptibility of this particular ester has been attributed to  the tert-butyl moiety being too 

bulky to be processed by the enzyme.47 

 

Additionally, the 2-ethylbutyl ester group has been used with the two antiviral clinical 

candidates GS-5734 and GS-6620 which are used as anti-Ebola and anti-HCV treatments, 

respectively (Figure 1.16). These esters have demonstrated good activity as they enable 

activation by enzymes to release the monophosphate and the monophosphonate of nucleoside 

analogues inside the cell.  

 

 

Figure 1.13. General chemical structure of ProTide. 1. The aryl group as phenyl or 1-

naphthyl selected to protect one oxygen and to be released during metabolic processing. 

2. The L-alanine amino acid selected to protect the second oxygen is the most effective 

amino acid used in terms of activity. 3. Ester groups as aryl or alkyl groups involved in 

the first step of the ProTide metabolism.  R= alkyl, aryl. NA: nucleoside analogue.  
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1.2.1.2 Metabolism of ProTide prodrugs 

Inside cells, ProTides are enzymatically metabolised to their corresponding free 

monophosphate species D (Figure 1.14). Their metabolism is triggered by a carboxyesterase 

enzyme, followed by nucleophilic attack on the phosphoramidate by the liberated oxygen 

anion of the carboxylate group. This leads to the generation of an unstable five-membered 

ring B, which then undergoes rapid hydrolysis to generate the metabolite C. Phenol or 

naphthol were released in this step as side products, however the toxicity of these products 

can be controlled by adjecting the drug dose. Finally, the P-N bond is cleaved by a 

phosphoramidase-type enzyme (histidine triad nucleotide-binding protein 1, HINT-1) to 

release the desired monophosphate or monophosphonate compounds.47,48 

 

Figure 1.14. The proposed mechanism of the ProTidesô metabolism. 1. ProTides penetrate 
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the cell membrane via passive diffusion. 2. Inside the cell, esterase enzyme(s) cleave off the 

ester group and generate the metabolite A. 3. Metabolite C is generated after cyclisation step 

B. 4. Metabolite D is released after the P-N bond is cleaved by phosphoramidase-type 

enzyme to release the monophosphate.   

 

1.2.1.3 ProTides as FDA-approved drugs and clinical candidates 

The ProTide technology has been successfully used in the discovery of nucleoside 

monophosphate and  monophosphonate prodrugs that have been approved by the FDA to 

treat viral infections in humans such as HIV, HBV, and HCV (Figure 1.15). 32, 46,45 

Additionally, six other ProTides, including acelarin (60), NUC-3073 (61), GS-5734 (62), GS-

6620 (63), stampidine (64), and thymectacin (65) entered clinical trials (Figure 1.16).46,49,50, 

51, 52, 53,54 

 

 

Figure 1.15. Chemical structures of the two FDA-approved drugs, sofosbuvir (58) and 

tenofovir alafenamide (59) ProTides, with FDA approval years and the viral infections they 

are being pursued to treat. 
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Figure 1.16. Examples of ProTide clinical candidates along with development phase and 

diseases they are being pursued to treat. 

 

Sofosbuvir (58) and tenofovir alafenamide (59, Figure 1.15) are the two ProTides approved 

by the FDA to treat HCV and HIV/HBV, respectively.46,45 Sofosbuvir (58) was approved in 

December 2013 as anti-HCV. It (58) is the phosphoramidate prodrug of ɓ-D-2ô-deoxy-2ô-Ŭ-

fluoro-2ô-ɓ-C-methyluridine, and its phosphate group is masked by a phenyl and an L-alanine 

isopropyl ester. The tenofovir ProTide, tenofovir alafenamide, is a FDA-approvrd ProTide 

that was orally bioavailable and demonstrated anti-HIV activity over 1000-fold greater than 
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the parent phosphonate in cell culture.55 These two examples confirm the strength of the 

ProTide technology in improving the antiviral activity of nucleoside analogues. 

 

Acelarin (60, Figure 1.16) is a ProTide prodrug of the anticancer nucleoside analogue 

gemcitabine.49 It is an aryloxy triester phosphoramidate where the 5ô-O-phosphate group is 

masked by a phenyl group and an L-alanine benzyl ester motif. Compared to the parent 

nucleoside gemcitabine, it is more effective in treating pancreatic cancer as it can overcome 

the resistance mechanisms that are associated with gemcitabine .32 Specifically, gemcitabine 

ProTides do not require active cellular uptake as they by-pass the first step in the 

phosphorylation and limit the deamination of the cytosine nucleobase.49 In addition, acelarin 

(60) showed better anticancer activity than gemcitabine as it was faster in reducing tumour 

size and had a longer half-life (gemcitabine 1.5 h and Acelarin7.9 h).56 This means that the 

ProTide enhances the activity and the pharmacokinetic profile of the parent nucleoside. In 

phase III clinical trials, acelarin (60) showed excellent potency as an anti-pancreatic, biliary, 

and ovarian cancer agent.56 

 

NUC-3373 (61, Figure 1.16), the naphthyl L-alanine benzyl ester ProTide of 5-fluoro-2ô-

deoxyuridine (FUDR), entered phase I clinical trials in 2015 as an anticancer agent.50 In 

comparison with the parent nucleoside (FUDR), it showed excellent drug properties as it 

exhibited significant cytotoxic activities in cells lacking thymidine kinase.50 FUDR needs 

thymidine kinase to convert it to the monophosphate form. The ProTide NUC-3373 (61) 

showed resistance to thymidine and uridine phosphorylase enzymes, which are responsible 

for the inactivation of FUDR.50 Also, it had good stability in human serum and generated 363 

times higher levels of the active metabolite than FUDR in preclinical investigation.32,50 

 

Antiviral ProTides have been successfully used as prodrugs in the treatment of HCV, HIV, 

Ebola, and other viral infections. GS-5734 (62, Figure 1.16) is the single isomer (Sp) of 

phenyl 2-ethylbutyl-L-alanine ester phosphoramidate of 1ô-cyano-4-aza-7,9-dideaza 

adenosine.51 It showed  broad spectrum antiviral activity against RNA viruses such as 

arenaviruses, coronaviruses, and filoviruses.51 This compound is being developed for the 

treatment of Ebola by Gilead Sciences, Inc.32 It is undergoing phase II clinical trials and it is 

one of the ProTides in  clinical trials with sugar that does not bond to a N atom in the base.57 
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GS-6620, 1ô-cyano-2ô-C-methyl 4-aza-7,9-dideaza adenosine, (63, Figure 1.16) was the first 

C-nucleoside that was developed as a HCV polymerase inhibitor, while most of the 

nucleoside polymerase inhibitors that have entered clinical trials are N-nucleosides. The 

presence of the cyano group at the 1ô-position resulted in a potent and selective HCV 

polymerase (NS5B) inhibitor.52 Additionally, the introduction of the O-acyl group at the 3ô-

position improved oral absorption.52 GS-6620 (63) entered phase I clinical trials, but high 

intra- and inter-patient pharmacokinetics and pharmacodynamics viabilities did not support 

its further clinical development.52 

 

The last two examples to be discussed as promising clinical ProTides are stampidine (64) and 

thymectacin (65, Figure 1.16). Stampidine (64), a para-bromophenyl L-alanine methyl ester 

ProTide of stavudine, is the ProTide of the anti-HIV stavudine (5).53 The bromine atom at the 

para position of the phenyl motif accelerated the ProTideôs metabolism, thereby accelerating 

the production of the active triphosphate.53 Interestingly, this ProTide showed more potent 

activity against HIV-1 strains than stavudine (5), as well as mutated viral strains.53 

 

The anticancer ProTide thymectacin (65) is a phenyl L-alanine methyl ester ProTide of the 

antiviral agent brivudine, a nucleoside analogue.54 It exhibited potent anticancer activity due 

to a nucleotide-mediated labeling of thymidylate synthase (TS) that causes cytotoxic activity. 

Even though the initial clinical result of this ProTide was encouraging, no further details on 

its clinical development have emerged for nearly a decade.  

 

1.2.1.4 Issues associated with ProTide technology 

ProTides, a successful monophosphate and monophosphonate prodrug approach, is the most 

widely used prodrug strategy in the discovery of nucleoside analogue monophosphate and 

monophosphonate therapeutics. To date, there are two FDA-approved antiviral ProTides, 

sofosbuvir and tenofovir alafenamide (Figure 1.15), and many more ProTide clinical 

candidates such as GS-5734, acelarin, and NUC-3373 (Figure 1.16). The pharmaceutical 

industry and medicinal chemistry academic researchers extensively exploited the discovery of 

nucleoside analogue ProTides. This led to an increase the number of research publications 

and granted patents on the ProTide technology since its inception in the early 1990s.58 As a 

result, a large number of biotech and pharmaceutical companies have patents that cover the 

application of ProTide technology to nucleoside analogues. Thus, the intellectual property 

(IP) landscape is shrinking due to the overexploited ñinventive stepò of application of the 
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ProTide technology to nucleotide therapeutics. Therefore, the chances of getting patents 

granted on new antiviral and anticancer nucleoside and nucleotide ProTides are very low. 

 

Furthermore, all ProTide therapeutic agents start their metabolism by carboxyesterase 

enzymes that are expressed in most human tissues. Additionally, ProTide metabolism needs 

phosphoramidase enzyme such as HINT-1 to break the nitrogen-phosphorus bond and release 

the monophosphate. HINT-1 is an enzyme not expressed in all human tissues. Therefore, 

PoTide metabolism in some specific cells could be limited due to the low expression of 

HINT-1. In summary, the nucleoside analogue therapeutic drug class can be improved by 

discoverying new monophosphate prodrug approaches which are metabolized by one enzyme 

and can be successfully filed in patent applications, thus generating IP.       

 

To overcome these issues, two avenues could be taken for the future of nucleoside analogues 

and ProTide technology. First, as suggested by Alanazi et al, applying ProTide technology to 

non-nucleotide molecules will increase the likelihood of obtaining patent-protected IP.58 

Second, the discovery of a new monophosphate and monophosphonate prodrug technology 

can deliver therapeutic nucleotide monophosphates after one enzyme metabolism (the aim of 

this work).   

 

1.2.2 Phosphorodiamidate prodrug approach 

Phosphorodiamidates (52) are an extension of the aryloxy triester phosphoramidates where 

the monophosphate and monophosphonate groups are solely masked with amino acid esters. 

This approach is advantageous in that it produces achiral phosphate prodrugs and lacks an 

aryl group. The metabolism of the phosphorodiamidates (52) is also mediated by 

carboxypeptidase Y akin to the classic metabolism of the aryloxy triester phosphoramidates.59 

Also, most phosphorodiamidate (52) compounds show low cytotoxicity, high antiviral 

selectivity, and acid/base/human serum stability.59 

 

1.2.3 Bis(POM) and bis(POC) prodrug approaches 

Bis[(pivaloyloxy)methyl] (53, bis(POM)) and bis(isopropyloxymethylcarbonate) (54, 

bis(POC)) are phosphate and phosphonate prodrugs that were successfully used in the 

discovery of the FDA-approved prodrugs tenofovir disoproxil (66) and adefovir dipivoxil 

(67, Figure 1.17).60 Bis(POC) was the ýrst approach used to improve the oral bioavailability 

of tenofovir, which was launched as tenofovir disoproxil fumarate (66) in 2001 for the 
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treatment of HIV infections. Additionally, in 2002, the bis(POM) prodrug adefovir dipivoxil 

(67) was approved as an anti-HBV agent. Moreover, the bisPOM prodrug besifovir (68) 

showed potent antiviral activity against HBV and has entered clinical evaluation as a novel 

anti-HBV agent (Figure 1.17).61 

 

 

 

Figure 1.17. Chemical structures, FDA approval years, and type of viruses of tenofovir 

disoproxil (66), adefovir dipivoxil (67), and besifovir (68). 

 

Generally, bisPOM (53) and bisPOC (54) nucleotides are metabolised by esterase enzymes to 

generate the nucleoside phosphate or phosphonate, carbon dioxide, and formaldehyde 

products. Esterases cleavage of the carbonate group in the bisPOC (54) approach results in an 

unstable carboxylate that spontaneously degrades to give the nucleoside phosphate or 

phosphonate and by-products (Figure 1.18).  
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Figure 1.18. The bisPOC (54) metabolism pathway. 1. The prodrug penetrates the cell 

membrane. 2. Inside, the cell esterase enzyme cleaves off the ester group and generates the 

metabolite A. 3. Metabolite B is generated due to the poor stability of the carboxylate of A. 4. 

After the negative oxygen attacks the carbon atom spontaneously, the metabolite C is 

released. 5. After a second cycle to remove the second protection group in compound C, the 

monophosphate D is released.   
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In the bisPOM (53) approach, however, esterases cleave the ester motif, resulting in the 

formation of a highly unstable hydroxymethyl alcohol that undergoes rearrangement to 

generate the nucleoside phosphate or phosphonate and formaldehyde (Figure 1.19). 

Formaldehyde is a toxic side product but, it can be metabolised in the body to formic acid and 

excreated by urine.  

 

 

Figure 1.19. The bisPOM (53) metabolism pathway. 1. The prodrug penetrates the cell 

membrane. 2. Inside, the cell esterase enzyme cleaves off the ester group and generates the 

metabolite A. 3. Metabolite B is generated after the negative oxygen attacks the carbon atom 

spontaneously. 4. After a second cycle to remove the second protection group in compound 

B, the monophosphate C is released.   
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1.2.4 HepDirect prodrug approach 

Targeting nucleosides to the site of action such as the viral infection or tumour site is a 

potential concept to increase local nucleoside concentrations, increase the drug efficacy, and 

reduce the side effects. Even though phosphate prodrug technologies are advantageous in that 

they by-pass the first rate-limiting step, they lack the ability to target specific organs and 

tissues.  

 

An example of an organ targeting monophosphate prodrug strategy is the HepDirect (55) 

technology.62 This prodrug technology targets the liver, and following cytochrome P450 

metabolism, it generates the monophosphate and monophosphonate nucleosides which are 

then converted to the active triphosphate.62 The concept of this prodrug technology is based 

on the cyclic 1,3-propanyl ester, which is prone to oxidative cleavage reaction by P450 

enzymes (Figure 1.20). Specifically, the 4-aryl substituent (HepDirect) is oxidised by 

cytochrome P450 CYP3A4 to give intermediate A in the parenchymal cells of the liver where 

the enzyme is primarily expressed.63 The intermediate ring system A quickly opens up to 

generate a transient negatively charged intermediate B inside cells. Then, a ɓ-elimination 

reaction takes place to produce the monophosphate or monophosphonate and aryl vinyl 

ketone as a by-product. Finally, the glutathione (GSH) antioxidant conjugates with the 

released oxidative free radical.62,63 
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Figure 1.20. The HepDirect prodrug cleavage mechanism. 1. The Hepdirect prodrug 

penetrates the cell membrane via passive diffusion. 2. Inside the parenchymal cells of the 

liver, Hepdirect is oxidised by cytochrome P450 CYP3A4 to give intermediate A. 3. 

Metabolite B is generated after a rapid opening of the intermediate A ring system. 4. A ɓ-

elimination reaction takes place to produce the monophosphate or monophosphonate C and 

aryl vinyl ketone as a by-product. 5. The glutathione (GSH) antioxidant conjugates with the 

released oxidative free radical.  

 

Two HepDirect nucleotide prodrugs have entered clinical trials, pradefovir (69) and 

MB07133 (70, Figure 1.21).64,65 Pradefovir (69) limited the nephrotoxicity side effects which 

were associated with adefovir, the parent drug, and it showed 12-fold improvement in liver 

accumulation and more anti-HBV activity than adefovir.64 Also, it entered phase II clinical 

trials, but the development of carcinogenesis as an adverse effect caste a shadow over its long 

term safety. In China, it is still undergoing phase II clinical trials.66 MB07133 (70) phase I/II 

results showed few hepatic toxicities and tolerability after 7 days of continuous IV infusion at 
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a maximum dose of 2400 mg/m2/day.32 However, issues with the long term safety of this 

compound were also noted and these hindered its further clinical development. 

 

 

Figure 1.20. Chemical structures of MB07133 (69) and pradefovir (70). 

 

Together, these highlight the need for new and safe liver targeting monophosphate and 

monophosphonate prodrug technologies that could be used in discovering novel HBV 

treatments. 

 

1.2.5 Other phosphate and phosphonate prodrugs 

Phosphate (56) and phosphonate monoester (57) prodrugs differ from the other prodrugs 

discussed above in that only one oxygen of the monophosphate or monophosphonate groups 

is masked, while the second one is left free. The structure is optimized to the 

hexadecyloxypropyl (HDP) prodrugs, which reduce the undesired in vivo conversion.67 HDP 

prodrugs are metabolised by phospholipase C to give the nucleoside monophosphate. This 

technology was applied to two nucleotides that are crrently undergoing clinical trials as 

antiviral agents: brincidofovir (71) and CMX-157 (72) (Figure 1.22).67 Recently, 

brincidofovir (71) has commenced  phase III clinical trials for the prevention of CMV 

infection.68 Additionally, it showed effective results against ssDNA virus, establishing its 

potential as a B19V antiviral agent.69 
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Figure 1.22. Chemical structures of brincidofovir (71) and CMX-157 (72) HDP monoester 

prodrugs. 

 

Moreover, there are some phosphate prodrug approaches reported in literature such as aryl 

and phenyl esters (73),70 cyclosaligenyl esters (74, CycloSal),71 bis-S-acylthioethyl esters 

(75, Bis-SATE),72 and halobutyl phosphoramidate prodrugs (76, Figure 1.23).73,74,75 

 

 

Figure 1.23. Chemical structures of other phosphate prodrugs. 
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1.2.6 Summary of phosphate and phosphonate prodrug approaches 

Nucleoside analogues are an effective family with multiple mechanisms of action against 

viral infections and cancer diseases that remain a largely unmet medical need. However, this 

medication family needs to overcome the strong variation within the viral genomes and 

reduce interactions with host nucleic acids. In some cases, they need to offer low-cost 

treatment of diseases in low-income countries where viruses are already prevalent.  

 

Based on the current information available in the literature and ongoing drug development, 

monophosphate prodrugs are a successful approach for the improvement of parent nucleoside 

analogue therapeutic profiles. These prodrugs will continuously be used as a strategy to 

improve the efýcacy proýle of nucleoside analogues and other phosphorylated drug 

molecules. However, all these prodrug approaches lack tissue targeting properties. 

Additionally, the most successful of these monophosphate delivery technologies, known as 

ProTide technology, has a very congested IP landscape when applied to nucleoside analogues 

which limits the discovery of new antiviral and anticancer nucleoside ProTides.  

 

Thus, upcoming antiviral or cytotoxic nucleoside and nucleotide analogues need to overcome 

two challenges. First, prodrugs need to overcome the interactions with healthy cells and 

reduce the side effects. Second, they need to overcome the IP issues associated with ProTide 

technology. So, discovery of novel nucleoside prodrug approaches with realistic opportunities 

to develop IP will stimulate the discovery of new antiviral and anticancer nucleoside and 

nucleotide prodrugs. Additionally, targeting specific tissue by phosphate prodrugs will  reflect 

the diversity in chemistry and may offer a promising compound with reduced toxicity.
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1.3 Nucleoside analogues for treatment of viral infections and cancer diseases 

1.3.1 Hepatitis B 

1.3.1.1 Hepatitis B infection 

Hepatitis B is an infectious disease of the liver caused by the hepatitis B virus (HBV).76 HBV 

is acquired through infected blood or body fluids and from infected mothers to neonates.76 In 

some cases, acute hepatitis B infection causes chronic hepatitis B, which then leads to severe 

complications including liver cirrhosis and hepatocellular carcinoma (HCC).   

 

Worldwide, about two billion people are infected with the hepatitis B virus that causes 

significant fatalities (Figure 1.24), and more than 350 million people are HBV carriers. 77,78 

In 2010, the HBV was included by the World Health Organisation (WHO) in the major 

public health priorities because it accounts for 786,000 deaths yearly.79 Interestingly, 40% of 

men and 15% of women with the HBV infection die due to liver cirrhosis or HCC.80 

Additionally, the infection caused half of the total liver cancer mortality in 2010.79 A 2015 

report showed that 3.5% of the worldôs population had chronic hepatitis B (estimated 257 

million people).81 In the European  Region, approximately 15 million people are chronically 

infected with HBV, and 56,000 deaths yearly are attributed to hepatitis B related cirrhosis and 

liver cancer.81 

 

Acute HBV infections can progress to cause fulminant hepatitis, which causes 80% mortality 

without liver transplantation.76 Moreover, the incidence of HCC is high in people with liver 

cirrhosis; roughly 8,000 cases per million yearly.80 

 

 

Figure 1.24. Worldwide distribution of hepatitis B (2014). Figure adapted from (Trépo  et al, 

2014)76 (License number 4711940468121).  
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 1.3.1.2 Life cycle of HBV  

The HBV is a double-stranded DNA virus that belongs to the Hepadnaviridae family.76 The 

virus structure consists of double-shelled particles, 40-42 nm in diameter, which consist of an 

outer lipoprotein envelope with three glycoprotein surface antigens and a nucleocapsid core 

(Figure 1.25).82 Additionally, it has two distinct sub-viral lipoprotein particles and a 

filamentous form that contains only the envelope glycoprotein and the host-derived lipid.82 

 

The double-stranded circular DNA consists of 3,200 base pairs with four overlapping open 

reading frames which are: the surface gene (S), the core gene (C), the X gene (X), and the 

polymerase gene (P).83 Additionally, three upstream regions occur in the S and C genes 

termed preS1, preS2, and preC.84 The surface antigen (HBsAg) is the basis of the HBV 

vaccine as it induces both cellular and humoral immunity.84 The nucleocapsid that closes the 

viral DNA corresponds to the Hep B core antigen (HBeAg). The e-antigen (HBeAg) is the 

marker of active viral replication.83,84 

 

Figure 1.25. Structure of the hepatitis B virus.  

 

The binding of HBV virions to hepatocyte surface receptors instigates the viral replication 

(Figure 1.26).80 Following endocytosis, viral cores are transported from the cytosol to the 

nucleus. Inside the nucleus, viral DNA genomes are converted to a covalently closed circular 

DNA (cccDNA) that serves as the transcriptional template for host RNA polymerase II.  

 

After DNA transcription, all viral mRNAs are transported to the cytoplasm and translated to 

the viral envelope, core, polymerase protein, the X polypeptide, and preC polypeptide. In the 

cytosol, nucleocapsids are assembled to include a single molecule of genomic RNA that 
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forms the viral core. Thereafter, reverse transcription begins through the synthesis of the 

double strands viral DNA. The encapsulated RNA template makes the first DNA strand, after 

which, it  degrades. The newly made DNA is then used as a template in the synthesis of the 

second DNA strand. The viral genome is then release from the cell with the viral envelope 

protein containing the viral L, M and S surface antigens. Some cores are  

returned to the nucleus and recycled.80,82 

 

Figure 1.26. The HBV life cycle. 1. HBV virions are bound to hepatocyte surface receptors. 

2. Virus enters the hepatic cell by endocytosis. 3. Viral cores are transported from the cytosol 

to the nucleus. 4. Viral DNA genomes are converted to a covalently closed circular DNA and 

transcript to RNA. 5. Viral RNA is transported to the cytoplasm and translated to the viral 

proteins. 6. Nucleocapsid are assembled. 7. Reverse transcription begins and the encapsulated 

RNA template makes the first DNA strand that is used in synthesising the second DNA 

strand. 8. Virus genome release from the cell and some cores are returned to the nucleus and 

recycled. 
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1.3.1.2 Treatment of hepatitis B infection 

The short-term goals (1-3 years) in the treatment of the HBV infection  are to decrease the 

viral DNA levels and suppress viral replication, whereas the long-term goals (10 years or 

lifelong) are to prevent liver cirrhosis, HCC, liver decompensation, and death.85,86 Approved 

drugs used for the treatment of the HBV infection are interferon and nucleoside analogues. 

 

1.3.1.3 Interferon  

Interferons were the first drugs approved for the treatment of HBV infections, and it has two 

formulations; interferon Ŭ-2b (Intron A) approved in 1991 and pegylated interferon 2a 

(Pegasys) approved in 2005.86 Generally, its effects are produced by modulating the immune 

system, and these effects are relatively weak.86 HBV resistance to interferons is not known, 

but these agents are known to cause significant side effects such as blood clots, autoimmune 

diseases and infections and they are expensive (£300). 85,86 Additionally, the route through 

which interferons are administered (injection) is not ideal for achieving high medication 

compliance.86 Moreover, interferon have no effect when taken orally.  

 

1.3.1.4 Nucleoside analogues  

The nucleoside analogues used to treat the HBV infection consist of four structural groups: L- 

nucleosides (lamivudine (6), telbivudine (9)), D-cyclopentanes (entecavir (19)), alkyl 

phosphonates (tenofovir disoproxil fumarate (66), adefovir dipivoxil (67)), and aryl 

phosphoramidates (tenofovir alafenamide (59)) (Figure 1.27).86,87 

 

In 1998, lamivudine, (-)-2ô-deoxy-3ô-thiacytidine (also referred to as 3TC), was approved for 

the treatment of HBV and HIV infections.88 In 2002, the monophosphonate nucleoside 

adefovir dipivoxil (67)  was approved, and  long term treatment with adefovir carries a high 

risk of renal toxicity.86 Tenofovir disoproxil fumarate (66) and entecavir (19) were approved 

in 2008 and 2005, respectively. Even though they give low virus resistance, they are  required 

to be used as long term treatment.86 Also, entecavir is costly.86 The ɓ-L-thymidine telbivudine 

was approved in 2006, but it is associated with high incidence of resistance.89 
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Tenofovir alafenamide (59) is the aryl phosphoramidate derivative of 9-[2-(R)-

phosphonomethoxypropyl]adenine (tenofovir, PMPA). It was approved by FDA in 2016 for 

the treatment of HBV infections. Nowadays, entecavir (19), tenofovir disoproxil fumarate 

(66) and tenofovir alafenamide (59) are the preferred nucleoside prodrugs for the treatment of 

the hepatits B infection.   

 

Figure 1.27. Chemical structures of anti-HBV nucleosides and nucleoside 

monophosphate/monophosphonate prodrugs. 

 

The efficacy of antiviral nucleoside analogues is affected by viral resistance, which is 

mediated by various mechanisms of actions. Among these is the phosphorylation (activation) 

process where poor conversion of nucleoside analogues to the active triphosphate form limits 

their activity.32 Also, the rapid degradation of the nucleoside analogues into toxic by-products 

via the expression of key deactivating enzymes such as cytidine deaminase, is considered to 
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be an important drug resistance mechanism to antiviral nucleoside analogues.32 Finally, 

antiviral nucleoside analogues enter the cells via active transport, which requires energy and 

specific receptors or proteins on the cell surface.90 Thus, the deficiency of nucleoside 

transporters limits their cellular uptake, a common mechanism of resistance toward this class 

of drugs. As illustrated in (Figure 1.28), the HBV resistance among patients yearly indicates 

that lamivudine and adefovir resistance increases to 80% and 29%, respectively, in the fifth  

year of treatment.89 Resistance to telbivudine also increases to 25% in the second year of 

treatment.89 

 

 

Figure 1.28. Resistance of HBV antiviral drugs among infected patients.89 

 

In summary, nucleoside analoguesô activity as anti-hepatitis B agents is limited due to virus 

resistance. Monophosphate prodrug approaches such as ProTide, bis(POM), and bis(BOC), 

overcome viral resistance and enhance the biological activities of some nucleoside analogues. 

For further improvement, more prodrug approaches need to be applied to nucleoside 

analogues to enhance hepatitis B treatment.  
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1.3.2 Human immunodeficiency infection 

1.3.2.1 HIV infection  

Acquired immune deficiency syndrome (AIDS) is an immune infection caused by HIV which 

attacks immune CD4 cells.91 HIV is mainly transmitted through HIV-contaminated blood or 

body fluids; thereby, HIV is acquired by sexual contact, needle sharing, blood transfusions, 

or maternal transmissions. The progression of this infection can lead to other clinical 

complications such as lymphoma, psychiatric disorders, gingivitis, cardiovascular disease, 

lung cancer, kidney disease, osteoporosis, papulosquamous disorders, and dental or salivary 

gland diseases.92 

 

The WHO global health survey in 2014 showed that of 36.9 million HIV infected patients, 

1.2 million died.3 Hence, this infection is a great burden to the global economy and 

population health.  

 

1.3.2.2 Life cycle of HIV 

HIV is an RNA virus that belongs to the Retroviridae family.93 It was discovered in 1983, and 

structurally, it consists of a particle (145 nm in dimeter) that contains a linear single-stranded 

RNA (ssRNA) genome encoding 15 mature viral proteins (Figure 1.29). It is one of the 

fastest evolving organisms, and its strains can be classified into two types: HIV-1 and HIV-

2.93 

 

 

Figure 1.29. Structure of HIV.  
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The virus life cycle can be summarised into seven steps: virus adsorption to the receptor, 

membrane fusion, reverse transcription, integration, processing, assembly, and budding and 

maturation (Figure 1.29).94 

 

 

Figure 1.30. The HIV life cycle. 1. HIV virions bind to CD4 surface receptors. 2. Virus 

enters the CD4 cell by fusion. 3. Viral RNA is transcribed to DNA in the reverse transcription 

step. 4. Viral DNA is integrated into the host chromosome and is transcribed to RNA. 5. Viral 

RNA is transported to the cytoplasm and translated to the viral proteins. 6. Nucleocapsids are 

assembled. 7.  Virus genome is released from the cell. 

 

1.3.2.3 Treatment of HIV   

HIV treatments include several antiviral agents targeting diverse steps in its life cycle such as 

reverse transcriptase (RT) inhibitors, protease inhibitors (PIs), integrase inhibitors (INIs), and 

entry/fusion inhibitors.94 The reverse transcriptase (RT) inhibitors include NRTIs and non-

nucleoside reverse transcriptase inhibitors (NNRTIs). 
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There are nine FDA-approved NRTIs namely: zidovudine (3), didanosine (14), zalcitabine 

(4), stavudine (5), lamivudine (6), abacavir (16), tenofovir disoprovil fumarate (66), 

emtricitabine (8), and tenofovir alafenamide (59) (Figure 1.31).  

 

Zidovudine (3), 3ô-azido-2ô,3ôdideoxythymidine,was the first FDA-approved anti-HIV-1 drug 

in 1987.95 Lamivudine (6), tenofovir disoproxil fumarate (66), and aryl phosphoramidate 

tenofovir alafenamide (59) were approved for the treatment of hepatits B and HIV.  

 

Nucleoside analogue drug resistance during long-term AIDS therapy has been one of the 

biggest problems, since zidovudine (3) resistance was first recognised.96 Nucleoside 

analoguesô resistance  mechanisms include decreased nucleoside analogue incorporation by 

increasing the discrimination between the natural substrate and the nucleoside analogue 5ô-O-

triphosphate.94 The second mechanism is by ATP-mediated excision of incorporated NRTIs, 

which reverses chain termination.94 

 

In summary, prodrug approaches show advantages over nucleoside analogues, particularly in 

thymidine kinase-deficient cells.97 Thus, to enhance antiviral activity, new discoveries of 

improved therapies for HIV infection and AIDS are needed. 
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Figure 1.31. Chemical structures of anti-HIV nucleosides and nucleoside 

monophosphate/monophosphonate prodrugs. 
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1.3.3 Cancer  

1.3.3.1 Cancer biology 

Cancer is a condition where host cells escape the normal cell cycle regulation. Several factors 

such as gender, ethnicity, age, and lifestyle,  influence the onset of cancer.98 Additionally, it 

can also be caused by exposure to chemicals or radiation, as well as cellular transformations 

linked to viral infections such as HBV and HIV . In some cases, its cause is unknown.4 

 

Notably, worldwide, its incidence continues to increase only in the United States, where there 

were over 1,762,450 new cases and 606,880 deaths in 2019.99 

 

Cancer development begins with a mutation at the genetic level of a single cell (Figure 1.32). 

This alteration leads to abnormal proliferation and a progressive increase in the capacity for 

cell proliferation, survival, invasion, and metastasis.100 Additional mutations that occur within 

cells of the tumour population increase tumour progression.  

 

 

 

 

 

 

https://www.ncbi.nlm.nih.gov/books/n/cooper/A2886/def-item/A3175/
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Figure 1.32. Cancer development stages. Figure adapted from  (Cooper, 2000).100 
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1.3.3.2 Cancer treatment 

Cancer treatments include surgery, radiation, chemotherapy, hormone therapy, 

immunotherapy, and targeted therapy.98 Depending on the type and stage of the cancer being 

treated, the therapy options may include one or more of these procedures.  Chemotherapy, 

one of the most important treatment options, is initially used to reduce the tumor mass. There 

are seven main drug classes under chemotherapy treatment, including alkylating agents,101 

antimetabolites, anti-tumor antibiotics,102 topoisomerase inhibitors,103 mitotic inhibitors,104 

corticosteroids,105 and recently antibodies.106 It has been found that activating the immune 

system to attack tumors effectively treats some cancers.106 

 

1.3.3.3 Nucleoside analogues as anticancer agents  

Nucleoside analogues are antimetabolite agents including analogues of natural nucleosides, 

nucleotides, and bases. Currently, they account for a large percentage of the current cancer 

chemotherapeutic arsenal. Clinically, 15 nucleoside analogues are used to treat multiple 

cancers (Figures 1.3 and 1.4). Currently, many other nucleoside analogues are being 

investigated as anticancer treatments in clinical trials. Nowadays, studies attempt to decrease 

their toxicity and increase their potency or bioavailability. 
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1.4 Aim and objectives  

Aim 

The overall aim of this PhD project was to discover new nucleoside monophosphate prodrugs 

that can treat cancer and viral infections and overcome current resistance mechanisms.  

 

Objectives  

¶ Design and synthesise new monophosphate prodrugs of stavudine (d4T) as anti-HIV 

agents; floxuridine (FUDR) as anticancer agents; cytarabine (AraC) as anticancer 

agents; L-natural nucleosides, L-thymidine (telbivudine), and  L-uridine as anticancer 

and antiviral agents; and lamivudine (3TC) as anti-HBV agent, using monophosphate 

delivery approaches: 

V Aryloxy triester phosphoramidates prodrugs (ProTides). 

V Aryloxy pivaloyloxymethyl prodrugs (POMtides). 

V Aryloxyisopropyloxymethyl carbonate prodrugs (POCtides). 

¶ Establish the ability of the prodrugs to be metabolised into the nucleoside 

monophosphate using esterase enzymes and cell lysates: 

V 31P NMR in vitro assays. 

V Porcine liver esterase enzyme, carboxypeptidase Y enzyme, and 

carboxypeptidase A enzymes. 

V HEK293 and A549 cell lysates.  

¶ Determine the human serum stability of the synthesised prodrugs. 

V 31P NMR in vitro assays. 

 

¶ Evaluate the biological activity of the synthesised prodrugs. 

V In vitro MTT assays. 



Chapter Two                                    Novel nucleoside analogue monophosphate prodrugs  
 

50 

 

Chapter Two. Novel nucleoside analogue monophosphate 

prodrugs 

2.1. Aim and objectives 

Aim  

The aim of this chapter is to discover new d4T and FUDR monophosphate prodrugs.  

 

Objectives  

¶ Design POMtide and POCtide approaches as novel nucleoside analogue 

monophosphate prodrugs.  

¶ Design d4T ProTides and POMtides. 

¶ Using L-alanine amino acid esters and phenyl groups for ProTides. 

¶ Using POM, phenyl, and naphthyl groups for POMtides.  

¶ Synthesise d4T ProTides and POMtides. 

¶ Following the classic ProTide chemistry. 

¶ Following new POMtide chemistry. 

¶ Design FUDR ProTides, POMtides, and POCtides.  

¶ Using L-alanine amino acid esters and phenyl groups for ProTides. 

¶ Using POM, phenyl, and naphthyl groups for POMtides.  

¶ Using POC, phenyl, and naphthyl groups for POCtides.  

¶ Synthesise FUDR ProTides, POMtides, and POCtides.  

¶ Following the classic ProTide chemistry. 

¶ Following new POMtide chemistry. 

¶ Following new POCtide chemistry. 

¶ Study ProTide and POMtide metabolism.  

¶ By incubating the prodrugs with esterase enzymes and monitoring by 31P 

NMR. 

¶ Study ProTide, POMtide, and POCtide stability in human serum.  

¶ By incubating the prodrugs with human serum and monitoring by 31P NMR. 

¶ Biological evaluation of synthesised compounds as potential therapeutics. 

¶ In vitro MTT assays to determine the anticancer activity.  
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2.2. Design of POMtide and POCtide technologies as a novel nucleoside analogue 

monophosphate prodrugs 

In 2001, the bis(POC)-tenofovir (66) prodrug was approved as novel  nucleoside analogue to 

be used as an antiviral agent.60 One year later,  the bis(POM)-adefovir (67) was also approved 

as an antiviral agent.32 In 2013, the first ProTide sofosbuvir (58) was approved.32 Among the 

technologies developed for the delivery of nucleoside monophosphates and 

monophosphonates, ProTide (51), bis(POC) (54), and bis(POM) (53) are the most successful 

approaches that led to the development of FDA-approved therapeutic agents. 

 

Structurally, aryl phenyl and naphthyl groups are frequent components of the aryloxy triester 

phosphoramidate prodrug technology (51) (Figure 2.1). Additionally, the bis(POC) and 

bis(POM)  maskinggroups have been successfully used as prodrug technologies to deliver 

nucleoside monophosphates and monophosphonates into cells (Figure 2.1). It was 

hypothesised that mixed aryl/POM diester prodrugs, which are termed POMtides (77), and 

mixed aryl/POC diester prodrugs, which are termed POCtides (78), will be promising 

prodrug approaches for delivering nucleoside monophosphates into cells (Figure 2.1). 

 

 

Figure 2.1. Chemical structures of ProTide (51), bis(POC) (54), bis(POM) (53), POMtide 

(77), and POCtide (78) approaches.  
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Surprisingly, there was a very recent study by Foust et al, which studied these POMtides only 

in the delivery of monophosphonates (79) into cells (Figure 2.2).107 Indeed, Foust et al 

synthesised two POMtides (80a and 80b) and hypothesised that they would readily cross the 

cell membrane and undergo at least POM cleavage. POMtide (80a), which has a phenyl/POM 

combination, displayed significant potency at the nanomolar range in stimulating the 

expansion of T-cells. Furthermore, POMtide (80b) with the naphthyl/POM combination 

showed higher potency in stimulating the expansion of T-cells. Compared with the mixed 

aryl/methyl diesters (81a and 81b) and the salt form (82a and 82b), the biological activity of 

these two POMtides was superior, especially that of POMtide (80b) (Figure 2.2).  

 

 

Figure 2.2. Chemical structures of compounds (79, 80a-b, 81a-b, and 82a-b).107 

 

The three forms of naphthyl compounds, methyl, salt, and POM, were more potent than their 

phenyl derivatives (Table 2.1). This is likely due to the high lipophilicity of the naphthyl 

group that improves uptake into cells.107 

 

Table 2.1. cLogP and EC50 of compounds (79, 80a-b, 81a-b, and 82a-b). The properties 

were generated in ChemDraw Professional 16.0. 

Compound Aryl  cLogP EC50 [ɛM] 

Activating T -Cells 

79 - 3.42 0.0054 

80a Phenyl 3.56 0.014 

80b Naphthyl  4.75 0.00079 

81a Phenyl 2.01 33 

81b Naphthyl  3.19 5.5 

82a Phenyl 1.73 0.87 

82b Naphthyl  2.92 0.61 
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Encouraged by these findings, the POMtide approach could be useful in the discovery of 

nucleoside analogue monophosphate prodrugs. Thus, this approach was applied to a number 

of nucleoside analogues as a new nucleoside monophosphate prodrug approach independent 

from the classic ProTide technology.  

 

Notably, authors did not mention whether POMtides (80a-b) demonstrated good stability in 

serum. However, the molecules they synthesised are known to be relatively unstable as 

previously reported by (Davey et al, 2018).108 Thus, it is possible to hypothesis that serum 

instability would not be an issue for nucleoside POMtides. 

 

Although the study by Foust et al reported the synthesis and biological activity of the 

compounds, it did not offer any insight on how the POMtides could be intracellularly 

metabolised. 

 

This work reports the discovery of novel nucleoside monophosphate prodrugs POMtide and 

POCtide methods, and applied them to the anticancer nucleoside analogues FUDR. 

Additionally, we also describe the synthesis, stability, metabolism, and biological activity of 

POMtide and POCtides. 

 

Initially, the POMtide method was applied to the antiviral analogue stavudine (d4T).  

 

2.2.1. Design of stavudine ProTide and POMtide prodrugs 

Stavudine (5) is an antiviral nucleoside analogue that is poorly phosphorylated into its 

monophosphate species. Structurally, it has one hydroxyl group, which should not complicate 

the POMtide synthesis (Figure 2.3). To validate the POMtide prodrug approach as a novel 

technology for delivering monophosphates into cells, the stavudine nucleoside analogue was 

selected.  

 

As ProTide technology is the most successful approach for the delivery of the 

monophosphate, it was of interest to apply the new POMtide method to d4T and compare it 

with the classic ProTide method. Balzarini et al  reported the anti-HIV activity of d4T 

ProTides and showed that the ProTide method is able to by-pass the cell transporter, 

thymidine kinase, and is resistant to degradative enzymes.109 
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In this work, two ProTides (83a-b) and two POMtides (84a-b) were designed and applied to 

d4T nucleoside analogue. Stavudine POMtides were designed using phenyl/POM (84a) and 

naphthyl/POM (84b) as protecting groups. Stavudine ProTides were designed using 

phenyl/L-alanine benzyl ester (83a) and phenyl/L-alanine tert-butyl ester (83b) (Figure 2.3).  

 

 

 

Figure 2.3. Chemical structures of stavudine ProTides (83a-b) and two POMtides (84a-b) 

 

In term of physiochemical properties, replacing the L-alanine benzyl ester in stavudine 

ProTide (83a) structures to generate the stavudine POMtide (84a), with phenyl and POM 

protecting group, increases the cLogP and lowers the molecular weight compared to the 

ProTides (Table 2.2).  
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Table 2.2. Molecular weights and cLogP values of stavudine (5), stavudine ProTides (83a-b), 

and POMtides (84a-b). The properties were generated in ChemDraw Professional 16.0. 

 

2.2.2. Synthesis of stavudine ProTide and POMtide prodrugs 

The designed two d4T ProTides (83a-b) were synthesised following established 

phosphoramidate chemistry using N-methylimidazole (NMI) (Scheme 2.1). First, L-alanine 

ester hydrochloride was coupled with phenyl phosphorodichloridate (85a) in the presence of 

Et3N (Scheme 2.1), and the reaction was monitored by TLC to confirm the generation of 

phosphorochloridate (86a-b). Then, the products (86a-b) were purified by washing with dry 

ether, followed by flash column chromatography using ethyl acetate and hexane eluent 

system. Both compounds (86a-b) were purified in good yields > 60% and used for the 

followingsteps. 

 

Next, d4T was dissolved in tetrahydrofuran (THF), the appropriate amounts of 

phosphorochloridate and NMI were added, and the reaction was stirred at room temperature 

overnight. The final compounds, ProTides (83a-b), were purified by column chromatography 

using dichloromethane and methanol (DCM/ MeOH 5%) system. Both ProTides (83a-b) 

were purified by a second column chromatography to obtain a 98-99% pure final ProTides. 

Both ProTides (83a-b) were fully characterised by 31P, 1H, COSY, 13C, HSQC NMR, and 

Compound Aryl  Molecular Weight cLog P 

Stavudine (5) - 224.22 -0.34 

Stavudine ProTide 

(83a) 

Benzyl ester 

Phenyl 541.50 3.94 

Stavudine ProTide 

(83b) 

tert -Butyl ester 

Phenyl 591.56 4.95 

Stavudine POMTide 

(84a) 

 

Phenyl 494.44 4.25 

Stavudine POMTide 

(84b) 

 

Naphthyl 544.16 5.25 
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HRMS.  

 

 

 

 

Scheme 2.1. Synthesis of stavudine ProTides (83a-b). a) L-alanine benzyl ester or L-alanine 

tert -butyl ester, anhydrous Et3N, anhydrous DCM, -78 C for 30 min, then room temp for 3 

h. b) d4T (5), NMI, anhydrous THF, room temp, 16-18 h.  

 

The synthesis of the target POMtides (84a-b) began with the monomethylation of 

phosphorodichloridate (85a-b) to generate compound (88a-b), which was purified by column 

chromatography and obtained in yields of 83% with phenyl (88a) and 47% with naphthyl 

(88b) aryl groups (Scheme 2.2). 

 

Then, stavudine (5) was dissolved in acetonitrile (CH3CN), Et3N and compound (88a) were 

added, and the reaction mixture was stirred at room temperature overnight. The desired 

compound (89a) was purified by column chromatography to obtain a low yield of 12%. Next, 

chloromethyl pivalate (POM-Cl) was added to compound (89a) in CH3CN and the mixture 

was refluxed at 85 °C overnight. This gave the desired POMtides (84a) after purification by 

extraction and column chromatography. 
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Scheme 2.2. Synthesis of stavudine POMtides (84a-b). a) Et2O, POCl3, Et3N, -78 °C 10 min, 

rt 3 h. b) MeOH, pyridine, Et2O, 0 °C, 10 min, rt 30 min. c) d4T (5), CH3CN or THF, Et3N, 0 

°C, overnight. d) POM-Cl, NaI, CH3CN, reflux 85 °C, overnight.  

 

In the synthesis of both compounds (89a-b), 1-methylimidazole (NMI) was used instead of 

Et3N because the yield that resulted from the coupling of stavudine (5) with 

phosphochloridate (88a) was too low. The use of NMI and THF enhanced the yield, giving a 

95% yield of compound (89a) and a 44% yield of compound (89b) (Table 2.3). With this 

result, NMI was used as standard reagent in the synthesis of POMtide prodrugs. 
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Table 2.3. Yield of compound (89a) with NMI and Et3N. 

Coupling Reagent Solvent Temperature Yield %  

Et3N CH3CN 0°C ï rt 12 

NMI  THF 0°C ï rt 95 

 

 

Scheme 2.3. NMI reaction mechanism.  

 

All steps in the synthesis of the POMtides (84a-b) were monitored by 31P NMR. For example, 

compound (88a), was obtained as  colourless oil and had a 31P NMR single peak at ŭ 1.05 

(Figure 2.4). After coupling the nucleoside analogue to give compound (89a), the 31P NMR 

of this compound was observed as a two singlet peaks at ŭ -5.02 and -5.11 with different 

intensity which indicating to one isomer synthesised more than the other one (Figure 2.5). 

Finally, after the addition of the POM group, the31P NMR also appeared as two singlet peaks 

with shifts at ŭ -7.77 and -7.87 (for compound 84a) (Figure 2.6). The final stavudine 

POMtides (84a) were obtained as a white solid with the final coupling step proceeding with 

low yields, 36% for (84a) and 43% for (84b). 
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Figure 2.4.31P NMR spectrum of compound (88a). 

 

Figure 2.5.31P NMR spectrum of compounds (89a). 
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Figure 2.6.31P NMR spectrum of POMtides (84a). 

 

All final compounds (d4T ProTides and POMtides) were characterised by high resolution 

mass spectrometry (HRMS) and high performance liquid chromatography HPLC (Table 2.4).  

HRMS was run in the School of Chemistry at Cardiff University and the masses of all 

compounds were successfully reported. HPLC was run in the School of Pharmacy at Cardiff 

University and all samples were yielded with a purity of 94% and above. All compounds 

were run in MeOH/H2O system (80:20) during HPLC. 

 

Table 2.4. Yield, HPLC and HRMS of d4T ProTides (83a-b) and POMtides (84a-b) results.  

Compound Aryl  Yield%  HPLC%  HRMS +Na 

Stavudine ProTide (83a) 

Benzyl ester 

Phenyl 54 99 564.1512 

Stavudine ProTide (83b) 

tert -Butyl ester 

Phenyl 32 98 530.1668 

Stavudine POMTide (84a) 

 

Phenyl 36 94 517.1352 

Stavudine POMTide (84b) Naphthyl 43 97 567.1509 
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2.2.3. Stability of d4T POMtide in human serum 

 

D4T POMtide (84b) was selected to evaluate the compoundôs stability in human serum. After 

the ýrst (control) 31P NMR data of prodrug in DMSO-d6 (0.1 mL) and D2O (0.15 mL) were 

recorded, the NMR sample was treated with human serum (0.3 mL) and immediately 

subjected to further 31P NMR experiments. The 31P NMR data were recorded every 30 min 

over 12 h at 37 °C. The protocol used was obtained from previously published ProTide 

stability assays.110 

 

As shown in (Figure 2.7),31P NMR spectra showed two peaks at ŭ -9.97 and -9.27 inherent to 

POMtides (84b) and a third peak at ŭ 0.79 which may be due to the human serum or a 

POMtide metabolite. Over time, the 31P NMR spectra recorded a peak at ŭ -7.10, indicating 

POMtide (84b) metabolism. Depending on stability and metabolism studies of FUDR and 

POMtide metabolism hypothesis, the peak at ŭ -7.10 may correspond to d4T monophenyl 

metabolite.   

 

To confirm these results, a 31P NMR of human serum (in DMSO-d6 (0.1 mL) and D2O (0.15 

mL) only) was recorded at ŭ 1.47 (Figure 2.8). This chemical shift did not appear in the 

POMtide assay, indicating that the other peaks could be due to the monophosphate and the 

monophenyl metabolites of POMtides.  
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Figure 2.7. 31P NMR spectra of d4T POMtides (84b) in human serum assay, spectrum 

number 1 after addition the serum immediately, spectra numbers 2-13 every 1 hour. 

 

Figure 2.8. 31P NMR spectrum of human serum control sample.  
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As stavudine is an established anti-HIV agent, its biological evaluation is not reported. The 

next step was the application of POMtide and POCtide technologies to the anticancer 

nucleoside 2ô-deoxy-5-fluorouridine (FUDR, 22). This is because the testing of the cytotoxic 

effects of FUDR POMtides and POCtides could be carried out in-house to rapidly obtained 

data that will confirm the effectiveness of these monophosphate prodrug technologies in 

delivering monophosphates into cells.  

 

2.3. Design of FUDR ProTide, POMtide, POCtide, diphenyl, and monophenyl 

prodrugs 

Five different forms of FUDR prodrugs were designed and synthsised to compare their 

activity and stability. Prodrug approaches include ProTides, POMtides, POCtides, diphenyl 

monophosphate, and monophenyl monophosphate prodrugs (Figure 2.9). 

 

In this study, ProTide technology was selected over the bis(POM) and bis(POC) because it 

has a higher lipophilicity than other monophosphate delivery prodrug technologies, which 

gives better potency. Specifically, two L-alanine benzyl ester groups with phenyl and 

naphthyl aryl groups (90a-b) and tert-butyl ester group was selected with phenyl and 

naphthyl aryl groups (91a-b) (Figure 2.9). Particularly, benzyl and tert-butyl ester groups 

were selected ias the most common active and least active esters, respectively. Additionally, 

FUDR ProTide (90b) is already in clinical trials as an effective anticancer agent for the 

treatment of treat colon cancer, and it was used here as a positive control. 

 

Diphenyl monophosphate (94) and monophenyl monophosphate forms (95) were selected to 

study the metabolism and stability profiles of the POMtide and POCtide approaches, as it has 

previously been confirmed that the diphenyl prodrug -is stable intracellularly and cannot 

deliver the monophosphate. The hypothesis of the metabolism study was that monophenyl is 

needed to study the stability of POMtide and POCtide prodrugs as it is their main metabolite 

(discussion in 2.6.1, stability of FUDR monophenyl and diphenyl in buffer (pH 7.4)).  
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Figure 2.9. Chemical structures of FUDR (22) and its prodrugs ProTides (90a-b and 91a-b), 

POMtides (92a-b), POCtides (93a-b), diphenyl (94), and monophenyl (95).  
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The molecular weights and cLogP values of FUDR prodrugs were calculated in (Table 2.5) 

and according to Lipinskiôs rule of five molecular mass less than 500 and logP that does not 

exceed 5 would suggest that the compound might be orally active. POMtide prodrug shows 

slightly better lipophilicity than ProTide technology with the naphthyl aryl group and the 

benzyl ester, which gives it higher lipophilicity. Compared to the ProTides of the same 

nucleoside, the POMtides have a smaller molecular weight and an enhanced cLogP value. 

For example, the ProTide (90a), phenyl with the L-alanine benzyl ester, has a cLogP value of 

2.53 and a molecular weight of 563.48, while the POMtide (92a), phenyl/POM, has a 

relatively better cLogP value of 2.83 and a smaller molecular weight of 516.42 (Table 2.5). 

 

Table 2.5. Molecular weights, and cLogP values of FUDR prodrugs. The properties were 

generated in ChemDraw Professional 16.0. 

 

 

 

Compound Aryl  Molecular Weight cLogP 

FUDR (22) - 246.19 -1.83 

FUDR ProTide (90a) 

Benzyl ester 

Phenyl  563.48 2.53 

FUDR ProTide (90b) 

Benzyl ester 

Naphthyl 613.54 3.53 

FUDR ProTide (91a) 

tert -butylester  

Phenyl 592.46 1.58 

FUDR ProTide (91b) 

tert -butylester  

Naphthyl  579.52 2.59 

FUDR POMtide (92a) 

 

Phenyl  516.42 2.83 

FUDR POMtide (92b) 

 

Naphthyl 566.48 3.83 

FUDR POCtide (93a) Phenyl  518.39 2.36 

FUDR POCtide (93b) Naphthyl 568.45 3.36 

FUDR Diphenyl (94) - 478.37 2.6 

FUDR Monophenyl (95) - 424.25 - 
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In addition to ChemDraw, SwissADME website was also used to calculate the 

physicochemical properties of FUDR (22), ProTide (90a), POMtide (92a), and POCtide 

(93a). Molecular weight, lipophilicity, and water solubility were determined using 

SwissADME (Table 2.6). The result showed that ProTide, POMtide, and POCtide of FUDR 

had similar physicochemical properties. In terms of pharmacokinetics, it was shown that 

ProTide (90a), POMtide (92a), and POCtide (93a) estimated to be inhibitors of the CYP3A4 

enzyme.  

 

Table 2.6. Molecular weights and cLogP values of FUDR prodrugs. The properties were 

generated in SwissADME website. 

 FUDR (22) FUDR 

ProTide (90a) 

Benzyl ester 

FUDR 

POMtide 

(92a) 

 

FUDR 

POCtide 

(93a) 

Aryl  - Phenyl Phenyl Phenyl 

Molecular weight 246.19 563.47 516.41 518.38 

Consensus log P -0.53 1.97 1.98 1.61 

W
a

te
r 

s
o

lu
b

il
it
y
  

 

Log S  

(ESOL) 

-0.76 

4.23 mg/mL 

Very Soluble 

-3.99 

5.74 mg/mL 

Soluble 

-3.50 

1.65 mg/mL 

Soluble 

-3.32 

2.51 mg/mL 

Soluble 

Log S 

(Ali)  

-0.54 

7.05 mg/mL 

Very Soluble 

-4.91 

7.01 mg/mL 

Moderately 

Soluble 

-4.55 

1.47 mg/mL 

Moderately 

Soluble 

-4.53 

1.52 mg/mL 

Moderately 

Soluble 

Log S 

(SILICOS-IT)  

-0.34 

1.13 mg/mL 

Soluble 

-5.77 

9.61 mg/mL 

Moderately 

Soluble 

-3.77 

8.73 mg/mL 

Soluble 

-3.12 

3.91 mg/mL 

Moderately 

Soluble 

CYP3A4 inhibitor  No Yes Yes Yes 

Bioavailability score 0.55 0.17 0.17 0.17 
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2.3.1. Synthesis of FUDR ProTides 

Four ProTides (90a-b and 91a-b) were designed with phenyl and naphthyl aryl masking 

groups (Figure 2.9). L-alanine benzyl ester and L-alanine tert-butyl ester amino acids were 

selected as the second phosphate masking groups. They were synthesized following the 

phosphoramidate chemistry using N-methylimidazole (NMI) (Scheme 2.4). The synthesis 

began with the coupling L-alanine ester hydrochlorides and phenyl or naphthyl 

phosphorodichloridate (85a-b) in the presence of Et3N (Scheme 2.4). The phenyl 

phosphorodichloridate (85a) is commercially available, whereas the 1-naphthyl analogue 

(85b) can be obtained by reacting 1-naphthol with phosphorus oxychloride and Et3N 

following published procedures (Scheme 2.4).110 

 

The reactions were monitored by TLC and 31P NMR to confirm the generation of 

phosphorochloridate (86a-b and 96a-b). In most cases, the aryl amino phosphorochloridate 

syntheses were completed within two to three hours. Finally, the products were purified after 

rapid silica gel column chromatography in good yields > 60%.  The products (86a-b and 96a-

b) were then used as crude materials in ProTide syntheses because of their limited stability.  

 

Next, FUDR was dissolved in THF, the appropriate phosphorochloridate and NMI were 

added, and the reaction was stirred at room temperature overnight as shown in (Scheme 2.4). 

Finally, ProTides (90a-b and 91a-b) were isolated by silica gel chromatography as 

diastereoisomeric mixtures, and evidenced by 31P NMR (as two peaks), 1H NMR (with 

splitting of many nucleoside signals), 13C NMR, COSY, HSQC, HPLC, and HRMS (Table 

2.7).  
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Scheme 2.4. Synthesis of FUDR ProTides (90a-b and 91a-b). a) POCl3, anhydrous Et3N, 

anhydrous Et2O, -78 C for 30 min, then room temp for 2 h. b) L-alanine amino acid ester, 

anhydrous Et3N, anhydrous DCM, -78 C for 30 min, then room temp for 3 h. c) FUDR (22), 

NMI, anhydrous THF, room temp, 16-18 h.  

 

Table 2.7. Yield, HPLC and HRMS results of FUDR ProTides (90a-b and 91a-b). 

 

 

Compound Aryl  Yield %  HPLC %  HRMS+Na 

ProTide (90a) 

Benzyl ester 

Phenyl 38 99 586.1347 

ProTide (90b) 

Benzyl ester 

Naphthyl 23 98 636.1521 

ProTide (91a) 

tert -butylester  

Phenyl 52 98 552.1520 

ProTide (91b) 

tert -butylester 

Naphthyl 10 97 602.1619 



Chapter Two                                     Novel nucleoside analogue monophosphate prodrugs  
 

69 

 

2.3.2. Synthesis of FUDR POMtides 

Two of FUDR POMtides (92a-b) were designed with phenyl and naphthyl aryl groups and 

POM as the second protection group (Figure 2.9).The synthesis of FUDR POMtides (92a-b) 

began with the monomethylation of the phosphorodichloridate (85a-b) to generate compound 

(88a-b), which was purified by column chromatography and obtained in good yields, 72% 

with phenyl and 47% with naphthyl (Scheme 2.5). In most cases, reactions were completed 

within one hour and the products (88a-b) were purified after rapid silica gel chromatography. 

However, compounds were visible by one peak in the 31P NMR spectrum.  

 

FUDR (22) was then dissolved in THF and coupled with compound (88a-b) in the presence 

of NMI. The reaction was stirred at room temperature overnight to give the desired 

compounds (97a-b), which were purified by silica gel chromatography. The desired 

compounds (97a-b) were isolated as diastereoisomeric mixtures, evidenced by 31P NMR as 

two peaks, as well as 1H NMR, 13C NMR, and LCMS.  

 

Next, POM-Cl was added to compounds (97a-b) in the presence of NaI reaction was refluxed 

in dry acetonitrile at 85 °C to give the final POMtides (92a-b), which were purified by 

extraction and column chromatography using DCM/MeOH eluent system. As the final 

compound spot in the TLC was very close to the intermediate, a gradient column was used 

(0-4% MeOH). Finally, POMtides were isolated as a pair of diastereoisomers at the 

phosphorus centre, in about 1:1 ratio, and evidenced by 31P NMR as two peaks at ŭ -7.42 and 

-7.75 for POMtides (92a) (Figure 41). In addition, all products were reported by 1H NMR 

(with splitting of many nucleoside signals), 13C NMR, COSY, HSQC, HPLC, and HRMS 

(Table 10).  
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Scheme 2.5. Synthesis of FUDR POMtides (92a-b). a) POCl3, anhydrous Et3N, anhydrous 

Et2O, -78 °C for 30 min, then room temp for 2 h. b) MeOH, Pyridine, Et2O, 0 °C, 10 min, rt, 

30 min. c) FUDR (22), THF, NMI, rt, overnight. d) POM-Cl, NaI, CH3CN, reflux 82 °C, 

overnight. 
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Figure 2.10.31P NMR spectrum of compound (92a). 

 

2.3.3. Synthesis of FUDR POCtides 

POCtides (93a-b) were synthesised following the general synthesis of POMtides. Thus, after 

the synthesis and purification of compounds (97a-b), chloromethyl isopropyl carbonate 

(POC-Cl) was added in the presence of NaI and the reaction was refluxed overnight in dry 

acetonitrile at 85 °C to give the final POCtides (93a-b) (Scheme 2.6).  The POCtides (93a-b) 

were successfully purified by water extraction in DCM and column chromatography using 

DCM/MeOH eluent system (0-4% MeOH). 

 

 

Scheme 2.6. Synthesis of FUDR POCtides (93a-b). a) POC-Cl, NaI, CH3CN, reflux 85 °C, 

overnight. 
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The final POCtides (93a-b) were isolated as diastereoisomeric mixtures, and evidenced by 

31P NMR as two peaks at ŭ -6.94 and -7.10 in about 1:1 ratio for POCtide (93b) (Figure 

2.11). Additionally, 1H NMR (with splitting of many nucleoside signals), 13C NMR, COSY, 

HSQC, HPLC, and HRMS were also used to confirm the compounds (Table 2.8).  

 

 

Figure 2.11.31P NMR spectrum of POCtides (93b).  

 

Table 2.8. Yield, HPLC and HRMS results of FUDR POMtides (92a-b) and POCtides (93a-

b).  

 

 

Compound Ar yl Yield %  HPLC %  

 

HRMS 

+Na 

FUDR POMtides(92a) Phenyl 11 96 539.1207 

FUDR POMtides(92b) Naphthyl 3 94 589.1365 

FUDRPOCtides(93a) Phenyl 12 100 541.1013 

FUDR POCtides(93b) Naphthyl 34 98 591.1156 
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2.3.4. Synthesis of FUDR monophenyl and diphenyl 

 

In order to probe the metabolism of these POMtides, FUDR monophosphate was also 

synthesized where the phosphate group was monomasked with a phenyl group (95) and 

masked with two phenyl groups (94) (Figure 2.9). It was previously reported that the 

diphenyl masked nucleoside monophosphate prodrugs are too stable and not cleaved off 

inside cells to release the fully unmasked monophosphate group.9 Hence, they were used as a 

negative control in these studies.  

 

Depending on the POMtide metabolism hypothesis which states that compound (95) is 

probably a metabolite generated from the hydrolysis of POMtides, compound (95) could be 

unstable at physiological pH 7.4. Hence, the monophosphate monophenyl of FUDR synthesis 

and stability studies in buffer with pH = 7.4 are reported here. This will give a great insight 

on the metabolism of the POMtide and POCtide prodrug approaches.  

 

The synthesis of compound (94) began by dissolving FUDR (22) in THF and coupling it with 

diphenyl chlorophosphate in the presence of NMI at 0°C. The reaction was stirred at room 

temperature overnight to give the final compound, which was then purified by silica gel 

chromatography and obtained as a yellow oil with 55% yield (Scheme 2.7).  

 

 

Scheme 2.7. Synthesis of compound (94). a) diphenyl chlorophosphate, THF, NMI, 0 °C, 

overnight.  

 

The reaction was monitored by 31P NMR to confirm the presence of the desired product (94). 

31P NMR of the starting material diphenyl chlorophosphate was a singlet peak at ŭ -5.24 

while the desired product has a singlet peak at ŭ -11.65 (Figure 2.12).  In addition to 31P 

NMR, the final product was confirmed by 1H NMR, 13C NMR, and HRMS, while its purity 

(94.3%) was determined by HPLC.   
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Figure 2.12. 31P NMR spectra of A) diphenyl chlorophosphite and B) compound (94).  

 

 

The synthesis of compound (95) began by synthesising intermediate (97a). After the 

synthesis and purification of the chlorophosphate (88a) (as previously discussed), 2ô-deoxy-

5-fluorouridine (22) was dissolved in THF and coupled with phosphorochloridate (88a) to 

give intermediate (97a), which was then purified by silica gel chromatography and obtained 

as a colorless oil in a  52% yield. Next, intermediate (97a) was refluxed with NaI in CH3CN 

at 82 °C overnight to generate the final compound (95) in the form of sodium salt (Scheme 

2.8). Compound (95) was purified by aqueous extraction with DCM where the water layer 

was collected to give the pure final compound as a white solid with 72% yield.  
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Scheme 2.8. Synthesis of compound (95). a) compound (88a), THF, NMI, rt, overnight. b) 

NaI, CH3CN, reflux 82 °C.  

 

The reaction was monitored by 31P NMR to confirm the formation of intermediate (97a) and 

the final compound (95). Intermediate 31P NMR was recognised as two singlets with peaks at 

ŭ -4.85, while the final compound (95) gave a singlet peak at ŭ -5.82 (Figure 2.13). 

 

 

Figure 2.13.31P NMR spectrum of compound (95).  
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2.5. Metabolism of FUDR ProTide and POMtide 

2.5.1. ProTide metabolism study using porcine liver esterase enzyme 

 

To explore whether FUDR POMtide technology can be activated by the same esterase 

enzyme used in activating the ProTide technology, ProTide (90a) metabolism assay was 

conducted first. This assay was carried out by McGuigan et al to study the metabolism of 

FUDR ProTide with naphthyl and L-alanine pentyl ester. McGuigan et al. carried out an 

enzymatic study using a carboxypeptidase Y assay. However, this enzyme was not readily 

commercially available during the timeframe of the work reported herein; consequently, 

porcine liver esterase enzyme was used in this assay. Thus, 5 mg of ProTide was dissolved in 

acetone-d6 (0.15 mL) and tris(hydroxymethyl)aminomethane (TRIZMA)buffer (0.2 mL pH 

7.4) and the control 31P NMR was recorded. Next, porcine liver esterase enzyme (5 mg in 0.2 

mL TRIZMA buffer (pH 7.4)) was added to the sample which was then monitored at 37 °C 

for 8 hours. This protocol has already been described by McGuigan et al to study ProTide 

metabolism.111 

 

As depicted in (Figure 2.14), the metabolism of ProTide (90a) begins with the hydrolysis of 

the ester moiety to give the intermediate A. It has been hypothesised that the removal of the 

ester moiety is mediated by a carboxyesterase-type enzyme such as porcine liver esterase 

enzyme, which was used in this assay. In the second step, an internal nucleophilic attack of 

the carboxylate residue A on the phosphorus centre occurs followed by a displacement of the 

aryl moiety to give the intermediate B. In the third step, a water molecule is responsible for 

the opening of the unstable cyclic releases intermediate C. Finally, the cleavage of the P-N 

bond mediated by a phosphoramidase-type enzyme gives the corresponding monophosphate 

D.111 
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Figure 2.14. Metabolism pathway of FUDR ProTides (90a).  

 

According to the results, the parent ProTide (90a) control sample 31P NMR recorded two 

signals at ŭ 3.67 and 3.75 (Figure 2.15). After adding the enzyme after 10 minutes, the 

ProTide (90a) was being hydrolysed to the metabolite C, which was recorded by 31PNMR at 

ŭ 6.84. Metabolite C, 31P NMR peak at ŭ 6.84, was also reported by McGuigan et al.111 

However, during the enzymatic process, ProTide (90a) was not fully converted to the 

metabolite C (Figure 2.16). This could be due to the fact that the activity of the porcine liver 

esterase enzyme was different from the activity of the carboxypeptidase Y enzyme which was 

used in the McGuigan et a.l assay and gave full conversion within approximately 45 

minutes.111  
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Figure 2.15. 31P NMR spectrum of ProTide (90a) in acetone-d6 and TRIZMA buffer. 

 

Figure 2.16. 31P NMR spectra of ProTide (90a) after addition of esterase enzyme from 

porcine liver at 37 °C for 8 hours.   
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Despite the low rate of ProTide activation, this assay confirmed that the ester moiety can be 

removed by the porcine liver esterase enzyme. Next, POMtide metabolism evaluation was 

conducted following several protocols to specifically confirm the POMtide metabolism 

pathway for the first time.  
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2.5.2. Hypothesis of POMtide and POCtide metabolism 

The hypothesis of the POMtide metabolism is described in (Figure 2.17). First, after the 

POMtide enters the cell via passive diffusion, the ester motif is cleaved off by esterases to 

release metabolite A, which subsequently undergoes spontaneous chemical rearrangement 

that results in the full cleavage of the POM part and release of the monoprotected metabolite 

B. This metabolite B may be chemically unstable at physiological pH or enzymatically 

unstable and hence undergoes spontaneous cleavage to release the fully unmasked phosphate 

functionality. 

 

 

Figure 2.17. Proposed metabolism of POMtide technology. 
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It is hypothesised that the POCtide Metabolism is similar to POMtide metabolism as depicted 

in (Figure 2.18). So, after a POCtide enters the cell, the ester motif is cleaved off by esterases 

to release metabolite A, which subsequently undergoes spontaneous chemical rearrangement 

to release metabolite B. The chemically unstable metabolite B spontaneously releases the 

monoprotected metabolite C that results in the full cleavage of the POC moiety. This 

metabolite C may be chemically unstable at physiological pH or enzymatically unstable and 

hence undergoes spontaneous cleavage to release the fully unmasked phosphate functionality. 

 

Figure 2.18. Proposed metabolism of POCtide technology. 
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2.5.3. POMtide metabolism study using porcine liver esterase enzyme 

To confirm POMtide and POCtide metabolism pathways, four different protocols were 

carried out to study POMtide (92a) metabolism.  

 

In fact, the rate of the initial activation step might be generally considered as one of 

requirements for good biological activity of POMtides. In order to support the proposed 

putative mechanism and results from POMtide enzymatic assays, the intermediate (95) was 

prepared via a synthetic route (Scheme 2.7) and used to confirm the formation of a 

metabolite of POMtide (92a) in addition to evaluating its stability at physiological pH 7.4. 

Therefore, it will be clear where the phenyl group of metabolite (95) was removed due to 

chemical instability at physiological pH or whether it was enzymatically removed by specific 

enzymes.  

 

Indeed, POMtide (92a) metabolism was evaluated using porcine liver esterase enzyme, 

carboxypeptidase Y enzyme, carboxypeptidase A enzyme, and cell lysate. Previously 

published protocols that described ProTide metabolism studies were followed. Thus, 3 mg of 

POMtide was dissolved in acetone-d6 (0.15 mL) and TRIZMA buffer (pH 7.4, 0.2 mL) and 

the control 31P NMR was recorded. Next, 5 mg of porcine liver esterase enzymes (15 

units/mg, CAS: 9016-18-6) in 0.2 mL of TRIZMA buffer (pH 7.4) was added to the sample 

which was then monitored at 37 °C for several hours. This protocol was already followed in 

the study of ProTide (90a) metabolism, a ProTide of the same nucleoside analog (FUDR).  

 

The first assay was carried out by using porcine liver esterase enzyme, and the control 31P 

NMR was initially recorded for POMtide (92a) in acetone-d6 and TRIZMA buffer (Figure 

2.19). After the addition of enzyme sample was monitored by 31P NMR over 12 hours, no 

new peaks were recorded (Figure 2.20). After 16 hours and 24 hours of incubation at 37°C, a 

very small peak was observed (Figure 2.21). Metabolite (95) was added to the ýnal assay 

sample to confirm whether the new peak reported at ŭ -5.14 corresponds to it or not. The 31P 

NMR spectrum demonstrated an increase in peak intensity at ŭ -5.14, which is strongly 

supportive of the proposed metabolic pathway and activation of the POMtides (Figure 2.22). 
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Figure 2.19. 31P NMR spectrum of POMtide (92a) in acetone-d6 and TRIZMA buffer, 

control sample for porcine liver esterase assay.  

Figure 2.20. 31P NMR spectra of POMtide (92a) after 12 hours of porcine liver esterase 

addition at 37 °C. 
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Figure 2.21.31P NMR spectra of POMtide (92a) after 16 and 24 hours of porcine liver 

esterase addition at 37 °C. 

 

Figure 2.22.31P NMR spectrum of POMtide (92a) after addition of compound (95). 












































































































































































































































































