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Abstract

A substantial portion of metabolism involves transformation of phosphate esters, including
pathways leading to nucleotides and oligonucleotides, carbohydrates, isoprenoids and steroids, and
phosphorylated proteins. Because the natural substrates bear one or more negative charges, drugs
that target these enzymes generally must be charged as well but small charged molecules can have
difficulty traversing the cell membrane other than by endocytosis. The resulting dichotomy has
stimulated abundant effort to develop effective prodrugs, compounds that carry little or no charge
to enable them to transit biological membranes but then able to release the parent drug once inside
the target cell. This chapter will present recent studies on advances in prodrug forms, along with
representative examples of their application to marketed and developmental drugs.
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1 Introduction

Metabolism employs phosphorus compounds in myriad ways. Phosphate esters are central to
information storage, serve as the currency for energy exchange, and contribute to membrane
fluidity. They are important intermediates in carbohydrate metabolism, in formation of
nucleotides and their assembly into RNA and DNA, and in steroid fabrication and protein
lipidation through the isoprenoid biosynthesis pathways. They hold key roles in cell
signaling processes, including G-protein coupled receptors (GPCR), second messengers
such as CAMP or phosphatidylinositol, and enzyme activation/deactivation through protein
phosphorylation. Within the cell, the phosphate group commonly serves as a tunable leaving
group. A phosphate mono- or diester is relatively stable when free in metabolic surroundings
because of its negative charge at physiological pH [1], but is readily activated upon
complexation to various counterions in an enzyme’s active site. Thus phosphorus
compounds provide both abundant opportunities for drug design and intrinsic challenges.
Chief among the challenges is the inherent conflict between a molecule that must be anionic
to bind to the active site of an enzyme but first must penetrate the membrane to access that
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enzyme, as well as the necessity to mimic a potential leaving group with a substructure
sufficiently stable to survive delivery.

A longstanding and still common strategy for preparation of more stable analogues of
phosphate esters (1) is based upon formal replacement of the ester oxygen with carbon to
afford the corresponding phosphonate (2) [2]. Although phosphonates are known from a
number of natural sources, implicating the existence of enzymes capable of C-P bond
cleavage [3], it is widely recognized that phosphonates have greater metabolic stability.
Replacement of the phosphate ester oxygen with a simple —CH,— group may preserve much
of the size and shape of the original substrate but it also impacts the second pKj value, with
the phosphonic acid less acidic by 0.5 to 1.5 pKj units [4]. Incorporation of this carbon also
eliminates the possibility of enzymatic interaction with oxygen lone pairs at this position.
Both of these concerns can be addressed by addition of fluorine or oxygen substituents on
the alpha carbon, although this necessarily has on impact on steric issues and can introduce a
stereogenic center as well [5]. Nevertheless, numerous phosphonate analogues of
biologically active phosphates have been prepared.

Phosphate monoesters are charged at physiological pH, as are the corresponding
phosphonates, and those with small and/or hydrophilic substituents may have difficulty in
diffusion across biological membranes and often require endocytosis for cell entry [6].
While this limitation may be ameliorated in the case of compounds with larger, more
lipophilic substituents [7], it is always a concern that must be considered in drug design.
Thus efforts to prepare biologically active organophosphorus compounds often have been
followed by studies to delineate strategies that temporarily mask any negative charges at
physiological pH. Potential drugs based upon this approach may offer a number of
advantages over their non-protected counterparts. In particular, addition of cell-cleavable
protecting/masking groups (i.e. the prodrug approach) can: 1) increase oral bioavailability;
2) enhance cell penetration; 3) improve the specificity of tissue delivery; and 4) avoid or
minimize degradation in serum via cellular sequestration. In addition, once the prodrug
moieties are cleaved within the cell, the same factors that would normally limit entry of the
non-protected drug into the cell now can restrict the free drug from leaving the cell. Thus,
prodrugs can effectively allow the drug to achieve elevated concentrations within cells,
further enhancing efficacy [8].

Study of phosphonate prodrugs may have a long history, but pro-drug strategies to protect
and deliver phosphate monoesters also have been of great interest. Efficient delivery of a
phosphate monoester into the cell can afford important metabolic advantages. For example,
nucleoside analogues such as arabinofuranosyl cytidine (AraC) and gemcitabine (GemC)
undergo activation after cell entry by conversion to the corresponding mono-, di- and
ultimately triphosphates [9], and use of a protected phosphate may allow intersection with
natural metabolic processes at a later stage [10]. This strategy may be particularly important
with nucleotide prodrugs where it can allow the agent to bypass the rate-limiting initial
phosphorylation [11]. Furthermore, phosphate prodrugs may confer stability to serum
phosphatases, and therefore support more effective dosing.
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However, use of prodrugs is not without substantial challenges. In particular, choosing the
best protecting group is difficult for several reasons. Most notably, cellular cleavage of the
protecting groups can often generate products which are viewed as disadvantageous or even
toxic. In addition, the protecting groups must strike a balance between allowing absorption
in the intestines and allowing cleavage in the blood or target cell.

Given the tremendous importance of phosphonate and phosphate prodrugs, research in this
area has grown dramatically and has been the subject of periodic reviews [12-14]. Many
reviews have focused exclusively on nucleotide prodrugs [15-18] or hepatitis C (HCV) [19-
21]. However, it has been more than six years since a comprehensive phosphorous prodrug
review [22]. Therefore, we have attempted herein to compare and contrast recent
investigations of phosphonate and phosphate pro-drugs, and to consider the present
applications and future potential of such agents. After a brief consideration of the structural
factors involved, representative examples of these strategies will be presented.

2 General considerations

The majority of prodrug applications of phosphates and phosphonates seek to facilitate
passive diffusion through the cell membrane by masking negative charge until the
compound is within the cell. This requires attention to two primary considerations: 1) what
type of derivative will be employed; and 2) what process or processes will be entrusted to
remove the protecting groups once the prodrug is within the cell.

For applications in synthetic chemistry, a wide variety of protecting groups for phosphonates
and phosphates is known [23]. Those employed to provide prodrugs fall into two general
categories, esters (3—-6) and amides (7-10). Yet even after that initial selection is made, there
are a number of other concerns to address and an equally large array of solutions has been
developed. When two charges must be masked, will two of the same groups be employed in
a diester (e.g. 3 or 4) or will two different groups be used (e.g. 5 or 6)? Use of two different
groups necessarily results in formation of a stereogenic center at phosphorus, but may allow
more flexibility in terms of the cleavage step(s). For either variation, use of two alcohols
allows formation of an acyclic derivative while use of a single diol affords a cyclic
derivative. Parallel considerations underlie the selection of amine-derived prodrugs, where
again use of two different amines or an unsymmetrical diamine (e.g. 9 or 10) generates a
stereogenic phosphorus. Finally, mixed ester-amides (e.g. 11 or 12) are also well known,
and can offer some advantages in terms of both the cleavage step and organ or tissue
targeting.

Equally complex is determination of the strategy that will be employed for regeneration of
the drug once it is within the cell. In most cases, this is assumed to involve a specific
enzyme or enzymes, but those can include an esterase, an amidase, a phosphatase, or even a
redox process. Furthermore, some prodrugs have been reported that rely upon thermal
cleavage, and the possibility of photochemical cleavage may be available through
photodynamic therapy approaches.

A dramatically different prodrug application has been to employ phosphates as anions to
make a specific drug more water soluble. This strategy is particularly valuable where the
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drug itself is an alcohol (e.g. metronidazole, shown as the phosphate derivative 13) [24] or a
phenol (e.g. tamoxifen, shown as the nucleotide derivative 14). In the case of metronidazole,
addition of the phosphate enhances water solubility 50-fold and the prodrug is cleaved
rapidly in human serum [25]. Further derivatization of metronidazole through conjugation
with a nucleoside 3’-phosphate has been explored as a strategy to enhance oral
bioavailability [26]. In the case of 4-hydroxytamoxifen, incorporation of the nucleotide
element was desired to make this prodrug a substrate for a ribonuclease [27], a strategy
designed to release a natural metabolite upon generation of the drug [26]. Variations of this
approach have been employed with a number of other drugs [28-31] through
functionalization of phenol substructures such as in prodrugs 15-17 [32], the nitrogen of
phenyl hydantoins like derivatives 18 and 19, and the relatively acidic carbon of 3-
dicarbonyl compounds [33]. While this appears to be an area of growing interest, in light of
the recent review [32] it will not be considered in greater depth here.

3 Ester prodrugs

A host of different alcohols can be employed to prepare phosphorus-based esters, and many
examples have been reported. Some of the more useful approaches are listed in Table 1.
Representative cases will be described in the following sections.

3.1 Symmetrical diesters

Conceptually, the simplest derivative of a phosphonic acid that would be neutral at
physiological pH may be a diester derived from a small alcohol such as methanol or ethanol.
Dimethyl esters are readily prepared, and do not introduce stereochemical issues at
phosphorus. However, despite the emergence of organophosphorus hydrolases in various
bacteria [34], perhaps driven by the widespread use of phosphorus-based insecticides,
simple dialkyl esters of phosphonates appear to be surprisingly stable in mammalian systems
(cf. bisphosphonate examples [35-37], nucleoside phosphonate examples [38-40], and a
squalene synthase inhibitor [41]). Some phosphonate dibenzyl esters also have been
examined and show more promise. In one study, the parent benzyl group was converted to
the free drug too slowly to be of value, but more substituted systems can have greater utility
as prodrugs [42,43]. For example, the p-acetoxybenzyl system can be activated by esterase-
mediated hydrolysis of the acetate [38] and the p-methoxybenzyl esters undergo cytochrome
P mediated activation [42]. While the later process was suggested to involve cleavage of the
methyl ether, it should be noted that chemical cleavage of p-methoxybenzyl ethers involves
oxidation of the benzylic position which could also facilitate drug regeneration within the
cell [23,44]. Whatever the mechanism of drug release, the bis[(p-methoxy)benzyl] prodrug
showed enhanced plasma stability which allowed intercellular drug release as well enhanced
metabolism in the liver.

Aryl esters would be expected to be more chemically reactive because of the greater acidity
of phenol vis-a-vis methanol. In some cases diaryl phosphonates have proven to be of utility
as prodrugs [45]. This early study also confirmed that simple alkyl esters were generally
incapable of functioning as prodrugs, while demonstrating that diphenyl esters performed
well, releasing the free acid in vivo at high concentrations as well as exhibiting
physiochemical properties that were more conducive to pharmaceutical formulation. More
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recently it has been suggested that the ability to tune the reactivity of diaryl esters through
choice of their substituents should make discovery of useful prodrugs in this family feasible
[46,47].

Phosphonate diesters derived from more complex natural alcohols, for example glucose,
might be more amenable to metabolic hydrolysis. Unfortunately, most carbohydrate-based
alcohols also would add significant chemical complexity in terms of their stereogenic
centers as well as potential issues of regiochemical control during their formation.
Furthermore, the enzymes that metabolize carbohydrate phosphates, such as glucose-6-
phosphatase, have natural substrates that are dianions or anions, and may be unlikely to
hydrolyze neutral compounds. Thus the early studies on phosphonate prodrugs often relied
upon enzymatic cleavage mediated by enzymes other than phosphatases. Particularly
prominent among these strategies were those that relied upon nonspecific esterases for an
initial hydrolysis, followed by a chemical decomposition that liberated the desired drug [14].

Much of the early interest in phosphonate prodrugs can be traced to key studies during the
quest to develop drugs against the human immunodeficiency virus (HIV), hepatitis, and
other viral diseases. After De Clercq, Holy, Rosenberg and their colleagues reported strong
antiviral activity of acyclic nucleoside phosphonates such as 9-[2-
(phosphonomethoxy)ethyl]adenine (PMEA) and (S)-9-(3-hydroxy-2-phosphonyl-
methoxypropyl) adenine ((S-HPMPA [48] (Reviewed in [49]), the activity of these
compounds stimulated great interest in development of prodrug forms to enhance the
membrane permeability of these drugs. An early focus was pivaloyloxymethyl (POM)
modified phosphonates, a prodrug format that first had been advanced for use with
phosphate monoesters [50,51]. However this approach was readily adapted to phosphonates
such as foscarnet esters (20) [52] and a phosphonate inhibitor of insulin receptor tyrosine
kinase [53]. Ultimately, the POM moieties were applied to PMEA leading, after extensive
studies, to the approval of adefovir dipivoxil (21, Hepsera) by Gilead for treatment of
Hepatitis B (HBV) (Reviewed by Lee and Martin [54]).

The POM group also has been applied to a variety of other phosphonates including
bisphosphonates such as compound 22 [55]. This pro-drug of an inositol monophosphatase
inhibitor exhibits an increase of more than 2500-fold in activity relative to the parent drug.
Such a dramatic impact, together with the clinical utility of drugs such as adefovir dipivoxil,
has fostered continued interest in the use of POM groups in phosphonate and phosphate
prodrugs to the point where this is often the first prodrug form examined for any new
phosphorus-containing drug [22,56]. At the same time, concerns are periodically expressed
about the metabolic byproducts of POM cleavage, including the toxicity [42,43] and
carcinogenicity [45] of formaldehyde as well as the burden resulting from elimination of
pivalic acid as a carnitine derivative. Thus while the POM group is a valued addition to the
line-up of potential prodrug forms, research has continued into other variations.

A closely related strategy for preparation of phosphonate prodrugs is based on use of a
carbonate ester such as isopropyloxycarbonyloxymethyl derivatives (POC). Esterase-
mediated cleavage of this prodrug results in loss of carbonate and 2-propanol, rather than
pivalic acid [57]. Therefore, in contrast to POM prodrugs, the POC prodrugs should not

Top Curr Chem. Author manuscript; available in PMC 2016 March 02.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wiemer and Wiemer

Page 6

impact carnitine levels. An early study [58] was the basis for selecting the POC derivatives
of acyclic nucleosides for development, because it showed significantly increased potency
towards HIV-1 in a cell-based assay as well as a longer serum half-life than the
corresponding POM compound. Ultimately these studies have led to the clinical use of
tenofovir disoproxil (23) for treatment of viral infections [59]. While the POC compounds
may have lower levels of chemical stability than their POM analogues [60], this can be used
to advantage in preparation of the parent phosphonates from POC-protected intermediates
[61].

Other ester prodrugs have been based on derivatives of 2-mercapto ethanol. These prodrugs
are reminiscent of the POM prodrugs in that cellular cleavage to the free drug is mediated by
esterases. For example, S-acylthioalkyl ester (SATE) derivatives undergo enzymatic
hydrolysis of the ester, thus liberating a thiol which in turn can attack carbon to afford
episulfide and the free drug [62]. This strategy avoids formation of formaldehyde but instead
yields episulfide and pivalic acid which may interfere with carnitine metabolism as noted
above. However, an advantage of this group is that it can be applied to both phosphonates
(e.g. compound 24, [63]) and phosphates (e.g. compound 25, [64])

The POM (26), SATE (27), and POC (28) esters all undergo cleavage through an initial ester
hydrolysis, and there is some similarity in the non-drug products formed. As noted above,
hydrolysis of a POM compound (26) releases both pivalic acid (29) and, after decomposition
of the resulting intermediate 30, formaldehyde (31) and the parent drug (32) (Scheme 1).
Hydrolysis of a common SATE ester (27) also affords pivalic acid (29) and a thiol
intermediate (33) that decomposes to give episulfide (34), which may be as problematic as
formaldehyde. Hydrolysis of a POC compound (28) affords isopropyl alcohol (35) and
ultimately carbon dioxide (36), which may be the least worrisome byproducts in this series,
but issues such as the stability of the prodrug also must be considered.

3.2 Unsymmetrical diesters

In contrast to symmetrical phosphonate diesters, which do not result in a stereogenic center
at the phosphorus atom, unsymmetrical phosphonate diesters (or phosphate triesters)
introduce asymmetry at this position. However, unsymmetrical diesters also may allow
deployment of different strategies for deprotection, or even distribution of a second drug to
the cell [65], while symmetrical diesters may be limited to a single strategy for unmasking
the parent drug. For example, since the introduction of the cycloSal approach [66] several
substituted salicyl alcohol derivatives have been employed to prepare different prodrug
forms of nucleotides and carbohydrate phosphates and phosphonates [67]. Even the early
studies on cycloSal, which employed derivatives designed to be removed by chemical means
once within the cell, showed that this prodrug form can afford additional efficacy. For
example, 100-600 fold increases in activity relative to their respective non-phosphorylated
controls have been observed [68]. However, while comparisons of cycloSal groups in
phosphate triesters with the activity of the parent phosphate ester would be more attractive,
it also can be more difficult to determine if, for example, the phosphate has limited stability
in the culture medium.
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Studies performed on acyclic nucleoside phosphonates prepared as cycloSal prodrugs
revealed a limited impact on cell permeability and release of the prodrug 37 relative to the
parent phosphonate PMEA [69]. Here the cycloSal approach imparted only 1-2 fold
improvement in cell activity relative to the free phosphonic acids, which was less than cell-
cleavable approaches such as the bis-POM strategy. To the extent that removal of the
cycloSal group is dependent upon chemical hydrolysis, with no additional increase in
hydrolysis seen in the presence of plasma, once such a prodrug enters the cell it also may
diffuse out rather than be unmasked which would result in limited increases in potency.
Realizing this limitation, the Meier group has prepared newer cycloSal derivatives that
impart a cell cleavable component prior to the chemical hydrolysis step [70,71]. These
papers describe second and third generation cycloSal technology as well as some dramatic
improvements in efficacy.

Studies on cycloSal prodrugs have continued for many years, and they have been well-
rewarded. For example, classical resolution of stereo-isomers at phosphorus potentially is
possible whenever the cycloSal pro-drug is a derivative of a nucleoside or nucleoside
analogue that contains stereogenic centers in itself [72]. An early observation of an 11-fold
difference in the biological activity of the phosphorus stereoisomers [72] has encouraged
development of methods to allow stereocontrolled synthesis. Recently it has proven feasible
to use valine-derived auxiliaries (e.g. 38) to control formation of the phosphorus
stereocenter via PY chemistry [73]. Through controlled synthesis of the phosphorus
stereocenter, and judicious placement of a methyl substituent on the aromatic ring, it was
possible to observe 7- to 20-fold differences in the antiviral activity of d4TMP pro-drugs
(e.g. 39) [74]. The biochemical and/or physiological basis for such significant differences in
activity is/are not yet clear, but they clearly validate the effort devoted to diastereoselective
syntheses and justify additional research into the cycloSal prodrugs. Applications of the
cycloSal group as a leaving group in synthesis of 1,6-diglycopyranosyl-phosphates only
further enhances the value of this group [75,76].

A different approach based on unsymmetrical diesters deliberately places a stereogenic
center in a diol esterified to the phosphorus moiety. Although this introduces a stereogenic
phosphorus atom, it also can allow tissue-targeted cleavage. Erion and colleagues have
pioneered the use of this type of cyclic phosphonate prodrug, e.g. compound 40 (reviewed
by [77]). Such compounds exhibit high stability in plasma but undergo rapid oxidative
cleavage mediated by a cytochrome P450 enzyme expressed in the liver (CYP3A4) [78] and
thus are known as HepDirect prodrugs. When compared to the bis-POM prodrug of
adefovir, it was found that the HepDirect approach causes higher drug accumulation in the
liver and lower accumulation in the kidney and intestine in rats after oral delivery [79]. This
strategy is effective with phosphonates and phosphates, given that similar distribution was
seen with a HepDirect modified AraC [80]. In this study a cyclic 1-(aryl)-1,3-propanyl
prodrug of AraC was evaluated for its ability to target this compound to the liver. There was
a substantial increase in mice, compared to the non-phosphorylated AraC as a control. The
HepDirect technology also was applied to a 2/,3’-carbonate to make an orally available
compound (39%) with high liver potency [81,82].
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The HepDirect strategy has been applied to a variety of compounds other than nucleotides or
nucleotide analogues. For example, compound 41 was prepared as a prodrug for a thyroid
hormone receptor agonist, and was shown to lower cholesterol and triglyceride levels with
decreased impact on other tissues [83,84]. A variety of compounds in this vein has been
prepared, and the various stereoisomers were separable by column chromatography and
HPLC on a nonracemic column. Unfortunately, the simple aryl compounds had limited
aqueous solubility and functioned as inhibitors of CYP3A4. Through use of a pyridyl or
substituted pyridyl ring system (e.g. 42), inhibition of CYP3A4 was diminished, water
solubility was increased, and more effective inhibition of glucose production was observed,
especially in the 2R, 4Sisomer [85]. The general strategy also has been applied to prepare
prodrugs of a phenol (43) [86] and an alcohol (44) [87].

The mechanism of drug release from the prodrug 45 is believed to involve enzymatic
oxidation of the benzylic position to afford the hemiketal 46 [80]. Because this oxidation
takes place primarily in the liver, the prodrug effectively targets this organ. After ring
opening (47), a B-elimination results in liberation of the drug (49) and an enone (48) derived
from the masking group. It has not yet been identified whether or not generation of the
enone, a potential Michael acceptor, is problematic. Regardless, the authors suggest that the
mechanism of HepDirect prodrug release results in gradual delivery of the original drug,
therefore indirectly delaying its elimination [87].

3.3 Monoesters

While small lipophilic diesters can neutralize two negative charges in phosphates (or
phosphonates) and thus facilitate passive diffusion across biological membranes, it has long
been recognized that monoesters derived from larger lipophilic groups also may offer
advantages. Among those advantages, monoesters avoid the complexities of phosphorus
stereochemistry in the salt form (e.g. the anion of compound 50). In some very early work
this was exploited with cholesterol esters. For example, the cholesteryl ester of 5-fluoro-2’-
deoxyuridine was prepared via a DCC coupling of the nucleotide with cholesterol [88], and
subsequently tested for activity in Ehrlich ascites cells. It displayed modest activity even
though it is almost insoluble in water [89]. Much more recent studies have provided more
facile synthetic routes [90] to the cholesteryl esters, but further studies on the efficacy of this
prodrug strategy have yet to appear.

Studies with other monoesters have been both more extensive and more successful. Perhaps
most notable is work with lysophospholipids (or their analogues) as phosphonate masking
groups [91,92]. Because lysophospholipids are metabolized by phospholipase A2 cleavage
of dietary phospholipids and readily absorbed in the Gl tract, it was hypothesized that
conjugation with nucleotide analogs would enhance the oral bioavailability of the associated
drug. An early study by Hostetler demonstrated the feasibility of the phospholipid
conjugation approach through preparation of acyclovir diphosphate dimyristoylglycerol,
which can be viewed as an analog of the naturally occurring CDP-DAG. This compound
was very effective at inhibiting replication of herpes-simplex virus (HSV) in cells deficient
of thymidine kinase [93]. Likewise, several alkyl glycerol-3-phosphate derivatives of
acyclovir and azidothymidine with extended alkyl chains increase intracellular levels of the
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monophosphate by over ten-fold, with strong in vitro anti-viral activity [94]. These
compounds also had an elevated and sustained oral bioavailability relative to the non-
phosphorylated drug. This approach reduces the levels of the drug in the kidney and
increases its levels in the liver. Differences also have been noted in the lung accumulation
with varied lipid moieties [95].

Some of the strongest effects of this strategy were observed with lipid esters of the acyclic
nucleoside phosphonates [91]. Across evaluation with a number of viruses, there were
routinely several log unit increases in activity associated with use of the lipid esters. Of
special significance was a >10,000-fold increase in in vitro potency of hexadecyloxypropyl
(HDP)-(S-HPMPA against HIV-1 [96], a >5,000-fold increase in potency of the HDP-
HPMPA against orf virus [97], and a >2,000-fold increase in potency of HDP-CDV against
Epstein—Barr virus (EBV) [98] relative to the respective free acyclic nucleoside
phosphonates. These increases may be a consequence of their association with membranes
leading to increased cellular half-lives. One indication of the effectiveness of this strategy is
that two lipid nucleoside conjugates presently are in clinical trials. Brincidofovir (51,
CMX001) is an HDP-conjugated cidofovir in trials for CMV [99], while the related prodrug
CMX157 (52) is an HDP-conjugated tenofovir in trials for HIV. This progress certainly
encourages further investigation of phosphonate monoesters [100,101].

3.4 Cyclic monoesters and mixed diesters

Specific examples of acyclic nucleoside phosphonates offer unique opportunities for
prodrugs based upon an intramolecular cyclization. For example, cidofovir (53) can be
converted to a cyclic monoester (cyclic cidofovir, 54) which in turn can be further modified
at the remaining acid function (reviewed by Krylov [102]). As a prodrug, the cyclic
cidofovir 54 offers advantages over the parent compound in that only one ionizable function
remains, and hydrolysis to the parent drug does not release any additional products. At the
same time, upon ionization of compound 54 there is no longer a stereogenic center at
phosphorus, so the only stereochemistry is that inherent to cidofovir itself. The cyclic form
of cidofovir also was reported to have 10- to 40-fold lower nephrotoxicity than the parent
compound [103]. However, formation of derivatives may further increase uptake and allow
targeting [103].

One cidofovir derivative in this vein was based upon salicylate esters (e.g. 55). For example,
formation of the aryl ester from n-butyl salicylate gave a mixture of the axial and equatorial
phosphorus esters, but these diastereomers were separated. The axial isomer showed greater
chemical stability, and thus was assayed as an individual enantiomer. Based on the
biological results, including stability in plasma and in liver and intestinal homogenates, it
was hypothesized that breakdown occurs via an esterase-mediated hydrolysis of the
carboxylate ester of the salicylate, followed by complete release of the drug [104]. The use
of long lipid esters also has been investigated [105]. For example, the efficacy of
phospholipid esters of cyclic cidofovir (e.g. 56), cidofovir, and HPMPA has been
investigated, providing valuable comparisons [106,107].

An intriguing approach to cyclic cidofovir prodrugs has employed ester linkages to serine
derivatives (57) [108,109]. In addition to reduction of the phosphonate charge, this approach
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may impart the ability for the prodrug to act as a substrate for peptide/amino acid
transporters in the GI tract. However, while uptake was increased, especially with a Val-Ser
derivative, it was not due to hPEPT1 transport as these compounds bind to hPEPT1 but do
not act as substrates [110]. Use of amino acid esters also has been applied to prepare
prodrugs of other nucleoside analogues including HPMPA, and at times improved oral
availability was observed [111].

More traditional masking groups also have been used in combination with an internal ester.
The acyclic nucleotide analogue based on 2,6-diaminopurine has been further modified as its
POM (58) and HDP derivatives [112], suggesting that virtually any ester (vide supra) or
amide (vide infra) might be employed to obtain derivatives of the cyclic esters available
from nucleotide analogues such as cidofovir.

Finally, internal esters are not limited to acyclic nucleoside phosphonates or even to
phosphonates in general. For example, the cyclic nucleotide 59 has been reported to show
very promising activity against the hepatitis C virus [113,114]. In this case the issue of
phosphorus stereochemistry is ameliorated by selective formation of the desired
stereoisomer, which has been accomplished on a kilo scale including purification by
crystallization [115]. A variety of different phosphate esters of this general structure has
been reported, and studies have described a mechanism of drug release that may include
cytochrome P activation [114]. Again in this case, the reported studies strongly suggest that
even more varied phosphate esters could be employed.

4 Amidate prodrugs

While many have employed phosphorus esters to prepare prodrugs, others have developed
phosphoramidate derivatives (reviewed by Mehellou [116]). As early as 1990, Devine and
McGuigan had hypothesized that nucleotides containing at least one phosphoramidate
linkage would exhibit cellular conversion to the free phosphate, potentially enhanced by
activity of HIV protease [117]. Extensive studies in the intervening years have demonstrated
amply the validity of that hypothesis with both diamidates and aryloxy phosphoramidates
(reviewed in [118]), and each class offers advantages. Examples will be described in the
following sections.

4.1 Symmetrical diamidates

As described above for diesters, it can be argued that from a conceptual standpoint the
simplest phosphordiamidates are those where symmetry avoids the issues inherent to
introduction of phosphorus stereochemistry. Recently, McGuigan and colleagues have
claimed just such advantages for a diamidate strategy [119,120]. When the amide is derived
from an amino acid, achieving a neutral species requires esterification of the carboxyl group
as well (e.g. 60). After examination of a series of twenty-five diamidates for activity against
HCV [120] and HIV replication, and anti-proliferative effects in several cell lines, it was
found that this strategy is sufficient to afford good cellular activity with several different
nucleoside analogues [119]. Furthermore, preparation of symmetrical bisamidates from the
symmetrical diesters has been reported [121].
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Symmetrical bisamidates also have been used to prepare prodrugs of phosphonates. For
example, compound 61 was prepared as an inhibitor of fructose 1,6-bisphosphatase [122].
The phosphonodiamidate prodrug was far more potent in human hepatocytes than the free
acid and, after comparison with a broad range of other prodrugs, the bisamidate was judged
superior and selected for clinical trials [123]. While Phase I trials with compound 61
ultimately proved disappointing, studies with second generation analogues continue [124].

4.2 Amidate esters

Some of the earliest work on azidothymidine (AZT) monophosphates reported that simple
alkyl diesters were inactive in a cellular model of HIV but that the combination of an alkyl
monoester with a phosphoramidate led to surprisingly good cellular potency [117]. In an
impressive series of studies that continue to this day [125] McGuigan and colleagues
evaluated lactate-derived systems and diaryl phosphates, before identifying aryloxy
phosphoramidates as a highly efficient prodrug approach (reviewed in [118]). Work
applying the aryl phosphoramidate technology to nucleoside phosphonates has led to the
clinical trials of several such agents.

Most recent work on aryl phosphoramidates has employed protected L-alanine esters for the
amine moiety [126]. In several cases where the D-alanine analogues were prepared, they
were found to display significantly lower activity [127-129]. One comparison of PMPA
prodrugs reported that a phenyl phosphoramidate displayed 10-fold greater activity than the
corresponding POC prodrug.

While the amide component of phosphoramidates appears to be centering on L-alanine
derivatives, considerable variations in the aryl ester component are still reported. Simple
phenyl esters may well be the most extensively employed substructure [130,131], especially
in nucleotide analogues such of the general structure 62 [116,127,132-136]. However in
cases such as the hydroxamic acid 63, an inhibitor of 6-phosphogluconate dehydrogenase for
use in trypanosomiasis, addition of simple substituents such as methyl groups to the phenyl
ring has resulted in more than a 10-fold increase in potency [137]. In some cases,
deployment of a naphthyl ester (e.g. 64) has accompanied preparation of the phenyl ester
[116,132,133] while other studies have focused on the naphthyl esters [138-141].

While aryl phosphoramidates based on amino acids are by far the most common examples
of this class, further variations in the ester and amine components are certainly known [142].
For example, in place of an aryl ester, a 3-acyloxymethoxypropyl group has been studied
(e.g. 65), and hydrolysis of the ester was found to be ~20-fold faster than the corresponding
phenyl phosphoramidate [131]. In this work, small differences in the reactivity of the Rp and
S isomers were noted, but it was not possible to identify which one was the more reactive.

An interesting alternative to amines derived from amino acids is based on the 4-chlorobutyl
system as reflected in compound 66. After reduction and loss of the nitrofuryl group,
cyclization of the butyl group delivers the active nucleotide, as shown by the preservation of
activity in cells deficient in the kinase that generates FAUMP [143] or AraC monophosphate
from the corresponding nucleosides [144].
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Finally, a bidentate ligand also has been employed to prepare cyclic phosphoramidate esters
such as compound 67 [145]. The (N-3-hydroxypropyl)-amino esters could be prepared from
commercially available amino acids, ultimately allowing preparation of both the S and Rp
isomers, and the phosphorus stereochemistry was assigned based on NMR data. Small
differences in activity were found between the phosphorus stereoisomers, and the most
active compounds in the series were comparable or slightly greater in potency when
compared to the POM analogue.

4.3 Monoamidates

Symmetrical diamidates do not introduce a stereocenter at phosphorus, but in cases such as
aryl (or alkyl) phosphoramidates where two different protecting groups are employed,
introduction of a stereogenic center at phosphorus can become a concern. Formation of a
stereocenter can be avoided if but one amidate is used, as long as the single negative charge
in the resulting salt is resonance delocalized, and an additional benefit is that drug release
does not generate phenol. One recent study of monoamidates prepared compounds such as
68, where the longer chain alanyl ester was intended to regain some of the lipophilicity
sacrificed by removal of the phenyl ester [146]. The resulting compound proved very
effective at generating high levels of the nucleoside triphosphate in human hepatocytes.

A similar strategy was employed in a series of AZT and ddU analogues (e.g. 69) [46,47]. In
this work, aryl amines were used to generate the monoamidates, and those based on pyridyl
amines displayed notably low cytotoxicity and high antiviral activity. However, because no
activity was observed in thymidine kinase deficient cell lines, further work will be necessary
to clarify the specific mode of action.

5 Drug release

In addition to neutralizing negatively charged phosphorous moieties to allow diffusion
across cellular membranes, it has become apparent that the appropriate selection of ester
and/or amide prodrugs can be used to impart cell type and tissue type specificity which can
impact the distribution of the free drug. Specifically, by choosing the processes that are
entrusted to remove the protecting groups, whether chemical decomposition or enzymatic
cleavage, one can control where and when the drug is released. Each drug/prodrug/target
must be optimized individually as some masking groups can be more or less readily
removed from different types of drugs [147]. However, we will here attempt to describe
some general guidelines for planning drug release.

The majority of current prodrugs require enzymatic cleavage prior to biological function.
Conceptually speaking, prodrugs designed to undergo chemical decomposition (e.g. simple
esters, early cycloSal compounds, or thermolytic prodrugs) offer the least amount of control
over tissue distribution. However, by altering the chemical stability to control drug release
rates these compounds may offer advantages in terms of dosing, such as enhanced plasma
stability and precisely controlled half-lives of elimination [148]. For example, some
thermolytic prodrugs of DNA oligonucleotides have been examined [149]. Based on these
studies, it was suggested that an optimal half-life of a thermolytic prodrug for animal work
is between 100-200 hours at 37 °C, and that resistance to enzymatic cleavage allows better
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distribution of the drug to the cellular targets. In addition, depending on the masking group,
thermolytic release has the potential to reduce accumulation of toxic intermediates and to
overcome limitations in esterase activity on charged substrates when multiple groups need to
be removed [150,151].

Ester-based compounds such as the POM analogs undergo relatively slow chemical
decomposition but are generally susceptible to cleavage by non-specific esterases which can
be found in most cells as well as the blood. For example, a representative bis-POM
compound was demonstrated to have a five minute half-life in plasma [152]. The
mechanism of cleavage involves an initial enzymatic step followed by spontaneous release
of the linker. Interestingly, while the first POM group is rapidly removed leading to
formation of the monoester, the mono-POM compound has a much longer half-life in
plasma, and would likely offer advantages in terms of membrane permeability relative to the
free diacid. Ultimately, the most promising use of POM-modified compounds may be to
increase oral bioavailability, allowing accumulation of the free drug in the plasma at
elevated levels, but not necessarily offering strong advantages in terms of tissue distribution
relative to IV dosing.

When selecting which ester groups to use to increase oral absorption of a particular
compound, it is important to keep in mind that the majority of neutral protecting groups will
greatly increase oral absorption. Therefore, it may be more important to optimize the rate of
release (i.e. esterase susceptibility) rather than attempting to maximize the rate of oral
absorption. An excellent example of this rational was shown for various ester prodrugs of
squalene synthase inhibitors [153]. Here, the authors clearly demonstrate a reduction in oral
activity occurs when protecting groups are either removed too quickly or removed too
slowly.

In contrast to the POM prodrugs, HDP esters require phospholipase C for removal of the
protecting group and tend to have increased stability in the blood. This affords the actual
drug with both increased oral availability and increased tissue distribution relative to 1V
dosing. The phospholipid masking groups tend to greatly increase the duration of exposure
to the drugs, which can at times be detected even up to 10 days later [154]. Presumably drug
release requires prodrug insertion in the cell membrane followed by slow cleavage
intracellularly via phospholipase C metabolism. This combination of uptake, plasma
stability, and long lasting cellular effects makes the mono phospholipid strategy especially
effective for oral delivery of drugs such as brincidofovir, a highly promising antiviral agent.

Cleavage of the prodrugs of cyclic cidofovir and other related nucleotides requires several
enzymatic steps to achieve the free drug. For example, the dipeptide prodrugs put forth by
McKenna require removal of one of the amino acids by puromycin-sensitive aminopeptidase
and spontaneous release of the remaining amino acid [155]. Modulating the enzymatic step
that removes the first amino acid might provide an additional means to achieve tissue
targeting depending on the expression of that enzyme. This hydrolysis likely must precede
ring opening, which is also enzymatically-driven [156]. The specific mechanisms of ring
opening are still emerging, with PDE7A recently identified as one enzyme important to this
process [157].
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The cyclic ester prodrugs have further enhanced tissue specificity of drug release, especially
with the HepDirect system. Due to its specificity for metabolism by CYP3A4, accumulation
of the free drug in the liver is favored, the predominant site of CYP3A4 expression.
Likewise, while early generation cycloSal derivatives lacked selectivity, more recent
modifications of these structures have afforded compounds that are stable in the presence of
serum but not in cell extracts, thus offering some advantages over POM prodrugs [158].

The phosphoramidates also exhibit increased plasma stability relative to the acyloxyalkyl
ester compounds. Whether diamidate (e.g. 70), or aryl amidate (71), these compounds
appear to be released through an initial enzymatic hydrolysis of the amino acid carboxyl
ester [159]. In the case of diamidates and aryloxy amino acid amidates this initial step is
catalyzed by carboxypeptidase Y (cathepsin A) or carboxylesterase | [160], to afford the
corresponding carboxylate (72 or 73). By increasing specificity for cathepsin A one can
target the free drug to tissues such as peripheral blood mononuclear cells which have been
found to highly express this enzyme [161,162]. The initial hydrolysis leads to a spontaneous
elimination of one of the protecting groups, which may involve the cyclic intermediate 74
leaving a monoamide intermediate [163]. The amidate 75 subsequently is cleaved by cellular
phosphoramidases such as Hint1 [160,164] to release the free drug (76). Mono
phosphoramidates have been evaluated for enzymatic cleavage by human Hintl, and a set of
guidelines for specific phosphoramidate cleavage by Hint enzymes has been established. For
example, purine bases may be preferred but pyrimidine bases also can be used,
phosphoramidate oxygen atoms are required, and an electrophilic group is required at the
ribose 2’-position, while sterically-crowded amines reduce cleavage [165].

A set of phenol-containing phosphonoamidates with various amino acid esters has been
tested against a panel of cellular serine and cysteine proteases. This study found large
differences in the metabolism of the prodrugs, such that modifying the amino acid ester
group can completely change the enzyme activity. It was noted that the alanine isopropyl
amidate bearing a phenyl ester is metabolized by cathepsin A [166]. The authors suggest that
based on differential tissue expression of these proteases, one might be able to design
specific phosphonamidate prodrugs that will be preferentially metabolized in various tissues.

Some interesting differences in drug release also may occur based on the subcellular
localization of the enzymes responsible for removal of the protecting groups. Much like
prodrugs that target a specific cell type, prodrugs that target a particular subcellular locale
would be best served by undergoing hydrolysis by a singular enzyme with known
subcellular distribution. However, it should be noted that this approach is not without risks,
as lack of redundant conversion pathways may increase the potential for drug interactions or
sensitivity to genetic polymorphisms [167]. Nonetheless, there have been several attempts to
develop single enzyme cleavage systems. For example, the phospholipase C driven release
of HDP prodrugs might be expected to occur primarily in the cytoplasm or at the
intracellular face of the plasma membrane [168]. Likewise, HepDirect prodrugs (which
require CYP3A4) would be similarly released in the cytoplasm near the inner face of the
plasma membrane [169]. On the other hand, release of phosphoramidates by Hintl may
occur in multiple compartments, as this enzyme has been reported to exhibit both
cytoplasmic and nuclear localization [170]. However, phosphoramidates that are substrates
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for carboxypeptidase Y may be expected to be released in the lysosome, which would confer
an advantage against targets that are lysosomal but would require membrane diffusion or
active translocation of the free acid to reach cytoplasmic targets. Indeed, GS-9191, an
amidate prodrug of 9-(2-phosphonylmethoxyethyl)-N®-cyclopropyl-2,6-diaminopurine, was
demonstrated to be initially hydrolysed by cathepsin A in lysosomes followed by pH-
dependent translocation to the cytoplasm [171].

Finally, in few select cases, it is not even necessary to remove the protecting groups in order
to observe biological activity. For example, methylated phosphates were able to function as
agonists for the adenosine Al receptor, a GPCR, without removal of the methyl group,
resulting in an enhanced in vivo bioavailability and pharmacodynamic effect [172].
Likewise, simple esters that block the ATP gated ion channel P2X were able to offer a
cardioprotective effect [173]. Findings such as these suggest that while removal of the
masking group is required for activity of antiviral agents and inhibitors of isoprenoid
biosynthesis, both of which require coordination of the negatively charged phosphate in an
enzyme active site, it is not necessary for certain phosphorous moieties including some
receptor agonists. While binding to the receptor may be reduced by the presence of a small
masking group, the pharmacokinetic advantages may outweigh a small loss in ligand
binding affinity.

6 Current applications of prodrug technology

In recent years, there has been a dramatic increase in the synthesis of phosphate and
phosphonate prodrugs. It could be argued that synthesis of prodrug forms is becoming the
norm during generation of these drugs. In particular, two classes of prodrugs, the classic
acyloxyalkyl phosphonates and the amidates [116,174], account for the majority of recent
examples. Here, we attempt to highlight some important recent developments in three key
areas (nucleotides, isoprenoids, and phosphorylated proteins) for which novel applications
of prodrugs are revolutionizing their respective fields.

6.1 Nucleosides, nucleotides & nucleic acid metabolism

An intense area of research into phosphate and phosphonate prodrugs has centered on
development of effective antiviral agents. The discovery of HIV stimulated tremendous
efforts in this regard [59], and the continued importance of the disease encourages continued
efforts in this area, including use of prodrugs such as tenofovir disoproxil as preventative
agents [175]. Furthermore, increasing concern for viral infections such as HCV
[100,135,176,177] and herpes virus [56] also motivates research. Because there are
numerous reviews focused on prodrugs of nucleotides and nucleoside phosphonates [178—
184], the following paragraphs focus primarily on other emerging applications in the
nucleotide area.

Much of the past research into nucleotide and nucleoside phosphonate prodrugs has been
designed to afford drugs that include phosphorus and so do not require formation of a
monophosphate through a kinase mediated reaction. This strategy, often referred to as a
kinase bypass [15-18], can circumvent development of drug-resistant strains through
mutations that delete one specific kinase. An intriguing alternative has been suggested
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through formation of prodrug forms based on nucleoside diphosphates (e.g. 77) [185,186].
Compounds with acyl residues greater than CgHq3 were found to be highly active in a
CEM/TK™ assay, demonstrating that this is an effective strategy for intracellular delivery of
nucleoside diphosphates. It remains to be seen whether this or a similar strategy may be
extended to other types of diphosphates or even triphosphates.

At the same time, applications of the more traditional kinase bypass strategy to novel
nucleoside analogues continue to appear. In this context, a recent paper described phenyl
phosphoroamidate 78. After efforts to optimize the nucleoside analogue, both phosphorus
stereoisomers were isolated and identified by crystallography. The more active S isomer,
compound 78, then became the first C-nucleoside to enter clinical development for treatment
of HCV through inhibition of NS5B polymerase [187]. These findings illustrate that one
consequence of the aryl phosphoramidates is the introduction of a new stereogenic center at
phosphorus [188,189] which can dramatically impact biological activity. However, the
majority of studies make no mention of this stereochemistry suggesting that assays were
conducted on diastereomeric mixtures. Consistent with these results, another elegant study
separated the phosphorus-centered diastereomers of compound 79, identified them by
diffraction analysis, and assayed the individual isomers, reporting that the S diastereomer
shown displayed significantly greater activity [113,190]. The prodrug 79 produces high
levels of the triphosphate in multiple species following oral dosing. Its toxicity is low with
high potency towards HCV even in resistant cells and so it was recently approved for
treatment of HCV (as Sofosbuvir) [191,192]. This success suggests that the issue of
phosphorus stereochemistry will need to be addressed in other aryl phosphoramidates as
well. It is interesting to note that in both cases the S isomer was more potent, however
neither the underlying cause of this phenomenon nor its prevalence are known at this time.

In addition, prodrug strategies are continuing to find application in other non-viral
applications. For example, several prodrug forms of acyclic immucillin phosphonates have
been prepared in an effort to identify anti-malarial agents that function through inhibition of
purine biosynthesis in plasmodium. While the POM modified phosphonate 80 is able to
penetrate erythrocytes, hydrolysis there limits drug entry into the parasite. However,
lysophospholipid prodrugs (e.g. 81) are able to deliver the compound to the parasites, where
they are cleaved by phospholipase A and C, releasing the free phosphonic acid [193]. This
target also has been addressed with bisamidate prodrugs of bisphosphonates such as
compound 82 as potential antimalarial agents [194] and antibiotics [195]. Taken together,
these studies reiterate the importance of optimizing each prodrug-drug-target combination.

Some groups have evaluated prodrugs for their ability to prevent precipitation of phosphorus
compounds. It has long been recognized that geminal bisphosphonates can be viewed as
analogues of diphosphate which will not readily undergo hydrolysis. Derivatives with small
substituents on the methylene carbon, compounds such as etidronate (83) and clodronate
(84) are sometimes referred to as first generation bisphosphonates, because of their early
clinical use [196]. In vivo these bisphosphonates are converted to ATP analogues that may
directly trigger apoptosis [197,198], but as small, highly charged molecules they do not
readily cross the cell membrane by means other than endocytosis. Various prodrug
approaches have been examined to increase their ability to enter cells. For example, several
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bis-, tri-, and tetra-POM bisphosphonates including derivatives of clodronate [35] and
etidronate [199] have been prepared, while a series of dianhydride derivatives of clodronate
also has been made (e.g. 85) [200]. In the latter study, the acetyl, butyroyl, and benzoyl
derivatives display half-lives in human serum of less than one minute, while the dipivaloyl
bisphosphonate has a longer half-life of 3.3 hours. The authors demonstrate that while the
solubility of the dianhydrides was less than clodronate, the compounds maintain their
solubility in the presence of increasing concentrations of calcium, while clodronate does not.
Therefore, compounds of this type may increase the oral bioavailability of clodronate and
related bisphosphonates. More recently, others have examined a phosphonoamidate prodrug
of clodronate [201]. However, while these approaches are likely to increase oral
bioavailability of the compounds, their low predicted stability in the plasma may ultimately
lead to cleavage of the prodrug and sequestration of the bisphosphonate to the bone rather
than allow for distribution to other tissues.

6.2 Isoprenoids and inhibitors of isoprenoid metabolism

A second pathway based upon small molecule diphosphates, isoprenoid biosynthesis, may
rival the importance of nucleotide metabolism in treatment of human disease [202]. Because
isoprenoids have important roles in heart disease, bone disease, and cancer, various groups
have investigated ways to elevate the concentration and target the delivery of isoprenoid
pathway inhibitors using prodrug strategies.

Isoprenoid diphosphate synthases—At the heart of cellular isoprenoid biosynthesis
pathways lie the isoprenoid diphosphate synthases, including farnesyl diphosphate synthase
and geranylgeranyl diphosphate synthase [203]. A number of clinically successful agents
used to treat osteoporosis and other bone diseases, collectively known as nitrogenous
bisphosphonates and considered to be the second and third generations of methylene
bisphosphonate derivatives, are inhibitors of farnesyl diphosphate synthase [196]. The
nitrogenous bisphosphonates are highly effective inhibitors in part because their
bisphosphonate substructure mimics the functionality of the natural di-phosphates. In
addition to imparting potent enzyme inhibition, this highly charged bisphosphonate group
serves to localize the nitrogenous bisphosphonates to the bone microenvironment, where
they achieve long-lasting and local concentrations which are capable of inhibiting osteoclast
function. Because bisphosphonate drugs exhibit anticancer effects in the bone, some groups
have hypothesized that directing these drugs to other locales through synthesis of
bisphosphonate prodrugs would lead to anti-proliferative effects against soft tissue cancers.
Simple alkyl and aryl bisphosphonates have met with some success [204], but more readily
cleaved prodrug forms may be more rewarding.

In 2006, Oldfield and colleagues published synthesis and evaluation of a tetra-POM
bisphosphonate (86) that inhibits farnesyl diphosphate synthase. While not evaluated for oral
availability, this compound was able to inhibit in vitro growth of cancer cells in a manner
that was 20-fold more potent relative to the free acid [205]. This illustrates the anti-cancer
potential of the target and also addresses the issue of cell permeability for this class of drugs.
In 2008, we reported a series of isoprenoid bisphosphonates that function as geranylgerany!l
diphosphate synthase inhibitors. Both the salt (87) and tetra-POM derivatives (88) were
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prepared, and growth inhibition and diminished protein geranylgeranylation were greater
with the tetra POM compounds by up to 25-fold relative to their respective free acids [206].
The magnitude of the increase varied from compound to compound, with smaller
compounds (with higher charge to mass ratios) benefiting more from POM protection.
Taken together, these studies suggest that bisphosphonate inhibitors of both farnesyl and
geranylgeranyl di-phosphate synthases exhibit difficulty entering cells, and neutralization of
these compounds with a prodrug approach can increase their in vitro anti-cancer properties.

Prenyl transferases—Isoprenoid diphosphates such as farnesyl diphosphate and
geranylgeranyl diphosphate are also post-translationally incorporated into proteins,
increasing membrane affinity. Because some such prenylated proteins are known oncogenes,
(e.g. Ras), there has been a substantial effort to develop inhibitors of the protein prenyl
transferases farnesyl transferase and geranylgeranyl transferase | and I1. Most efforts have
focused on peptidomimetics, but a variety of add back experiments have shown that
isoprenoid diphosphates enter cells and several isoprenoid diphosphate analogues also have
been reported. While these analogues may suffer from the permeability problems attributed
to other phosphates, there have been some reports of prodrug approaches with these
compounds [207]. Recently, phosphoramidate prodrugs of the farnesyl [208] and geranyl-
geranyl [209] monophosphate analogues 89 and 90 have been reported. Due to their
similarity to the natural substrates, these compounds are among the most potent isoprenoid
analogs reported for inhibition of the prenyltransferases. Their cellular activity was not
strong, possibly due to further metabolism of the monophosphate. However, in combination
with lovastatin these compounds exhibit some interesting effects on cancer cell viability,
which suggests that further examination of the use of masking groups to deliver isoprenoid
diphosphate analogues as transferase inhibitors may be warranted.

Inhibitors of the non-mevalonate pathway for isoprenoid biosynthesis—In
contrast to humans, bacteria and parasites commonly utilize the non-mevalonate pathway of
isoprenoid biosynthesis [210]. This allows one the opportunity to inhibit their growth
selectively by therapeutic targeting of these enzymes. Analogous to statin drugs that inhibit
the first enzyme of human isoprenoid synthesis, fosmidomycin (91) and its analog
FR900098 (92) inhibit the first step of the non-mevalonate pathway, 1-deoxy-D-xylulose 5-
phosphate (DOXP) reductoisomerase (Dxr). These drugs show some activity against
malaria, but also exhibit low oral bioavailability. In 2001, Reichenberg synthesized a series
of aryl ester modified FR900098 analogues (93) [211]. These compounds exhibited greater
activity in a Plasmodium model when dosed orally relative to the free acids. Due to concerns
about the potential for toxicity of the phenol metabolite, this group went on to produce a
series of acyloxyalkyl (e.g. the POM compound 94) and then compounds reminiscent of
POC derivatives (e.g. 95) as prodrugs of FR900098 [212,213]. At least one of these
compounds shows improvement in activity over the free acid in the mouse model.

Later studies on analogues substituted at the C-1 or C-3 positions of fosmidomycin, or
constrained by a ring system spanning C-1 and C-2, continued to employ bis-POM prodrugs
to explore the SAR of FR900098 analogs against Plasmodium Dxr [214-217]. These
compounds yielded several more potent inhibitors of Plasmodium growth in vitro, but use of
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the prodrug strategy in this system do not confer the magnitude of increase seen in other
cellular systems. It is difficult to say if the limited efficacy is compound based or parasite
specific. These results were echoed through studies of a series of fosmidomycin analogs
[218], where again the bis-POM protecting strategy was only marginally effective. It is
possible that fosmidomycin penetrates cells adequately of itself. The most recent studies
reported a series of fosmidomycin analogs with enhanced potency against the purified
enzyme and growth of the Plasmodium parasite in vitro [219]. While the activity was
somewhat enhanced by bis-POM protection, the results parallel findings of limited activity
of the tri-POM pro-drug squalene synthase inhibitor ER27856 in Leishmania. This again
suggests either a decreased ability to penetrate the membrane of this organism or lack of
ability to release the free drug [220].

Because fosmidomycin and FR900098 also are potent antibacterial agents, a prodrug
approach has been examined to determine if it would increase efficacy in Gram-negative
bacteria [221]. Several lipophilic esters were tested on a panel of Gram-positive and Gram-
negative bacteria. The largest positive effects were seen in an M. tuberculosis strain
(H37Rv), where several prodrugs were active at concentrations of 100 pg/mL versus >500
pg/mL for the free acid. Generally, the prodrugs did not enhance efficacy of FR900098 in
Gram-negative pathogens, with only one out of six showing a modest increase in potency
against E. coli k12. It is possible that these bacteria were not able to metabolize the prodrug
or that the pro-drug is not effective at crossing the double membrane, because they are too
lipophilic to transverse the hydrophilic transmembrane space. However, another group
recently has reported activity of the bis-POM derivative 94 in mycobacterium [222]. All in
all, future studies that focus on prodrugs of more metabolically stable compounds such as
these would be well worthwhile.

6.3 Protein phosphorylation and interactions

The phosphorylation and dephosphorylation of amino acid residues in proteins is an
essential aspect of many signal transduction pathways. The phosphorylated residues often
promote protein-protein interactions via Src Homology 2 (SH2) domains and other protein
domains that interact specifically with phosphorylated proteins. Therefore, compounds that
interfere with protein to phosphorylated protein interactions are potential therapeutic agents.

Prodrugs of peptidomimetics that target the SH2 domain—Tyrosine
phosphorylation is a primary component of signal transduction pathways such as those
regulated by growth factor receptors. As the SH2 domain is the most prevalent of the
phosphotyrosine recognition domains, it has emerged as a target for phosphotyrosine
mimicking phosph(on)ate compounds and their respective prodrugs. One early study
reported a series of SH2 domain blockers targeted at Src and Abl kinases [223]. The authors
suggest that efficient SH2 blockers must contain a phosphate group, or a phosphonate
substitute, to allow effect ligand binding. They successfully generated several dipeptide
analogs including the phosphonic acid 96, the ethyl ester 97, and the di-POM compound 98
as phenylalanine phosphonates. Both esters exhibited much faster cellular uptake than the
acid and the prodrug 98 was readily metabolized in cells to release the free acid.
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A similar approach has been taken to prepare aryl phosphoramidates such as compound 99
[224], as prodrugs of SH2 domain analogs for Src/Lck inhibitors. The compounds exhibit
low micromolar growth inhibition in Jurkat T cells, and undergo spontaneous hydrolysis
with half-lives of approximately 30 minutes. The same masking groups have been applied in
phosphonate 100 as a suspected SH2 domain blocker through inhibition of mitotic
centromere-associated kinesin protein function in a panel of cell lines [225]. The compound
inhibited cell growth but surprisingly the growth inhibition was not restricted to Src-
dependent cells. The same prodrug format was used to investigate targeting protein tyrosine
phosphatase 1B (PTP1B) as means of sensitizing cells to insulin signaling for treatment of
diabetes and obesity [226]. In this study, cellular activity of the prodrug was seen at low
nanomolar concentrations.

The goal of a similar study was to develop a phosphopeptide mimic that binds to the SH2
domain of Stat3, preventing its association with growth factor receptors and subsequent
phosphorylation and translocation to the nucleus. In this case, a xenograft experiment was
performed to assess activity in a MDA-MB-468 tumor model, and a ~30% decrease in tumor
volume was observed after four weeks of treatment [227]. In contrast to the earlier findings
[223], in this study the bis-POM compound 101, prepared as a phosphotyrosine surrogate, is
significantly more effective than the mono-POM analog at producing cellular activity [228].
Subsequent studies therefore relied on the bis-POM approach to identify inhibitors of Stat3
[229,230] and Stat6 [231] binding interactions.

Finally, while most SH2 analogs have utilized POM or amidate masking groups, one lab
recently has generated a cycloSal analog (compound 102) [232]. In this study, compounds
were active in the micromolar range in a cell free assay system. It is not yet clear how
rapidly such compounds are hydrolyzed and it may be unlikely that they would offer
significant enhancement in cellular delivery of the phosphorylated peptide due to the
chemical nature of the cycloSal hydrolysis. However, this report clearly demonstrates that
many different prodrug strategies can be applied to obtain analogues of peptide phosphates.

Serine/threonine analogs—Only recently has the prodrug approach enabled cellular
studies of phosphoserine and phosphothreonine analogs. After a phosphoserine analog with
the ability to block interactions of 14-3-3 proteins was identified, a mixed
phosphonoamidate ester prodrug of the corresponding difluoromethylene phosphonate was
prepared (103). This prodrug exhibited approximately a 20-fold increase in activity over the
free acid [233]. A recent report on phosphothreonine analogs targeted towards Plk1 also has
relied upon a bis-POM strategy [234].

7 Conclusions

Incorporation of phosphates and phosphonates in potential drugs once may have been
viewed as unrewarding, because of the inherent tension between a requirement for high
negative charge density for bioactivity and the limited ability of such compounds to traverse
the cell membrane. With the development of various prodrug forms it now has become
routine. Understanding of both the chemistry and biological activity of different prodrugs
has advanced tremendously since the earliest studies, and the pace of those advancements is
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increasing. From diesters of simple alcohols and symmetrical phosphorus species the art has
advanced to necessarily asymmetric amidate esters. The phosphorus stereochemistry that

once was avoided now is recognized as a potential design element and strategies for

asymmetric synthesis have begun to appear. The increasing complexity of the prodrug forms
has allowed evolution of drug release strategies and fosters drug targeting. These advances,

together with the growing number of phosphorus-containing drugs in clinical use and
clinical trials, makes clear that studies of prodrug forms will continue to be a vibrant
research area.
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Fig. 1.
General structures of the phosphate and phosphonate groups
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General structures of phosph(on)ate prodrugs
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Fig. 4.
Examples of pivaloyloxymethyl (POM)-modified drugs
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Fig. 5.
Tenofovir disoproxil, an isopropyloxycarbonyloxymethyl (POC)-modified drug
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Fig. 6.
Sacylthioalkyl ester (SATE) modified nucleoside analogues.
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CycloSal-PMEA (37) and some nonracemic cycloSal derivatives
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The HepDirect strategy for phosph(on)ate prodrugs
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Prodrugs derived from phosph(on)ate di(or mono) esters
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Prodrugs including internal ester formation
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Fig. 11.
A phosphate prodrug including internal esterification
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Phosphate and phosphonate prodrugs based on symmetrical di-amidates
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Aryl phosphoramidate prodrugs
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Alkyl phosphoramidate prodrugs
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Mono phosphoramidate prodrugs

Top Curr Chem. Author manuscript; available in PMC 2016 March 02.

Page 50

69 R=AZT orddU



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Wiemer and Wiemer Page 51

R—O R
: carboxypeptidase Y N o
o 5 - o I
RN~ 0=N& HN—R—0—NA
70 X = N-alanyl X 72X = N-alanyl X
71 X = O-aryl 73 X = O-aryl l
l phosphoramidase I I
"0-R~0—Na HN—R=0—NA HN—R=0—NA
(e) -— (0) -— O
,l". COZ- I'l"
76 75 74 0

Fig. 16.
Drug release from diamidates and aryloxy amidates [120]
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Fig. 17.
A diphosphate prodrug
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Fig. 18.
Prodrugs assayed as the Sp isomers
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Fig. 19.
Prodrugs of some purine biosynthesis inhibitors

Top Curr Chem. Author manuscript; available in PMC 2016 March 02.

H
I 0 0
o H N} 82R=
R10/*Q\E3,MNH HN>\§— Q
OR? N/J " N>§N 1
2

OCH,CHs

O

Page 54



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Wiemer and Wiemer

83 R' = OH, R? = CH,
84R'=CI R?=Cl

Fig. 20.
Examples of first generation bisphosphonates and a prodrug form
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Fig. 21.
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Prodrugs of farnesyl diphosphate synthase and geranylgeranyl di-phosphate synthase
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Fig. 22.
Monophosphate prodrugs that inhibit prenyl transferases.
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Fig. 23.

Fosmidomycin and prodrug analogues
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Fig. 24.

Bis-POM prodrug of an SH2 targeted peptidomimetic
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Fig. 25.
Aryl phosphoramidate peptidomimetics
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Fig. 26.
Some prodrug forms used in peptidomimetics
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Scheme 1.
The products of POM, POC, and SATE prodrug cleavage
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Scheme 2.
The products of HepDirect prodrug cleavage
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Table 1
Prodrug variations based upon ester linkages
Symmetrical diesters
Rl=R?
Alkyl -CH3 0
Benzyl -CH,CgH4X (X = H, OAc, OCH3) I 1
R-P—-O0-R
Aryl -CgHs |
@)
L2
R
acyloxyalkyl (POM) -CH,0C(0)C(CHg3)3
alkoxycarbonyloxy alkyl (POC) -CH,0OC(O)OCH(CHy),
Sacylthioalkyl (SATE) -CH,CH,SC(O)R
Unsymmetrical diesters
R #R? 0
cycloSal R—E’—O
|
@]
HepDirect
0. [
R—ﬁ’
o}
Monoesters
Rl=
O
steroidal cholesteryl 1 1
glycerol-fatty alcohol -CH,0CH,(CH,)14CH; R—I?—O— R
?
H
Internal monoesters and mixed esters
1-
R= Base
Cidofovir and HPMPA -H o)
glycerol-fatty alcohol -CH,0CH,(CH,)14CH3 =0
-\\O/P‘:OR‘I
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Table 2

Some prodrug variations based upon amidate linkages

O H

i1 4 X=0 phosphoramidate
RX_I?Z,_N_R X = C phosphonamidate

R

Symmetrical
Bisamidate
Monoamidate- monoester
Amidate/phenyl ester
Amidate/naphthyl ester
Amidate/alkyl ester
Monoamidates

Amidate

R! R?

-CHCH3C(O)OCH(CHg), -NH-R!

-CHCH3C(O)OCH(CH3), -OCgHs

-CHCH3C(O)OCH(CHg), -OCyoH;

-(CHy)4CI (with NCHg) -OCH,(C4H3NO3)

2-pyridyl -OH
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