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Highlight 1
The RT of HIV is an important target for antiretroviral drugs such as nucleosi(ti)de RT
inhibitors.

Highlight 2
We have designed new ANPs: a-thiophosphonates SPMEA and S-PMPA active against
HIV-1, HIV-2 and HBV.

Highlight 3
To improve pharmacokinetic, we have designed, prodrug forms: bis-POM-S-PMEA and bis-
POC-S-PMPA.

Highlight 4
Prodrug forms increase antiviral efficacy against HIV-1, HIV-2, HBV and HSV.

Highlight 5
We established the decomposition pathway of prodrug formsin cell extracts.
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Ester prodrugs of acyclic nucleoside thiophosphonates
compared to phosphonates : Synthesis, Antiviral activity

and Decomposition Study

Loic RouX, Stéphane PrigtNadine Payrdf Clément Weck Maélenn Fourniér Fabien

Zoulimb, Jan Balzariri Bruno Canarjand Karine Alvare?.

Abstract. 9-[2-(Thiophosphonomethoxy)ethylladenine [S-PMEA, 8] and R)-9-[2-
(Thiophosphonomethoxy)propyl]adenine [S-PMP$], are acyclic nucleoside thiophosphonates we
described recently that display the same antiviral spectrum (DNA viruses) as approved and potent
phosphonates PMEA anR)¢PMPA.. Here, we describe the synthesis, antiviral activities in infected cell
cultures and decomposition study of bis(pivaloyloxymethoxy)-S-PMEA [Bis-POM-S-PMBRand
bis(isopropyloxymethylcarbonyl)-S-PMPA [Bis-POC-S-PMPA] as orally bioavailable prodrugs of the
S-PMEAS8 and S-PMPAQ, in comparison to the equivalent ,non-thio" derivatives [Bis-POM-PMEH,

and [Bis-POC-PMPA12] . Compoundsll, 12, 13 and 14 were evaluated for thein vitro antiviral
activity against HIV-1-, HIV-2-, HBV- and a broad panel of DNA viruses, and found to exhibit moderate
to potent antiviral activity.. In order to determine the decomposition pathway of the pradrdgs 13

and 14 into parent compoundBMEA, PMPA, 8 and 9, kinetic data and decomposition pathways in
several media are presented. As expected, bis-POM-S-PMEsd bis-POC-S-PMPA4 behaved as
prodrugs of S-PMEA and S-PMPAO. However, thiophosphonat8sand9 were released very smoothly

in cell extracts, in contrast to the release of PMEA and PMPA from ,non-thio* protituaysd12.



(Footnotes) * Corresponding author. Tel.: +33 491 825 571; fax: +33 491 266 720.

E-mail address. Karine.Alvarez@afmb.univ-mrs.{K. Alvarez).

a: Laboratoire d’Architecture et Fonction des Macromolécules Biologiques, UMR CNRS 7257, Equipe
"Medicinal Chemistry and Structural Virology", Université Aix-Marseille, Parc scientifique de Luminy,
163 av. de Luminy, 13288 Marseille Cedex 9, France.

b: INSERM, U871, Université de Lyon, Hospices Civils de Lyon, 69003 Lyon, France.

c: Laboratory of Virology and Chemotherapy, Rega Institute for Medical Research, K.U. Leuven, B-3000
Leuven, Belgium.

Keywor ds. Nucleotide analog; Prodrug, Thiophosphonate; Antiviral activity; Metabolism.
Abbreviations: HIV, human immunodeficiency virus; HBV, hepatitis B virus; RT, reverse transcriptase;
dNTP, deoxynucleotide; ANP, acyclic nucleoside phosphonate; PMEA, [2- 9-
phosphonomethoxyethigldenine; S-PMEA, 92-thiophosphonomethoxyethigldenine; R)-PMPA, R)-
9-[2-phosphonomethoxyproggidenine; R)-S-PMPA, R)-9-[2-thiophosphonomethoxypropggldenine;
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bis(isopropoxycarbonyloxymethyl)thiophosphonometfjprgpyl} adenine;  bis-POM-PMEA,  92-
[O,0O’-bis(pivaloyloxymethyl)phosphonomethgeyhyl} adenine; bis-POM-S-PMEA, 820,0'-

bis(pivaloyloxymethyl)thiophosphonomethdeyhyl} adenine.

1. Introduction.

Acyclic nucleoside phosphonates (ANPs) [1-3] are outstanding molecules in the fight against DNA virus
and retrovirus infections. Three of those compounds have been formally licensed for the treatment of
HCMV infections [4] in AIDS patients (HPMPC, cidofovir, Vistide®), chronic HBV infections [1, 5, 6]
(PMEA, Adefovir dipivoxil, Hepsera®(R)-PMPA, Tenofovir disoproxil fumarate, Viread®) and HIV
infections (Tenofovir disoproxil fumarate, Viread®). Tenofovir is also available in a combination

formulation with emtricitabine (Truvada®), or emtricitabine and efavirenz (Atripla®) or emtricibatine



and rilpivirine (Complera®/Eviplera®) for the treatment of AIDS. In addition to these indications, there
are various other clinical conditions in which ANPs have proven to be active [1, 7].

ANPs are nucleotide analogs, and thus a phosphonate group is attached to the nucleoside moiety. Hence
ANPs: 1) should resist any attack by esterases, phosphatases or any catabolic enzymes, thus enhancing
physiological stability and half-life in biological fluids and cells, and 2) require only two phosphorylation
steps to be converted into their diphosphate active form [8], thus circumventing the often rate-limiting
first phosphorylation step of nucleoside analogs.

With respect to their mode of action, these nucleoside phosphonate analogs are phosphorylated by cellular
kinases into nucleoside phosphonate diphosphates after endocytosis-mediated penetration into the
infected cells. While they are generally poor substrates for cellular polymerases, these nucleotide analogs
are, on the other hand, fairly well incorporated into the growing viral DNA chain by viral reverse
transcriptase (RT) or polymerase. As these analogs do not possess a free 3'-OH group, their incorporation
results in a termination of DNA synthesis that is eventually responsible for the antiviral effect [9-11].

Given the antiviral potency, activity spectrum and long-term safety of ANPs, could their performance still
be improved? To address this question, various structural modifications have been attempted[1],
including structural diversity at both the side chain [12-14], the heterocyclic moiety [15-20] and the
phosphonate. Among phosphonate moiety modifications, two strategies have been explored. One consists
of designing prodrug adducts [21-26], such as alkoxyalkyl ester or phosphoramidstto8Saligenyl
derivatives to enhance bioavailability, and the other consists of modifying the environment of the
phosphorus atom of the phosphonate moiety itself [27-30]. The latter strategy has been explored to target
the resistance problem specifically, and to circumvent the loss of nucleotide analogue efficacy. Indeed,
the phosphonate moiety represents the site of the polymerization reaction during nucleotide incorporation
into the growing DNA chain and its modification may cause disturbances (electronic, steric effects) which
could be advantageous in binding affinity and/or catalytic efficiency.

We previously reported [28, 29] the synthesis ofdhdiophosphonates S-PME&and S-PMPAS,

bearing a sulfur atom at tleeposition of acyclic nucleoside phosphonate (Figure 1). Target comp8unds



and9 exhibit robust antiretroviral activity in cells infected by HIV-1 (LAI strain, and viral isolates from
subtypes A to G), HIV-2, HBV and a moderate activity against herpes simplex viruses and vaccinia virus.
We showed that their diphosphate forms S-PMEApp and S-PMPApp are readily incorporated by wild-
type (WT) HIV-1 RT into DNA and act as DNA chain terminators [28, 29].

Because these novel acyclic nucleoside thiophosphonates display promising antiviral activities, we
decided to improve their pharmacokinetic properties and related efficacy by the synthesis of prodrug
forms to make them potential candidates for HIV and HBV therapy.

A prodrug is a pharmacologically inactive compound that is converted to the active form of the drug by
endogenous enzymes or intracellular metabolism, to overcome problems associated with stability, toxicity,
lack of specificity and/or limited bioavailability. To be clinically useful a prodrug should fulfill
pharmacokinetic and pharmacodynamic profiles which are mainly dependent on the kinetics of its
conversion to the parent drug (sensitivity of the linkage between the prodrug moiety and the parent drug
to hydrolysis) and on its membrane permeation properties (lipophilicity).

Prodrugs of ANPs have been largely described [31, 32] and in particular, alkoxyalkyl ester prodrugs,
which are the forms currently employed in the licensed Adefovir dipivoxil (Hepsera®) and Tenofovir
disoproxil fumarate (Viread®). Historically, Srinivasal. [33] described the first anti-HIV evaluation of

the 9{2-[O,0’-bis(pivaloyloxymethyl)phosphonomethdeghyl} adenine “bis-POM-PMEA” or Adefovir
dipivoxil. Antiviral activity was increased 30-fold, but pivaloyl-containing compounds generated pivaloic
acid during release of the parent drug, which constituted a potential toxicity concern [34]. To overcome
this issue, “bis-POC” prodrugs were developed [11]. The anti-HIV activity Rf9{2-[0,0'-
bis(isopropoxycarbonyloxymethyl)phosphonometHpxgpylt adenine “bis-POC-PMPA” or Tenofovir
disoproxil was 100-fold higher than that of PMPA.

We describe here an efficient strategy to synthesize the alkoxyalkyl ester prodrugs: bis-POM-33PMEA
and bis-POC-S-PMPAA4 via a thionation reaction of the corresponding “non-thio” derivatives bis-POM-
PMEA 11 and bis-POC-PMPAZ2 (Figure 1). This thionation approach was also applied for the synthesis

of the parent thiophosphonates S-PMBANnd S-PMPAS. In this study, we also evaluate the antiviral



activity against a broad panel of viruses and the decomposition pathway in several media of the “thio”-

prodrugsl3 and14 in comparison with the “non-thio”-prodrud4 and12.

2. Results and Discussion.

2.1 Chemistry

We previously published [27, 28] a synthetic pathway to obtain the thiophosphonates S8PAVIEAS-

PMPA 9. We developed an original method to synthesize a H-phosphinate intermediate [27] that can
easily serve as a precursor to generate phosphorus-modified nucleotides. This key step was applied to
synthesizan-boranophosphonates [2;selenophosphonates aaghiophosphonates [28] derived from
PMEA and PMPA. However, this exploratory method was not feasible for large-scale synthesis, limited
by the overall low yield. So, we decided to develop a new synthetic strategy allowing us to obtain target
compounds and prodrugs derived thereof using a common strategy, thereby limiting the number of steps
(Scheme 1).

The first step of the synthesis uses a methodology largely described [27, 28, 35-37] and consists of
substituting adenine in order to obtain 9-(2-hydroxyethyl)adehifoe the S-PMEA series an®)-9-(2-
hydroxypropyl)adenin@ for the S-PMPA series.

The following step, which consists of alkylating alcohots and 2 with diethyl[[(p-
toluenesulfonyl)oxy]lmethyl]phosphona3g38] in DMF in the presence of alkoxide baggethe limiting

step characterized by its low yield and side-product formation which makes purification difficult. Indeed,
two side-products were identified following the reaction by HPLC/MS, the N7-regioisomer and the
elimination product. The formation of the N7-regioisomer has been reported by Hakimelahi, G. H. [35]
and we also observed its formation using sodienabutoxide as alkoxide base. Indeed, The synthesis of
compounds4 and 5 with 1.1 eq of sodiuntert-butoxide leads to a N-7/N-9 ratio 15/85 and 40/60
respectively. Regioisomers were not efficiently separated by purification on silica gel chromatography.
We hypothesize that the elimination product results frofiredimination reaction of the compourd

which contains ether function. Under the action of strong bases such as organolithium or organosodium



and to a lesser extent organomagnesium [39], hydrogen atom in beta position of the oxygen can be
removed (Reformatsky reaction analogy). Elimination reaction leads to an alkene and an alcoholate.

In order to improve regioselectivity and efficiency, and to reduce side product formation, we tried several
conditions of temperature (RT, 70 °C), solvent (DMF, NMP) and bases (tBuONa, tBuOK, NaH, LiH) [27,
35, 37, 40]. The alkylation can be effected also with magnettirbutoxide [41-43] and demonstrated

to be superior to the current manufacture production method. However, the strategy described is one-pot
synthesis and diethylphosphonatieand5 were not isolated. According to the recent literature [42, 43],
alkylation of compound4 and2 was accomplished in dimethylformamide at 35 °C during 20 h in the
presence of 1.5 equiv of magnesitart-butoxide to lead to the corresponding diethylphosphoraaes

5[17, 27], with 52% and 53% vyields, respectively.

The new approach we designed consists then to transfer a sulfur atom to diethylphospghandtes
forming diethylthiophosphonates and 7 using an efficacious thionation reagent (e.g., Belleau reagent,
Lawesson reagent, Davy reagent) [44-47]. The Davy reagent in dry benzene at 90°C lead to the
corresponding diethylthiophosphonateand7 with 43% and 44% yields, respectively. Thionatiordof

and5 proved to be fast and went to completion within 2h. Inspection of the decotiftifNVIR spectra
showed that the signals frofin(d: 21.56 ppm) an® (3: 22.11 ppm) were replaced by new resonances at
88.02 ppm fok and 88.41 ppm for.

Methyl and ethyl are current protecting groups of phosphonate diesters. However, while they can be
removed by treatment with trimethylsilyl iodide or bromide, this method fails or gives low yields with
thiophosphonate derivatives [48]. Deprotection of dietlyt-difluoromethylenephosphonothioic acid

via a thiono-thiolo rearrangement followed by Pd-catalysed deallylation has been reported [49]. Our goal
was to identify reaction conditions capable of generating thiophosphonic acids in a one step process.
Since nucleophilic displacement is rate-determining for TMSBr-mediated hydrolysis, the use of TMSCI
in conjugation with several exogenous nucleophiles (NaBr, Nal) was optimised for the hydrolysis of
diethylthiophosphonate® and7 [42]. Compounds and7 were treated with 40 equivalents of sodium

bromide and trimethylsilyl chloride ilN-methylpyrrolidone (NMP) at 90°C, during 12h, followed by



hydrolysis with triethylammonium bicarbonate 0,05 M (TEAB). The deprotection reaction led to the
formation of thiophosphonate® and 9 with 40% and 48% yields, respectively, after reverse phase
chromatography purification.

In summary, a more efficient process has been developed to prepare thiophosghand@sEven if

the the overal yield remains equivalent (10%), notable features include key alkylation using magnesium
tert-butoxide, reduction of purification steps using reverse-phase chromatography, thionation of ANPs
never described and efficient transsilylation of S-ANPs never reported.

To obtain the prodrug forms [29, 30] bis-POM-S-PMHEA and bis-POC-S-PMPA4 we used a
similar synthesis pathway involving a thionation reagent to introduce the sulfur atom on the alkoxyalkyl
estemphosphonate. The reaction involved the hydrolysis of the diethylphosphdratels followed by
the conversion into the alkoxyalkyl phosphonate diestérand12 by base-promoted alkylation. After
treatment of4 and 5 with two equivalents of sodium bromide and four equivalents of trimethylsilyl
chloride in NMP at 60°C during 12h, phosphonate diacids were obtained but not isolated. After ensuring
the complete removal of excess of TMSCI by co-distillation with ethyl acetate, they were directly
alkylated with triethylamine and the appropriate pivaloyloxymethyl chloride (POMCI) or
chloromethylisopropyl carbonaf® [50] (POCCI), in NMP at 60°C during 6h. Bis-POM-PMHBA and
bis-POC-PMPA12 were isolated by silica chromatography in 27% and 33% vyield, respectively. The last
step was the thionation reaction with the Davy Reagent in benzene at 80°C during 30 min. The bis-POM-
S-PMEA 13 and his-POC-S-PMPA4 were then obtained after silica gel chromatography with 29% and

32% vyields, respectively.

2.2 Anti-HIV activity of thiophosphonate prodrugs 13 and 14 compared to phosphonate prodrugs 11 and

12 against wild-type (WT) HIV- 1 (ll1g) and HIV-2 (ROD) and cytotoxicity in CEM cell cultures.

To evaluate the activity of the target compounds, a cell-based antiviral drug susceptibility assay was

performed using WT HIV-1 (IH) and HIV-2 (ROD) (Table 1). CEM cell cultures were treated with



increasing concentrations of compourids 12, 13 and 14, and infected with 100 TCHg (50% tissue
culture infectious doses) of HIV-1 (#)} and HIV-2 (ROD). On day 3 post infection, reverse transcriptase
(RT) activity in cell culture medium was measured to determine the antiviral properties of the compounds
expressed as 50% reduction of viral replication (half maximal effective concentrationgpaB&€ virus-
induced cytopathicity was microscopically recorded (Table 1). Concomitantly, the antimetabolic effect
(50% cytotoxic concentration, Gg of each compound was evaluated in the drug-exposed CEM cell

cultures.

Under the assay conditions, all compounds significantly inhibited the replication of HIV-1 and HIV-2 in
CEM cell cultures (Table 1). The alkoxyalkyl ester prodrugs bis-POM-PNIEAbis-POC-PMPA12,
bis-POM-S-PMEA13 and bis-POC-S-PMPA4 exhibited markedly increased antiviral activity against
HIV-1 and HIV-2 compared to PMEA (60- and 110-fold, respectively [28]), PMPA (300- and 540-fold,
respectively [28]), S-PMEA and S-PMPA9 (170- to 60-fold, respectively [28]Xhe prodrug strategy

leads to an important decrease of sECompared to parent compounds [28]. Nevertheless the
thiophosphonate prodruiy tends to display an increasedss(5- to 10-fold lower antiviral activity) as
compared to the phosphonate prodrug bis-POC-PIWPA

As described in the literature [11, 33, 51], cytotoxicity of the POM prodrugs also markedly increased.
Indeed, as shown in Table 1, bis-POM-PMEA and bis-POM-S-PMEAL3 inhibited the CEM cell
growth at an C¢ of 1.6 and 2 puM, respectively. Consequently, the bis-POM prodrugs showed a
substantially lower selectivity than the bis-POC prodrugs with selectivity ratios for the POM series of
10-35 and> 270-1900 for the POC series. Both prodrug series are hydrolyzed to formaldehyde, carbon
dioxide and the parent compound [11]. Bis-POM prodrugs also generate pivalic acid, whereas the bis-
POC prodrugs release isopropyl alcohol. It is possible that the accumulation of pivalic acid contributes to
the increased cytotoxicity.

The increased antiviral activity of alkoxyalkyl ester prodrugs of the thiophosphonates bis-POM-S-PMEA

13 and bis-POC-S-PMPA4 and the phosphonate compouris-POM-PMEA11 and bis-POC-PMPA



12, can be attributed to increased cellular permeation of the prodrugs followed by effective intracellular
conversion to the parent compounds, which undergo subsequent phosphorylation to their antivirally
active diphosphate metabolite.

To conclude anti-HIV evaluation, thiophosphonal8sand14 are slightly less active (4 to 10 fold) than

phosphonate compounds Adefovir DipivoXil and Tenofovir Disoproxil2.

2.3 Anti-HBYV activity of thiophosphonate prodrugs 13 and 14 compared to phosphonate prodrugs 11 and

12 and cytotoxicity in Huh7 cell cultures.

Since prodrug forms of PMEA (Adefovir Dipivoxil) and PMPA (Tenofovir Disoproxil) are clinically
approved to inhibit HBV replication in infected patients, the compounds were tested in a cell-based
antiviral drug susceptibility assay. The inhibition of WT HBV replication was assessed in Huh7 cell
cultures treated with increasing concentrations of compoihd42, 13 and 14. The amount of viral

DNA produced in the cells was quantified to evaluate the antiviral properties of the compounds as the
50% reduction of viral DNA (E&g) (Table 2). Concomitantly, the cytotoxic effect of each compound was
evaluated as well.

Under the assay conditions, all compounds significantly inhibited the multiplication of HBV in huh-7 cell
cultures (Table 2). None of the tested compounds exhibited any cytotoxicity at a concentration as high as
25 pM. Surprisingly, the alkoxyalkyl ester prodrugs bis-POM-PMHEADbis-POC-PMPAL2, bis-POM-
S-PMEA 13 and bis-POC-S-PMPA4 exhibited only a small increase of efficacy against HBV compared

to PMEA (4-fold [28]), PMPA (5-fold [28]), S-PMEA (3-fold [28]) and S-PMPA (3-fold [28]). The

prodrug strategy leads to a moderate decreasegfdé@ipared to parent compounds [28].

To conclude anti-HBV evaluation, thiophosphonal8sand 14 displayed the same activity (1.2 to 1.7

fold) than phosphonatdd and12.



2.4 Evaluation of thiophosphonate prodrugs 13 and 14 compared to phosphonate prodrugs 11 and 12

against other DNA virusesin HEL cell culture.

To further explore the antiviral selectivity of the compounds, the antiviral activity testing against a panel
of DNA and RNA viruses was performed with herpes simplex virus type 1 and 2 (HSV-1 KOS, HSV-1
TK- KOS and HSV-2 G), and vaccinia virughe inhibition of viral replication was assessed in HEL cell
cultures treated with increasing concentrations of compoafdd?, 13 and 14. The virus-induced
cytopathic effect (CPE) was recorded microscopically at 3 days post infection and the antiviral activity
(EGs0) was expressed as the percentage of inhibition of the CPE compared with the untreated controls
(Table 3.

Under the assay conditions, except for bis-POC-S-PMRAwhich is inactive up to 50 pMall
compounds inhibited the multiplication of HSV-1 and HSV-2 in HEL cell cultures (Table 3). None of the
tested compounds exhibited any cytotoxicity at a concentration as high as 50 pM.

The alkoxyalkyl ester prodrugs bis-POM-S-PMHER, bis-POM-PMEA 11 and bis-POC-PMPA12
exhibited increased potency compared to S-PMEA- to 10-fold[28]), PMEA (100- to 400-fold28])

and PMPA (> 20-fold [28]). However, the increase of antiviral efficacy was less pronounced for
thiophosphonate prodrugs than phosphonates prodrugs. The alkoxyalkyl ester pdddragd 13
exhibited an efficacy equivalent to that of cidofovir and showed a better activity than acyclovir against

thymidine kinase-deficient HSV-1 (TK- KOS).

As described previously [28], S-PMP®&displayed a moderate activity against HSV-1 and HSV-2
(EGs0169 = 13uM and 48 + 0.@uM, respectively) in HEL cell cultures, while PMPA was inactive at 200
MM. Surprisingly, no antiviral activity up to 50 pM was observed against any of the DNA viruses tested
with the alkoxyalkyl ester prodrug bis-POC-S-PMPB#4 while the bis-POC-PMPAZ2 diplayed a good

activity against HSV-1 and HSV-2 (B§5.8 uM) in HEL cell cultures.

10



While S-PMEA8 showed modest inhibitory properties against vaccinia virus in contrast to the inactivity
of PMEA at 200 pM, surprisingly the alkoxyalkyl ester prodrug of PMBAwvas 7 times more active
than S-PMEA13. It is also intriguing that the prodrug derivative of PMEA was much more active than

the corresponding prodrug of S-PMEA.

2.5 Decomposition Studies and Metabolism.

It has been previously [52] demonstrated that the mechanism by which the bis-POM-BMIBA bis-
POC-PMPA12 are converted to the corresponding PMEA and PMPA parent drugs involves, in a first
step, a carboxyesterase-mediated decomposition process followed by a spontaneous C-O bond breakage
and thus giving rise to the corresponding phosphonate monoesters “mono-POM-PMEA” and “mono-
POC-PMPA”, respectively, with the release of formaldehyde and pivalic acid or isopropyl alcohol. In a
second step, the corresponding phosphonate monoesters are converted to the expected parent compounds
PMEA and PMPA either following a decomposition process similar to that involved in the first step
and/or by phosphodiesterase-mediated hydrolysis.

In order to determine whether bis-POM-S-PMHEA and bis-POC-S-PMPA4 exert their biological

effects via intracellular delivery of the corresponding S-PMEa#nd S-PMPAQ, we decided to establish

the decomposition pathways 18 and14 in cell extracts and to determine their stability in various media.

The decomposition products, pathways and kinetics of thiophosphonates S-&MEAVIPA9, mono-
POC-S-PMPA16, bis-POM-S-PMEAL3, bis-POC-S-PMPAL4 and phosphonates PMEA, PMPA, mono-
POC-PMPA15, bis-POM-PMEA11 and bis-POC-PMPA2 were determined upon incubation at 37°C in

culture medium (RPMI-1640 + 10% of heat-inactivated fetal calf serum; DMEM + 10% of heat-
inactivated fetal calf serum), and in cell extracts (CEM; Huh7) in order to mimic their behavior under the
experimental conditions of th@ vitro assays. All compounds were also incubated in water, in acidic

buffer (pH 1.2), in RPMI-1640 and in DMEM medium to differentiate between chemical and enzyme-

11



mediated hydrolysis. Additionally, compoun8s9, 11, 12, 13, 14, 15 and 16 were incubated in buffer

with or without addition of purified pig liver carboxyesterases (PLE) and/or with snake venom
phosphodiesterases (SVP). PLE is a widely accepted model of intracellular esterase activity [53-55].
During incubation, samples were removed and analyzed using an “on-line cleaning” method [56]which
allows the direct HPLC analysis of compounds and metabolites in biological media without any pre-
treatment.

For each of the conditions studied, the whole sample was incubated at 37 °C and at each chosen time
interval, 50 pL were sampled and directly injected onto an analytical HPLC column where the analytical
conditions allowed visualising and properly separating the starting compound from the corresponding
metabolites. All compounds could accurately be UV-detected (260 nm) and quantified. Identification of
the metabolites was confirmed by comparative injection of authentic samples. For example, after
incubation of compound4 in the various investigated media, aliquots were HPLC-analyzed and several
signals could be observed in resulting chromatograms: bis-POC-S-PMPAono-POC-S-PMPALG

(two diastereoisomers), S-PMPrand PMPA. All signals were unambiguously assigned by co-injection
with authentic samples (retention time, UV spectra).

Having assigned the various HPLC signals, the kinetic data could be treated according to a general
“ consecutive-competitive pseudo-first order” model. A proposed decomposition pattern is shown in
Scheme 2, in which we established that the overall metabolic sequence implies two steps and the
formation of an intermediate mono-POC or mono-POM during the conversion process. Each step of
decomposition could be characterized by half-liveg é&nd rate constantk;(and k;). Moreover, the
observed rate constakis the sum of the rate constants of the chemical-mediated hydrddysiadkac)

and the enzyme-mediated hydrolysig &ndkye) in the serum-containing media and cell extracts (table 4).

In RPMI-1640 or DMEM, the rate constants obtained reflected the chemical hydrolysis kinetics. In both
conditions, the rate constarksfor the first step of conversion of phosphonates diedteend12 were
higher (5- to 9-fold) than the rate constants of the thiophosphonates disterd 14, indicating that

thiophosphonates were more resistant to chemical hydrolysis than the corresponding phosphgnates (t

12



1 to 2 h). For all tested compounds, the second conveisjongs very slow and half-lives were higher
than 72 or 48 h.

When tested in FCS-containing culture medium (RPMI-1640 + 10% FCS), the rate of decompga}ition (
resulted predominantly from the chemical degradation but slightly decomposition of comfaut#s

13 and 14 occurred, due to enzymatic degradatikf.was slow andequivalent for thiophosphonates
(1.34 and 1.06xIdmin™) and phosphonates derivatives (1.58 and 1.%xa™). In contrast, in DMEM

+ 10% FCS, the rate constaki{. expressing the enzymatic degradation was higher especially for
phosphonate derivatives (6.93 and 6.41%h0in™). Such behaviour was correlated to the presence of
heat-inactivated serum in the medium and demonstrated a higher remaining enzymatic activity in DMEM
+ 10% FCS than in RPMI-1640 + 10% FCS. For both seriesk,tlialues were very low and half-lives
were higher than 72h or 48h for compoud@sand 14 and were 55h/31h and 33h/> 48h for compounds

11 and12.

In cell extracts (CEM and Huh7), we observed a difference of behaviour between the POM and POC
prodrug series, in addition to the impact of the thio modification. Indeed, bis-POM-S-RBIBAd bis-
POM-PMEA 11 were rapidly deprotected in both cell extracts with equivatenvalues of 2.99x16

min™ and 3.36x18 min™ for compoundl3 and 7.35x18 min™ and 6.93x18 min™ for compoundll. As
expected, thiophosphonat8 was less efficiently deprotected than phosphoridte However and
unfortunately, the; values for compound3 were very low and half-lives were higher than 72h or 48h,
meaning that the parent compoudevas not efficiently released in cell extracts. In comparison, PMEA
was released in cell extracts with a half-live of 11 h, being more compatible with the experimental
conditions of then vitro assays.

The combination of POC protection and thio modification was worse in terms of parent compound
release. Indeed, the removal of the first POC protecting group in cell extracts (CEM and Huh7), was less
efficient in comparison to the POM-protected (thio)phosphonates. Bis-POC-S-PMIR#as slowly

hydrolysed in both cell extracts wikhe values of 0.77x1® min® and 0.11x18 min™. Moreover, thek,
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values for compound4 were very low and half-lives were higher than 72h or 48h, meaning that the
parent compouné was not efficiently released in the cell extracts.

However, caution must be taken in extrapolating the kinetic findings to intact living cells: the
concentration of protein in the cell lysate used in these experiments is certainly lower than that in intact
cells; it is also possible that some of the enzymes responsible for metabolism in intact cells are bound to
membranes or organelles and are removed during centrifugation or that enzyme activity is suboptimal
when present in a crude extract compared to the (compartmentalized) intact cells.

Nevertheless, the foregoing studies demonstrated that bis-POM-S-HABIBAd bis-POC-S-PMPA4

were prodrugs of S-PMEA& and S-PMPAQ, but the kinetics of release was rather slow. The studies also
revealed that mono-POM-S-PMEA and mono-POC-S-PMPA were intermediates in the conversion
process and led to the establishment of a coherent kinetic scheme for the overall metabolic sequence.
We decided to investigate more carefully the metabolism of the thiophosphonate prodrugs to better
understand the decomposition pathway. Therefore, compdn@is1l, 12, 13, 14, 15 and 16 were
incubated in buffer with or without addition of purified pig liver carboxyesterases (PLE) and/or snake
venom phosphodiesterases (SVP).

As described previously, each step of decomposition could be characterized by half;)iaegl (tate
constants K; andk,). Moreover, the observed rate constkris the sum of the rate constants of the
chemical-mediated hydrolysik¢andky;) and the enzyme-mediated hydrolydig &ndkae).

The half-lives were deduced from the experimental data and the calculated rate constants of each
decomposition step in the different media are reported in Table 5.

Pig liver carboxyesterase (PLE) was used as a model for hydrolysis of the bis-POC and bis-POM
prodrugs by intracellular esterase(s) [53-55]. At a concentration of 0.5 U/mL of carboxyesterase, the
formation of the mono-POC or mono-POM intermediates was fast at 37°Ckwithlues from 60 to
130x10° min® but at this enzyme concentration, none of the parent compound formation was observed
after several hours of incubation. The decomposition of thiophosphonate di&3tensd 14 into

monoesters was PLE-catalyzed, hegeand ki values were equivalent meaning that the chemical
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hydrolysis was negligible. On the contrary, the decomposition of phosphonate didsterd12 into
monoesters was predominantly chemical-mediated wih\alue (230x1G min® ) markedly higher

than thek;e value (60x1G min™).

A relatively high concentration (5 U/mL) of enzyme was required to observe the release of parent
thiophosphonates S-PMEA and S-PMPA, withvalues reaching 1.78 to 3.38x1@nin™. Under these
conditions, phosphonate monoesters were really poor substrates for carboxyesterase higher than

7 hours ko< 1.44x10° min'Y).

These model experiments have indicated that conversion of thiophosphonate dstedsl4 into
monoesters catalyzed by intracellular esterase(s) was efficient and thiophosphonate 18iestdri4

were better substrates for intracellular esterase(s) than the corresponding phosphonatgldiestps
Esterase-catalyzed hydrolysis of thiophosphonate monoesters into parental thiophosphonates8S-PMEA
and S-PMPA9 was plausible but unfavorable. It has been shown that a carboxyesterase partially purified
from rat liver was able to hydrolyse only one of the two carbethoxy groups of malathion and could attack
only non-ionized substrates [57].

Snake venom phosphodiesterase (SVP) was used as a model for hydrolysis of the bis-POC and bis-POM
prodrugs by intracellular phosphodiesterase(s). The incubation of thiophosphonate & stedsl4

with a concentration of 0.5 U/mL SVP, led to formation of monoesterskyitialues of 4.8x18 min*

and 4.62x10 min™. In comparison, phosphonate diestetsand12 were very rapidly hydrolyzed witky

values of 170x18 min™ and 140x18 min™. However, this hydrolysis rate corresponded to a chemical
degradation in the buffer employed and therefore, compolihdg were found not to be significant
substrates of SVP. On the contrary, the phosphonate monoesters were good substrates of SVP and were
rapidly hydrolyzed into parent compounds PMEA and PMPA withvalues of 140x1® min® and

120x10* min®. Unfortunately, thiophosphonate monoesters were very poor substrates of SKP and
values could not be accurately determined.

To confirm this difference of behaviour between phosphonate monoester and thiophosphonate monoester,

mono-POC-PMPA15 and mono-POC-S-PMPAG6 were incubated with 0.5 U/mL SVP. It should be
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noted that mono-POC-S-PMP26 was synthesized as a diastereoisomeric mixture. Diastereoisomers
were separated by HPLC analysis, the more polar isomer was designated “ fast ,, for fastfelasnd (

min in the S3 system analysis) and the more hydrophobic isomer was designated ,, Slow “ for slow-
eluting (R 29.3 min in the S3 system analysis).

Following the phosphodiesterase-catalyzed hydrolysis of thiophosphonate moridestéo parent
compound S-PMPA9 by HPLC, we observed that only the ,Slow" diasterecisomer was smoothly
hydrolyzed by SVPK; value of 3.85x18 min™). Indeed, the observed signal area of the ,Fast* isomer
remained constant, meaning that this isomer was not substrate of SVP. In comparison, mono-POC-PMPA
was a really good substrate of SVR, alue of 230x18 min®). This result may indicate that
thiophosphonate monoesters were still poor substrates of SVP and that the SVP showed clear
stereopreference.

To propose a coherent decomposition scheme, compddnt¥ were incubated with 0.5 U/mL of PLE

and SVP as a mixture of enzymes. As we hypothesized, PLE should be involved in the first
decomposition step and SVP should be involved in the second decomposition step.

As observed previously, the decomposition of thiophosphonate dié8tersd 14 into monoesters was
PLE-catalyzed and the decomposition of phosphonate diedfierand 12 into monoesters was
predominantly chemical-mediatekh @ndk;e values). The phosphonate monoesters were good substrates
of SVP and were rapidly hydrolyzed into the parent compounds PMEA and PMPAcwitiues of
140x10° min? and 60x1G min'. On the contrary, thiophosphonate monoesters were really poor
substrates of SVP anhdvalues were lowi¢ values of 3.65x1®&min and 5.63x18 min).

In summary, this study allowed to propose a reliable decomposition scheme for thiophosphonate prodrugs

12 and14 in comparison to the phosphonate prodrifyand13, as reported in Scheme 3.

In cell extracts, bis-POM and bis-POC-thiophosphonates were readily transformed to mono-POM and
mono-POC-thiophosphonates. Very likely, this transformation occurred upon carboxyesterase activation
of the thiophosphonate diester to the corresponding thiophosphonate monoester, which proved stable and
was easily detected. The intermediate monoester was a poor substrate for cellular carboxyesterase(s) and
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for cellular phosphodiesterase(s). However, the parent compounds S-PMEA and S-PMPA were still
efficiently released in cell extracts. In comparison, phosphonate diesters were hydrolyzed chemically
predominantly into monoesters, which were then good substrates for intracellular phosphodiesterase(s)

In culture media, the same degradation pathway was observed, but the carboxyesterase-controlled step
was significantly slower.

We observed also a minor degradation of parent compound S-PMEA and S-PMPA into PMEA and
PMPA. This desulfuration may be mediated by phosphodiesterases [58]. It has been shown that
phosphoramidases were also able to transform nucleoside 5’-O-phosphorothioates to nucleoside 5’-0-
phosphates [59]. Additional studies concerning the elucidation of the mechanism of the enzyme-catalyzed

desulfuration process should be performed.

3. Conclusion

In conclusion, we have investigated a novel practical synthetic procedure to efficiently obtain
thiophosphonates S-PMES and S-PMPA9 and their prodrug forms bis-POM-S-PMER and bis-
POC-S-PMPAL4 using a common strategy, thereby limiting the number of synthetic steps. Comj8ound
bis-POM-S-PMEA displayed interesting activity against HIV, HBV, HSV-1 and HSV-2 and compound
14 bis-POC-S-PMPA displayed potent activity against HIV-1, HIV-2 and HBV, but not HSV. Generally,
the prodrug strategy led to an important increase of antiviral efficacy, especially against HB/afo

14 and HSV forl3. Sometimes (in case of PMEA) the increased antiviral activity was accompanied by an
increase of the cytotoxicity. The thiophosphonate prodif®ysnd 14 displayed the same antiviral
specificity as the corresponding phosphonate prodiigsd12.

Bis-POM-S-PMEA13 and bis-POC-S-PMPA4 behaved as prodrugs of S-PMEA and S-PMPA. Mono-
POM-S-PMEA and mono-POC-S-PMP® were intermediates in the conversion process and permitted
the proposition of a coherent kinetic scheme for the overall metabolic conversion sequence.

Thiophosphonate diesters were good substrates of carboxyesterase(s) leading to the formation of
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thiophosphonate monoesters, which were then rather poor substrates of phosphodiesterase(s).
Consequently, the parent compounds S-PMEANnd S-PMPA9 were released smoothly in the cell
extracts. Furthermore, the release of S-PMEA or S-PMPA in the cell extracts may explain the unexpected
antiviral activity of this kind of bis-POC / bis-POM prodrugs in infected cell cultures. Moreover, the
metabolism in cells of prodrug forms to release parent compounds is sufficiently different between
thiophosphonate and phosphonate series to induce important differences in antiviral efficacy. Because,
thiosphosphonate prodrugs possess very long half-life in cell extracts, parent compounds are not
effectively released and accumulated in cells and this is the limiting factor for antiviral efficacy. On the
contrary, phosphonate prodrugs are quickly deprotected in cells, parent compounds are released
efficiently, phosphorylated and could act effectively as chain terminators.

Finally, with this understanding of the conversion pathway and kinetic degradation of bis-POM-S-PMEA
13 and bis-POC-S-PMPAA4 in various biological media, it should be possible to rationally design other
prodrugs to identify compounds with better metabolic and pharmacological characteristics for clinical use.
In particular, the slow removal of the two protecting groups represents a first target for improvement.
Optimizing the delivery of these active nucleoside thiophosphonates remains our major goal for the

successful treatment of viral infections with these type of agents.

4. Experimental

4.1 Chemistry

The H NMR, **C NMR and®*'P NMR (Nuclear Magnetic Resonance) spectra were determined with a
BRUKER AMX 250 MHz, a BRUKER Avance DPX 200 MHz and a BRUKER Avance Il 600 MHz.
Chemical shifts were expressed in ppm and coupling consfatse(in hertz (s = singlet, d = doublet, dd

= double doublet, ddd = double-double doublet, t = triplet, dt = double triplet, m = multiplet). FAB High
Resolution Mass Spectra (HRMS) were recorded in positive-ion mode on a JEOL SX 102 mass
spectrometer using a cesium ion source and a glycerol/thioglycerol matrix; ESI High Resolution Mass

Spectra were recorded in the negative-ion mode on a Micromass Q-TOF Waters (Laboratoire de Mesures
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Physiques RMN, USTL, Montpellier, France). Flash column chromatographies were performed on a
MPLC SP4 system (Biotafp with Biotag€’ SNAP cartridge HP-Sil columns. Analytical thin layer
chromatographies (TLC) were performed on silica gel 60F 254 aluminium plates (Merck) of 0.2 mm
thickness. The spots were examined with a UV light and Molybdenum blue spray. HPLC was performed
on a Waters 600E controller system equipped with a 2998 photodiode array detector (detection 260 nm),
auto-injector 717 and on-line degazer. HPLC-MS Coupling analyses were performed on a Thermofisher
Accela 600 HPLC system (detection 260nm) and a Finnigan survery MSQ (MS) with elecrospray
ionization mode (ESI +/-). The UV-detector was connected to the mass spectrometer, and the whole
eluting flow was both UV and mass analyzed. Analyses were performed on a column Hypersil Gold C18
(2.1 x 50mm, 1.9um) and samples were eluted at a flow of p&fmin and detection at 260 nm. Eluent

A: 0.1% of Formic acid (Sigma Aldrich) in water; eluant B: 0.1% of Formic acid in acetonitrile. The
gradient starts at 98% eluent A with an increase to 10% eluent B after 5 min, to 50% eluent B after 9 min
and continues at 50% eluent B until 10 min, to 100% eluent B after 11 min and continues at 100% eluent
B until 12 min.

Buffer solutions: HPLC, MPLC and HPLC-MS buffers are prepared daily. TEAB buffer. A 1M
triethylamine solution in water was prepared mixing 140 mL of a triethylamine solution with 860 mL of
deionized water. A stock solution of triethylammonium bicarbonate buffer TEAB (pH 7.5) 1M was
prepared by addition of dry-ice in a 1M triethylamine solution in water to reach pH 7.5 and filtered with
membrane 0.22 uM GV-type (Millipore).

Analytical reverse phase (RP) chromatography was carried out on a column X-Bridgs(3L% x150

mm) + precolumn X-Bridge C18 (@, 100 A, 10 x10 mm) and samples were eluted at a flow rate of 1
mL/min and detection at 260 nm. Eluent A: 0.05 M triethylammonium bicarbonate buffer (pH 7.5); eluent
B: solution A containing 50% of acetonitrile. S1: the gradient starts at 100% eluent A with an increase to
10% eluent B after 10 min, to 20% eluent B after 25 min, to 100% eluent B after 35 min and continues at

100% eluent B until 50 min.
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Preparative purifications were achieved on HPLC system on a preparative column X-Briaigel® x

250 mm) + precolumn X-Bridge C18 (8, 100 A, 10 x10 mm) and the samples were eluted at a flow
rate of 4.5 mL/min and detection at 260 nm Eluent A: 0.05 M triethylammonium bicarbonate buffer (pH
7.5); eluent B: solution A containing 50% of acetonitrile. (S2: .the gradient starts after 5 min at 100%
eluent A with an increase to 20% eluent B after 35 min, to 100% eluent B after 40 min continues at 100%

eluent B until 50 min).

General procedure for the synthesis of 9-[2-(diethylphosphonomethoxy)ethyl]adénied (R)-9-[2-

(diethylphosphonomethoxy)propyl]adenift.

A solution of1 or 2 (1 equiv, 50 mmol) and magnesiumtdit-butoxide (1 equiv, 50 mmol) in anhydrous
N,N-dimethylformamide (440 mL) was stirred at room temperature under argon for 1h. A solution of
diethyl p-toluenesulfonyloxymethanephosphonat® (1 equiv, 50 mmol) in anhydrous\,N-
dimethylformamide (33 mL) was added dropwise. The mixture was stirred for 14h at 35°C. Analytical
samples (luL) were collected, quenched with 250 of triethylammonium bicarbonate 0.05 M and
analysed by HPLC (S1). Solution 8f(0.5 equiv, 25 mmol) in anhydrodN-dimethylformamide (100

mL) and magnesium dert-butoxide (0.5 equiv, 25 mmol) were added under argon and stirred for
another 6h. The reaction was quenched then with acetic acid 80% (10 mL) and concentrated under
reduced pressure and co-evaporated with toluene. The residue dissolved in brine (500 mL) was extracted
twice with hot chloroform (500 mL). The organic extracts were dried over magnesium sulfate, filtered,
and concentrated under reduced pressure. The residue was purified by silica gel flash chromatography
[eluent, stepwise gradient of methanol (0-10%) in dichloromethane] to give pure compound as a white

solid.

9-[2-(diethylphosphonomethoxy)ethyl]ladeni®). Chemical formula : GHzoNsO,P, MW = 329.29

g/mol. Yield = 52%. According to the literature [17, 2R&}.value 0.37 (DCM/MeOH, 9:1HPLC R
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=36.4 min (S1), purity > 95%H NMR (CD;OD) &: 8.10 (s, 1HH-2), 8.03 (s, 1HH-8), 4.35 (t,J = 5.0
Hz, 2H, GH.N), 3.93 (dqJ = 8.0 and) = 7.0 Hz, 4H, O®,CHs), 3.86 (t,J = 5.0 Hz, 2H, ©,0), 3.76
(d, Jeu = 8.5 Hz, 2H, €LP), 1.11 (tJ = 7.0, 6H, OCHCH3). *C NMR (CD,OD) &: 157.29, 153.71,
150.67, 143.34, 119.34, 72.15 (W= 11.9 Hz), 66.63 (dJop = 166 Hz), 63.99 (dJ = 6.6 Hz), 44.54,
16.62 (d,J = 5.8 Hz).*'P NMR (CD;OD) & : 21.56. MS (GT, FAB): 136 (Adenine+1H) 330 (M+1HY,

352 (M+Na}.

(R)-9-[2-(diethylphosphonomethoxy)propylladenif®. Chemical formula : GH2.NsO4,P, MW = 343.32
g/mol. Yield = 53%. According to the literature [17, 2R}.value 0.44 (DCM/MeOH, 9:1). HPLR
=37.2 min (S1), purity > 97%H NMR : (CD;0D) &: 8.23 (s, 1HH-2), 8.15 (s, 1HH-8), 4.41 (ddJ =
14.5 Hz and) = 3.2 Hz, 1H, @:.N), 4.22 (dd,J = 14.5 Hz and) = 7.7 Hz, 1H, E,N), 4.10 (m, 1H,
CHO), 4.03-3.69 (m, 6H, O&,CH; and GH,P), 1.33 (tJ = 7.1 Hz, 6H, OCKCH5), 1.27 (d,J = 6.2 Hz,
3H, CH3). *C RMN (CD;0D) &: 157.30, 153.70, 150.89, 143.63, 119.70, 77.65 &,12.3 Hz), 64.32
(d, Jep = 167 Hz), 64.08 (d] = 6.6 Hz), 63.95 (d] = 6.6 Hz), 49.18, 16.73 (d,= 5.8 Hz), 16.71, 16.70
(d, J = 5.8 Hz).*'P RMN (CD;0D) &: 21.56.MS (GT, FAB") : 136 (Adenine+1H) 344 (M+1HJ, 366

(M+Na)*, 687 (2M+1H].

General procedure for the synthesis of 9-[2-(diethylthiophosphonomethoxy)ethylladgnare (R)-9-
[2-(diethylthiophosphonomethoxy)propyl]adening. (

A solution of 4 or 5 (1 equiv, 10 mmol) and 2,4-Bis(methylthio)-1,3,2,4-dithiadiphosphetane-2,4-
disulfide (1 equiv, 10 mmol) in anhydrous benzene (450 mL) was stirred at 80°C for 2h. The mixture was
then stirred at 0°C for 2h. After a filtration through a celite pad, benzene was concentrated under reduced
pressure and the residue was purified by silica gel flash chromatography [eluent, stepwise gradient of

methanol (0-5%) in dichloromethane] to afford the desired product as a white powder.
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9-[2-(diethylthiophosphonomethoxy)ethyl]ladenir{6). Chemical formula : ©H»oNsOsPS, MW =
345.36 g/mol. Yield = 43%R; value 0.42 (DCM/MeOH, 9:1). HPL®R 40.9 min (S1), purity > 85%H
NMR : (CD;0D) &: 8.11 (s, 1HH-2), 8.06 (s, 1HH-8), 4.32 (t,J = 4.7 Hz, 2H, EI;N), 3.98 — 3.83 (m,
6H, OCH,CHzand H20), 3.76 (d,Jpy = 4.2 Hz, 2H, E,P), 1.09 (t,J = 7.1 Hz, 6H, OCKCHs). *C
NMR : (CD;0D) &: 157.27, 153.63, 150.69, 143.55, 119.88, 72.30d¢= 132.9 Hz), 71.87 (dl = 8.6
Hz), 63.74 (dJ = 6.9 Hz), 44.68, 16.49 (d,= 6.5 Hz).*'P NMR : (CQ:OD) &: 88.02. MS (TOF, ES) :

346 (M+1H). HRMS (TOF, ESI) calcd for GoH»1NsOsPS (M+H) 346.1103, found 346.1105.

(R)-9-[2-(diethylthiophosphonomethoxy)propyl]adenif®. Chemical formula : GH2oNsOsPS, MW =
359.38 g/mol. Yield = 44%R; value 0.49 (DCM/MeOH, 9:1HPLC 'R 41.7 min (S1), purity > 85%H
NMR : (CDsOD) 6 8.11 (s, 1HH-2), 8.05 (s, 1HH-8), 4.26 (dd,J = 14.3 Hz and = 2.8 Hz, 1H, E:N),
4.08 (dd,J = 14.3 Hz and = 8.1 Hz, 1H, EixN), 4.00 — 3.73 (m, 6H, O&,CH; and CH,P), 4.03-3.69
(m, 6H, GHO), 1.33 (tJ = 7.1 Hz, 6H, OCKCHs3), 1.27 (d,J = 6.2 Hz, 3H, E3). **C NMR (CD;0OD) &
157.60, 153.60, 150.91, 143.89, 119.72, 77.39 (1,9.1 Hz), 70.06 (dJcp = 134.6 Hz), 63.73 (d] =
7.3 Hz), 63.62 (dJ = 7.3 Hz), 16.81, 16.55(d,= 1.3 Hz), 16.45 (dJ = 1.1 Hz).*'P NMR : (CQ:OD) 5 :
88.407.MS (TOF, ESI) : 360 (M+1HJ. HRMS (TOF, ESI) calcd for GsH2aNsOsPS (M+H) 360.1260,

found 360.1254.

General procedure for the synthesis of 9-[2-(thiophosphonomethoxy)ethyllad@himad R)-9-[2-

(thiophosphonomethoxy)propyl]adenirt.(

A solution of 6 or 7 (1 equiv, 3 mmol) and sodium bromide (40 equiv, 160 mmol) in anhyd¥eus
methylpyrrolidinone (20 mL) was stirred vigouresly under argon. Trimethylsilyl chloride (40 equiv, 160
mmol) was added dropwise and the mixture was heated at 90°C for 12h. The reaction was quenched with
5 mL of triethylammonium bicarbonate 0.05 M and stirred for 1h. After solvents were conceirated

vacuo and freezed-drying, the residue was purified by reversed-phase column chromatography (S2).
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Product fractions were collected, evaporated to dryness and lyophilized. Excess of triethylammonium
bicarbonate was removed by repeated freezed-drying with deionized water. The residue was dissolved in
water and eluted on a Dowex 50WX2 column(&change) to give the pure compound as disodium salt

as a white powder after freeze-drying.

9-[2-(thiophosphonomethoxy)ethyl]adeniii®). Chemical formula : gHi0NsNaOsPS, MW = 333.22
g/mol. Yield = 40%. HPLCR 19.5 min (S1), purity > 98%H NMR : (D-0) 5 8.13 (s, 1HH-8), 8.01 (s,
1H, H-2), 4.28 (tJ = 4.8 Hz, 2H, EI,N), 3.90 (t,J = 4.8 Hz, 2H, E1,0), 3.62 (dJ = 5.2 Hz, 2H, Ei,P).
3C NMR : (D;0) 5 152.23, 149.12, 146.98, 141.98, 116.38, 73.0d4c= 120 Hz), 68.57 (dJcp = 10.6
Hz), 42.27.3"P NMR : (3:0) 5 61.76 (t,J = 5.2 Hz). MS (TOF, ES) : 290 (M+1H). HRMS (TOF,

ESI’) calcd for GH1aNsO3PS (M+H) 290.0477, found 290.0576.

(R)-9-[2-(thiophosphonomethoxy)propyl]adenir(®). Chemical formula : @H1:NsNa,OsPS, MW =
347.24 g/mol. Yield = 48%. HPL&R 21.7 min (S1), purity > 99%H NMR (D,0) & 8.12 (s, 1HH-8),
7.98 (s, 1HH-2), 4.22 (ddJ = 3.1 Hz and = 14.6 Hz, 1H, E.N), 4.05 (ddJ = 6.7 Hz and = 14.6 Hz,
1H, CHuN), 3.91 (m, 1H, €0), 3.62 (ddJ = 5.6 Hz and) = 12.7 Hz, 1H, E.P), 3.46 (dd,) = 6.1 Hz
andJ = 12.8 Hz, 1H, ElpP), 1.05 (dJ = 6.2 Hz, 3H, El3). °C NMR (D,0) J152.65, 149.12, 147.25,
142.25, 116.26, 74.46 (dgp = 10.7 Hz), 70.89 (dlcp = 121.1 Hz), 46.39, 14.73P NMR (D;0) 5 61.11

(t, J = 5.6 Hz).MS (TOF, ESI) : 304 (M+1H). HRMS (TOF, ESI) calcd for GH1sNsOsPS (M+H)

304.0633, found 304.0619 (M)

General procedure for the synthesis of {290,0’-
bis(pivaloyloxymethyl)phosphonomethdeghyl} adenine 11) and ®])-94{2{0,0'-

bis(isopropoxycarbonyloxymethyl)phosphonomethpxgpyl} adenine 12).
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A solution of4 or 5 (1 equiv, 10 mmol) and sodium bromide (2.1 equiv, 21 mmol) in anhydieus
methylpyrrolidinone (10 mL) was stirred vigouresly under argon. Trimethylsilyl chloride (4 equiv, 40
mmol) was added dropwise and the mixture was heated at 60°C for 12h. The reaction was monitored by
HPLC until complete disparition of the starting material (S1). When completion was observed, the
reaction mixture was diluted with anhydrous ethyl acetate (16 mL) and stirred for 5 min. The ethyl acetate
and remaining trimethylsilyl chloride were then concentrated in vacuo at 60°C. Anhydrous isopropyl
alcohol (1.5 mL) was then added to the reaction mixture and stirred for 15 min. The mixture was diluted
with anhydrous ethyl acetate (16 mL) and solvents were evaporated under reduced pressure at 60°C.
Chloromethyl pivalate (POMCI, 5 equiv, 50 mmol) for the synthesis1bf or chloromethyl
isopropylcarbonaté0 [50] (POCCI, 5equiv, 50 mmol) for the synthesislafand triethylamine (3 equiv,

30 mmol) were added to the mixture and the reaction mixture was stirred at 60°C for 6h. The reaction was
diluted in anhydrous ethyl acetate (16 mL), stirred for 5 min, and the ethyl acetate and remaining
triethylamine were concentrat@uvacuo at 60°C. The reaction mixture was diluted in ethyl acetate (160
mL) and extracted with water (60 mL), dried over magnesium sulfate, filtered, and concentrated to
dryness under reduced pressure. The resulting oil was purified by silica gel flash chromatography [eluent,
stepwise gradient of methanol (0-5%) in dichloromethane] to afford the desired product as a white

powder.

9{ 2-[0,0’-Bis(pivaloyloxymethyl)phosphonomethdwethyl} adenine (11). Chemical formula
CooH32Ns0gP, MW = 501.47 g/mol. Yield = 27%. According to the literature [33].value 0.32
(DCM/MeOH, 9.5:0.5)HPLC 'R 42.5 min (S1), purity > 90%H NMR (CDCk) & 8.30 (s, 1HH-8),
7.90 (s, 1HH-2), 6.16 (s, 2H, M), 5.69-5.54 (m, 4H, OB20), 4.37 (tJ = 4.9 Hz, 2H, E,N), 3.92 (t,
J= 4.9 Hz, 2H, &,0), 3.83 (dJ = 7.6 Hz, 2H, E,P), 1.18 (s, 18H, B; (t-Bu)). *C NMR (CDCE) 5
155.76, 153.00, 149.99, 141.43, 119.52, 81.76)d,6.3 Hz), 71.48, 65.63 (dl = 166.1 Hz), 43.43,
38.79, 26.89°'P NMR : (CDC}) 5 20.56. MS (TOF, ES) : 502 (M+1H). HRMS (TOF, ESI) calcd for

C20H33Ns0gP (M+H)" 502.2067, found 502.2057.
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(R)-94{2{0,0’-Bis(isopropoxycarbonyloxymethyl)phosphonomethgxgpyl} adenine (12). Chemical
formula : GgH3zoNsO10P, MW = 519.44 g/mol. Yield = 33%. According to the literature [$&]value

0.32 (DCM/MeOH, 9.5:0.5HPLC'R 42.6 min (S1), purity > 90%H NMR (CDCk) & 8.31 (s, 1HH-8),

8.02 (s, 1HH-2), 6.49 (s, 2H, M), 5.70 — 5.57 (m, 4H, OE,0), 4.96 - 4.87 (m, 2H, I(i-Pr)), 4.37 (dd,
J=14.5 and 3.1 Hz, 1H,HaN), 4.15 (dd, J = 14.5 and 7.3 Hz, 1HHIN), 3.94 (m, 2H, O8,P), 3.72

(dd, J = 13.9 and 9.0 Hz, 1HHD), 1.32 - 1.29 (m, 12H, Kx(i-Pr)), 1.22 (d, J = 6.2 Hz, 3H,H5). °C

NMR : (CDCk) 6 155.29, 153.24, 153.21, 142.29, 84.44, 77.37, 77.16, 76.94, 76.71, 73.59, 63.76, 62.64,
48.38, 32.07, 29.84, 22.83, 21.77, 16.53, 14.24, $!PSNMR : (CDC}) & 20.99.MS (TOF, ESI) : 520

(M+1H)". HRMS (TOF, ESI) calcd for GgH31NsO10P (M)"520.1809, found 520.1802.

General procedure for the synthesis of {290,0’-
bis(pivaloyloxymethyl)thiophosphonomethdryhyl} adenine 13 (R)-94{2{0,0'-

bis(isopropoxycarbonyloxymethyl)thiophosphonometfprgpyl} adenine 14).

A solution of 11 or 12 (1 equiv, 2.5 mmol) and 2,4-Bis(methylthio)-1,3,2,4-dithiadiphosphetane-2,4-
disulfide (1 equiv, 2.5 mmol) in anhydrous benzene (40 mL) was stirred at 80°C for 30min. The mixture
was then stirred at 0°C for 2h. After filtration through a celite pad, benzene was concentraizo

and the residue purified by silica gel flash chromatography [eluent, stepwise gradient of methanol (0-5%)

in dichloromethane] to afford the desired product as a white powder.

94{2-{0,0’-Bis(pivaloyloxymethyl)thiophosphonomethdeghyl} adenine (13). Chemical formula

CooH32NsO/PS, MW = 517.54 g/mol. Yield = 299% value 0.39 (DCM/MeOH, 9.5:0.5HPLC 'R 46.1
min (S1), purity > 97%'H NMR : (CDCk) &: 8.73 (s, 1HH-8), 8.11 (s, 1HH-2), 7.26 (s, 2H, Ny),
5.69-5.60 (m, 4H, 0OB,0), 4.40 (tJ = 4.9 Hz, 2H, E,N), 3.84 (t,J = 4.9 Hz, 2H, E,0), 3.96 (dJ =

5 Hz, 2H, G4,P), 1.21 (s, 18H, Bs(t-Bu)). *C NMR (CDCk) & 155.64, 152.68, 149.63, 143.84, 122.7,
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81.83 (d,J = 6.2 Hz), 71.23, 65.17 (d, = 166.1 Hz), 48.66, 38.86, 26.95P RMN (CDC}) & 88.89.
MS (TOF, ESI) : 518 (M+1HJ. HRMS (TOF, ESI) calcd for GoHsaNsO;PS (M+H) 518.1838,found

518.1851.

(R)-94{2{0,0’-Bis(isopropoxycarbonyloxymethyl)thiophosphonometlpxgpyl} adenine (24).
Chemical formula : €@H3oNsOoPS, MW = 535.51 g/mol. Yield = 329 value 0.38 (DCM/MeOH,
9.5:0.5).HPLC'R 46.3 min (S1), purity > 98%H NMR : (CDCk) 5 8.31 (s, 1HH-8), 8.23 (s, 1HH-2),
6.49 (s, 2H, M), 5.72-5.54 (m, 4H, OB,0), 4.91 (tqJ = 12.3 and) = 6.2 Hz, 2H, Ei(i-Pr)), 4.43 (d,
J =13.7, 1H, GaN), 4.16 (ddJ = 14.3 andl = 7.6 Hz, 1H, EGbN), 4.09-3.95 (m, 2H, O&,P), 3.75 (dd,
J=13.6 and = 4.3 Hz, 1H, €0), 1.32-1.29 (m, 12H, & (i-Pr))1.31 (d, J = 6.1, 3H,H). *°*C NMR
(CDCls) 8 153.24, 153.21, 151.74, 144.66, 118.45, 76.30 (8.5 Hz), 73.58, 69,27 (d,= 137 Hz),
48.90, 46.02, 29.82, 16.56, 8.7/P NMR (CDC}) 5 88.82. MS (TOF, ES) : 536 (M+1H). HRMS :

(TOF, ESI) calcd for GoHziNsOgPS (M+H)'536.1580, found 536.1572.

General procedure for the synthesis of R)-9{ 2-O-
mono(isopropoxycarbonyloxymethyl)phosphonomethprypylt adenine 15) (R)-94 2-[O-

mono(isopropoxycarbonyloxymethyl)thiophosphonomethpsgpylt adenine 16).

A solution of12 or 14 (1 equiv, 0.05 mmol) in water (5 mL) was stirred vigorously at 60°C. The reaction
was maintained at 60°C and monitored by HPLC-MS for complete conversith ¢o 16. Typical
retention times ‘R =0.49 min, PMPA, ESI-MS [M+Hmz= 288.0;'R =0.48 min,9, ESI-MS [M+H]

m/z= 304.10;R =4.78 min,15, ESI-MS [M+H] m/z= 404.09;R =6.36 and 6.50 min (2 diastereoisomers),

16, ESI-MS [M+H] m/z= 420.09;R =8.04 min,12, ESI-MS [M+H] m/z= 520.19;R =8.92 min,14, ESI-

MS [M+H] m/z= 536.10. When completion was observed, the reaction mixture was extracted with ethyl
acetate (5 mL) and the aqueous layer concentiatedcuo and lyophilized. The crude product was
purified on reverse phase C18 (biofag8@NAP cartridge KP-C18-HS 33g, flow : 10 mL/min, UV-
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detector : 260 nm, Eluant A : TEAB 0.05M, eluant B : solution A containing 50% of acetonitrile, gradient
starts at 100% eluent A with an increase to 10% eluent B after 66 min, to 20% eluent B after 83 min and
to 100% eluent B after 116 min). Each fraction was analysed by HPLC (S1), pure fractions were collected
and eluted on a Dowex 50WX2 column {(Nexchange) to give the pure compound as sodium salt as a

white powder after freeze-drying.

(R)-94{2{O-Mono(isopropoxycarbonyloxymethyl)phosphonometlprypyl} adenine (15). Chemical
formula : G4H2:NsNaOP, MW = 425.31 g/mol. Yield = 38 %. HPL'R 37.7 min (S1), purity > 98%H
NMR : (D0O) &: 8.26 (s, 1HH-8), 8.23 (s, 1HH-2), 5.29 (m, 2H, 0H8,0), 4.70 (ddJ = 12.6 and] =
6.3 Hz, 1H, ®i(i-Pr)), 4.40 (ddJ = 14.8 and) = 2.7 Hz, 1H, ®GaN), 4.24 (ddJ = 14.8 and] = 7.7 Hz,
1H, CHbN), 3.78 (ddJ = 13.1 and) = 8.7 Hz, 2H, OE,P), 3.46 (dd,) = 13.2 andJ = 10.5 Hz, 1H,
CHO), 1.23 (dJ = 6.3 Hz, 3H, Gl3), 1.18 (d,J = 6.2 Hz, 6H, G (i-Pr)).*P RMN (D,0) 5 17.10. MS

(ESI) : 404.09 (M+HJ; 807.23 (2M+HJ.

(R)-94 2-[O-Mono(isopropoxycarbonyloxymethyl)thiophosphonomethprypyl} adenine (16).
Chemical formula : @H»:NsNaQ;PS, MW = 441.38 g/mol. Yield = 30 %. HPL'R 38.7 (fast-eluting
isomer) and 38.9 (slow-eluting isomer) min (S1), purity > 989NMR (peaks of both diasterecisomers
A and B are described) : §D) 6 8.29 (s, 4HH-8 of A and B andH-2 of A and B), 5.50 (ddd] = 21.0,J

= 14.9 and] = 5.6 Hz, 2H, OE,0 of A), 5.39 — 5.34 (m, 2H, Q&0 of B), 4.83 — 4.79 (m, 2H, KJi-
Pr) of A and B), 4.46 — 4.41 (m, 2HH&@N of A and B), 4.30 — 4.22 (m, 2HHBN of A and B), 4.09 —
4.03 (m, 2H, CHO of A and B), 3.91 (ddi= 13.2 and) = 5.1 Hz, 1H, OE,P of A), 3.83 (dd,J = 13.0
andJ = 3.1 Hz, 1H, OGP of B), 3.64 (ddJ = 13.0 and) = 8.0 Hz, 1H, OGP of A), 3.57 (ddJ = 13.2
andJ = 5.0 Hz, 1H, OEIuP of B), 1.29 — 1.21 (m, 18H,HG(i-Pr) and Gz of A and B).*'P NMR (D,O)

d 72.91, 72.26 (peaks of both diastereoisomers are described). M$ (E&10.09 (M+HJ; 839.18

(2M+H)".
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4.2 Antiviral activity in cells.

Cells. CEM cells were grown in RPMI-1640 medium supplemented with antibiotics, and 10% fetal calf
serum (FCS). The human hepatoma cell line Huh7 was grown in DMEM culture medium supplemented
with 10% (FCS), 100 IU/ml penicillin, 50 pg/ml streptomycin. Human embryonic lung HEL cells were
propagated in minimal essential medium (MEM) supplemented with 10% FCS, 2 mM L-glutamine, and

0.075% bicarbonate.

Anti-HIV assay in cell cultures . The methodology of the anti-HIV assays was as follows: human CEM (
3x10 cells/cn?) cells were infected with 100 CC#pof HIV(Ill g) or HIV-2(ROD)/ml and seeded in 200

puL wells of a microtiter plate containing appropriate dilutions of the tested compblLrit®s 13 and14.

After 4 days of incubation at 37 °C, HIV-induced CEM giant cell formation was examined
microscopically. The 50% effective concentration {gGQvas defined as the compound concentration
required to inhibit syncytia formation by 50%. The 50% cytostatic concentratios)(®@&s defined as

the compound concentration required to inhibit CEM cell proliferation by 50% in mock-infected cell

cultures.

Anti-HBV assay in cells. For the Anti-HBV assay in the Huh7 cell cultures, the plasmid pTriEXMod-
HBV, which contains 1.1 U of the HBV genome, enabled after cell transfection the production of
pregenomic RNA under the control of the chicken beta actin promoter and therefore triggers HBV DNA
synthesis. Huh7 cells (2x3)0were seeded in 12-well plates and were transfected 1 day post plating with
1.5 pg/well of pTriEXMod-HBV plasmid containing wt HBV genome, using the Tr&dh&020
Transfection Reagent (Mirus) according to the manufacturer’s instructions. Medium was changed daily,
and compound administration df, 12, 13 and14, with increasing concentrations (0, 1.25, 2.5, 5, 10, 25

uM) was performed from day 3 to day 7 post transfection. Cells were then lysed for analysis of
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intracellular viral DNA. HBV DNA was purified from intracellular core particles as described earlier [60]
and the quantity of HBV DNA was quantified by qPCR using Sybr Green. The gPCR was performed in a
reaction volume of 2QL using theLight Cycler 480 SYBR Green | Master mix with forward primer (5'-
GCTGACGCAACCCCCACT-3’; final concentration: 500 nM) and reversed primer (5-
AGGAGTTCCGCAGTATGG-3’; final concentration: 500 nM). The reaction was analysed using a Light
Cycler 480 apparatus (Roche). A plasmid containing the full-length insert of the HBV genome was used
to prepare the standard curve. The amount of viral DNA produced in drug-treated cell cultures was

expressed as a percentage of the untreated samples.

Antiviral assay against a panel of DNA viruses. Herpes simplex virus type 1 (HSV-1) (KOS and KOS
ACV TK’), HSV-2 (G), and vaccinia virus were assayed in HEL cell cultures. Cells were grown to
confluency in 96-well microtiter trays and were inoculated with 100 times the 50% cell culture infective
dose. Compoundsl, 12, 13 and 14, were added to the virus-infected cell cultures. The virus-induced
cytopathic effect (CPE) was recorded microscopically at 3 days post infection and the inhibition was
expressed as a percentage of inhibition of the CPE in the untreated controls. The 50% effective
concentrations (Efg) were derived from graphical plots. The minimal cytotoxic concentration (MCC)
was defined as the minimal drug concentration that resulted in a microscopically detectable alteration of
cell morphology. The MCC was determined in uninfected confluent cell cultures that were incubated,
akin to the cultures used for the antiviral assays, with serial dilutions of the compounds for the same time

period. Cultures were inspected microscopically for alteration of cell morphology.

4.3 Decomposition Sudies and Metabolism.

Media and preparation of cell extracts. Acidic buffer (pH 1.2) was prepared from 0.1 N HCI and the pH
measured at 25°C. RPMI-1640 medium and DMEM were purchased from Invitrogen. Heat-inactived fetal
calf serum (FCS) was purchased from PAN biotech. Culture media were supplemented with 10% FCS,

100 IU/mL penicillin and 50ug/mL streptomycin. CEM and Huh7 cell extracts were prepared as
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previously described [27, 56]. Briefly, exponentially growing CEM or Huh7 cells were pelleted by
centrifugation (50@), washed with PBS, and resuspended in 10 mM Tris-HCI pH 7.4, 140 mM KClI, at
the concentration of 30xi@ells/mL. Cells were lyzed by ultrasonic treatment and cellular debris were
removed by centrifugation (10,0@) 20 min). The supernatant containing soluble proteins (3 mg/mL)
was stored at -80 °C. Kinetic data of metabolism of compo8n@sli, 12, 13 and14 were studied at 37

°C : (a) in water, (b) in acidic buffer (pH 1.2) prepared from 0.1 N HCI, (c) in non-enzymatic medium
(RPMI-1640), (d) in culture medium (RPMI-1640 containing 10% heat-inactivated fetal calf serum), (e)
in total cell extract (CEM cell) to mimic anti-HIV assay conditions, (f) in non-enzymatic medium
(DMEM), (g) in culture medium (DMEM containing 10% heat-inactivated fetal calf serum), (h) in total

cell extract (Huh7) to mimic anti-HBV assay conditions.

HPLC analyses. We used a previously described on-line HPLC cleaning method [56]. Analyses were
performed on a column Nova-pak C18 (4 mm, 3.9 x 150 mm) + precolumn Nova-pack C18 (100 A) with
an on-line filtration systenSamples were eluted using a linear gradient of 0.005M PIC A buffer in 100%
water (buffer A) to a 0.005M PIC A buffer in 50% acetonitrile (buffer B), programmed over a 60 min
period with a flow rate of 1 mL/min and detection at 260 nm. A 0.005M solution of tetrabutylammonium
hydrogen sulfate buffer (PIC A) was prepared by addition of a vial of PIC A Low UV Reagent
(WATERS) in 1L of deionized water and filtered with membrane 0.22 p GV-type (Millipore).

For each kinetic study, the compound solution was diluted with a freshly thawed aliquot of the considered
medium to obtain a final concentration of 0.1 mM and the mixture was incubated at 37 °C. At the desired
time, samples were injected into an analytical HPLC column where the analytical conditions make it
possible to visualise and properly separate the starting compound from the corresponding metabolites.
The crude sample (50L) was injected into the precolumn and eluted with buffer A during 4 min. Then,
the switching valve for connecting the precolumn to the column was activated and a gradient S3 was

applied : the gradient started at 100% eluent A with an increase to 10% eluent B after 6 min, to 15%
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eluent B after 11 min, to 100% eluent B after 21 min and continued at 100% eluent B until 33 min. The

retention times are listed in table 7.

Constant rate determination. All compounds could be accurately UV-detected (260 nm) and quantified.

The nature of the metabolites was confirmed by injection of authentic samples. Having assigned the
various HPLC signals, the kinetic data were treated according to a general “consecutive-competitive
pseudo-first order” model. The relative concentration of each component was calculated from the areas at
260 nm of the corresponding signals. The half-lives were deduced from experimental data following the
disappearance of the peak area of the desired compound and the calculated rate constant of each

decomposition step in different media were calculated with the equation (1)

In(2)

Q) k= (competitive-consecutive pseudo-first order)

1/2
The amount of remaining compound at each time point was used to determine the half-life of the

compound.

Purified enzyme incubation studies. Porcine liver esterase (E9019) and phosphodiesterase Cirataius
adamanteus venom (P3134) were purchased from Sigma-Aldrich. Porcine liver esterase was solubilized
in a water/glycerol solution (50:50) at a final concentration of 50 U/mL. Phosphodiesterase | from
Crotalus adamanteus venom was solubilized in a water/glycerol solution (50:50) at a final concentration
of 20 U/mL.

Porcine liver esterase assay (0.5 U/mL enzyme [4d0substrate) [61, 62]. L of a solution of
compoundll, 12, 13, or 14 in MeOH (4 mM) in 792uL of buffer containing 8@L of Tris-HCI/KCI (pH

7.5) and 8uL of Porcine liver esterase solution (50 U/mL) were incubated at 37°C. At different time
intervals (0, 15, 45, 90 min), 2@@Q of the sample were withdrawn and analyzed.

Porcine liver esterase assay (5 U/mL enzymeyMGubstrate) [61, 62]. 4L of a solution of compound

11, 12, 13, or 14 in MeOH (5 mM) in 676uL of buffer containing 8QL of tris-HCI/KCI (pH 7.5) and 40
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uL of Porcine liver esterase solution (50 U/mL) were incubated at 37°C. At different time intervals (0, 60,
120, 240 min), 20QL of the sample were drawn and analyzed.

Phosphodiesterase | fro@rotalus adamanteus venom assay (0.5 U/mL enzyme /@ substrate) [61,

62]. 8 uL of a solution of compoundl, 12, 13, or 14 in MeOH (5 mM) or 20uL of a solution of
compoundl15 or 16 in deionized water (2 mM) in 1768 or 1756 of buffer containing 20QuL of
CHES/KCI (pH 9), 4uL of MgCl, (1M) and 20uL of phosphodiesterase | frofrotalus adamanteus

venom solution (20 U/mL) were incubated at 37°C. At different time intervals (0, 20, 30, 40, 60, 120,
240, 480 min) 20QL of the sample were withdrawn and analyzed.

Phosphodiesterase | fro@rotalus adamanteus venom and Porcine liver esterase assay (0.5 U/mL
enzyme / 5QM substrate) [61, 62]. 8L of a solution of compoundl, 12, 13, or 14 in MeOH (5 mM)

in 1760 uL of buffer containing 200uL of CHES/KCI (pH 9), 4uL of MgCl; (1M), 20 pL of
phosphodiesterase | solution (20 U/mL) ang@l8of Porcine liver esterase solution (50 U/mL) were
incubated at 37°C. At different time intervals (0, 20, 30, 40, 60, 120, 240, 480 mip). 20@he sample

were drawn and analyzed. Each aliquot was centrifuged on VivacdiiSafiorius Stedim Biotech, 2000
MWCO) for 45min at 14000 G at 4°C to remove protein materials.uBO®X filtrate were collected and
diluted with 300uL of TEAB 0,1M.

HPLC analyses were performed on a column Nova-pak C18 (4 mm, 3.9 x 150 mm) + precolumn Nova-
pack C18 (100 A). Eluant A: 0.1 M triethylammonium bicarbonate buffer (pH 7.5); eluant B: solution A
containing 50% of acetonitrile. Gradient S4 was applied : the gradient started at 100% eluent A with an
increase to 10% eluent B after 20 min, to 20% eluent B after 25 min, to 100% eluent B after 35 min and
continued at 100% eluent B until 45 min. All compounds were accurately UV-detected (260 nm) and
quantified. The nature of the metabolites was confirmed by injection of authentic samples. Having
assigned the various HPLC signals, the kinetic data were treated according to a general “consecutive-
competitive pseudo-first order” model. The relative concentration of each component was calculated from

the areas at 260 nm of the corresponding signals. The half-lives were deduced from experimental data
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following the disappearance of the peak area of the desired compound and the calculated rate constant of

each decomposition step in different media were calculated with the equation (1).

Supporting Information Available. HRMS (QTOF) spectral data for the compoufds!.
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L egend to figures and schemes

Figure 1. Structure of PMEA, PMPA, S-PMEA& and S-PMPA9, bis-POM-PMEAL11, bis-POM-S-PMEAL3, bis-POC-

PMPA 12 and bis-POC-S-PMPA4.

Scheme 1. Synthetic pathway for the synthesis of compouBd®, 11, 12, 13 and 14. Reagents and conditions : a) 2-
bromoethylbenzoate, NaH, DMF, 60°C, 16h then,Mi¢OH sat, 14h; b) (R)-propylene carbonate, DMF, 140°C, 16h; c)
Mg(tBuO),, 3, DMF, 35°C, 20h; d) Davy Reagent, benzene, 80°C, 2h; €) TMSCI, NaBr, NMP, 90°C, 12h, then déwex Na
exchange after purification; f) TMSCI, NaBr, NMP, 60°C, 12h then POMCI, TEA, 60°C, 6h; g) TMSCI, NaBr, NMP, 60°C,

12h, thenlO, TEA, 60°C, 6h; h) Davy Reagent, benzene, 80°C, 30min.

Scheme 2 : Proposed mechanism of decomposition of prodriys12, 13 and 14. The half-lives were deduced from

experimental data and the calculated rate constants of each decomposition step in the different media are reported in Table 5.

Scheme 3 : Possible pathways of enzymatic decomposition of the compduntis and comparison of decomposition kinetic

rates between thiophosphonate compou®id4 and16 andphosphonate compound$, 12 and15.

Tables

Table 1. Antiviral activity and cytotoxicity of bis-POM-PMEAL, bis-POC-PMPAL2, bis-POM-S-PMEA13 and bis-POC-S-

PMPA 14, in CEM cell cultures infected by 100 TGH»f HIV- 1 (IlIB) or HIV-2 (ROD).

Table 2. Antiviral activity and cytotoxicity of bis-POM-PMEAL, bis-POC-PMPAL2, bis-POM-S-PMEA13 and bis-POC-S-

PMPA 14, in Huh7 cell cultures transfected by HBV.

Table 3. Antiviral activity and cytotoxicity of bis-POM-PMEAL, bis-POC-PMPA12, bis-POM-S-PMEA13 and bis-POC-S-

PMPA 14,, in HEL cell cultures infected by several DNA viruses.

Table 4. Pseudo-first-order Rate Constants (X10in™) related to the decomposition kinetic models of the compo8idisin
non-enzymatic media (RPMI-1640 ; DMEM), culture media (RPMI-1640 + 10% FCS ; DMEM + 10% FCS) and cell extract

(CEM-SS ; Huh?).
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Table 5. Pseudo-first-order Rate Constants (X10in™) related to the enzymatic decomposition kinetic models of compounds
11-16 with purified enzymes : carboxyesterase (0.5 and 5 U/mL), phosphodiesterase (0.5 U/mL) and carboxyesterase +

phosphodiesterase (0.5 U/mL).

Table 6. Retention times (gradient : S3) of PMEA, S-PMBAPMPA, S-PMPA9, bis-POM-PMEAL1, bis-POC-PMPA12,

bis-POM-S-PMEA13 and bis-POC-S-PMPAJ. .

39



Figure 1.
NH,
N/ N
2
LIl X
NT TN IPI
(0] Ho
\/\0_0Na+
R Na+
X=0,R=H,PMEA
X =0, R=Me, PMPA
8 X=5,R=H., S-PMEA
9 X =8, R =Me, S-PMPA

NH,
NZ N
S
I\\N N flj (0]
K/O\/ \8‘0/\0*{

11 X = O, bis-POM-PMEA
13 X =8, bis-POM-S-PMEA

NH;

ACCEPTED MANUSCRIPT

0
N> & 0
K/O\/ P\“o/\o)]‘o
o hd
o
=0
0

_(

12 X = O, bis-POC-PMPA
14 X = 8, bis-POC-S-PMPA



Scheme 3

Carboxyesterase

|(k1c +Kky) x=5 > (kic + K2) x=0

Carboxyesterase
(K1e) x=5 > (K1e) x=0
X X
AR ALK
~_""OR SN0
OR R

0]
Chemical
(ko) x=5 << (k1¢) x=0

Phosphodiesterase
(ky) x-g << (k3) x-0

‘ Carboxyesterase + Phosphodiesterase

| (Kye+ Kp) x=5 < (Kye + K2) x=0

R : protecting group (POM or POC)
X=0orS



ACCEPTED MANUSCRIPT

Scheme 1
NH, NH, NH, NH,
NN a@ema NTTN ¢ Y N 0 4, Tl N‘} s
RNJ\N) e L\N J\NP _— k\NJ\Pf I K\NAN i
H 0 ~ O, ™
OFt | “OEt
<R I\E/ \/tIDEt k=/ \/OEt
OH R R
IR=H 4R=H 6R=H
2R=Me 5R=Me 7R =Me
¢
fle
NH, NH, NH,
N
NT N N7 N N% 2
Y s v LY e NS S
N - N
P P o, o-
Lo/ or, Lo/ or, k/ 6N
OR, OR, i +
N & Na
13R=H.R, = POM 11R=H R, =POM -

14R = Me ,R; = POC 12R=Me.R, =POC



Scheme 2

e
v
NH; NH, NH,
% k
N7 ‘ N\> 1 N?H:N\> #’- NT |
R N X k N X N
N 1\/ I i N K/ I N
O R-oRr, ! k 4 O _FR-o
H 1 : ,,,,,j,(:,,,,,,,,,,,,,,,,,,,,,,,,i H 0R|
R R
11 X=0,R=H,R, =POM mono-POM-PMEA X = O,R=H,R, = POM PMEA
12 X =0,R=CH; R, =POC 15 X =0,R=CH; R, =POC PMPA
13 X =S,R=H,R, =POM mono-POM-S-PMEA X =5 R = H,R, = POM 8
14 X =S,R=CH; R; =POC 1 X =S,R=CH, R, =POC 9
ki =k + kh‘ ky = ko + ko, ko is negligible

k, : enzyme-controlled hydrolysis
k. : chemical hydrolysis

ke =k - kg,

oo R A



Table 1.

ECso (LM)® EGso (UM)*  CCso (UM)°
Compounds 100 TCIDyg 100 TCIDs (CEM)
HIV-1 (11l g) HIV-2 (ROD)
Bis-POM-S-PMEA13 >0.2 >0.2 2.0+0.21
Bis-POM-PMEA11 0.045 + 0.038 0.062 £ 0.021 1.6 +0.28
Bis-POC-S-PMPAL4 0.092 £ 0.040 0.13 £0.0071 > 25
Bis-POC-PMPA12 0.016 £0.011 0.013 £ 0.009 > 25

#ECso or 50% effective concentration : compound concentration required to inhibit syncytia
formation by 50%" CCs; or 50% cytostatic concentration : compound concentration required
to inhibit CEM cell proliferation by 50% in mock-infected cell cultures. CEM: human T-

lymphoblastoid cells.



Table 2.

EGso (UM)*  CCso (UM)°

Compounds (Huh?)
Bis-POM-S-PMEA13 1.45+0.53 >25
Bis-POM-PMEA11 0.83+0.21 > 25
Bis-POC-S-PMPAL4 1.14+0.92 > 25
Bis-POC-PMPA12 0.88+0.61 > 25

4ECso or 50% effective concentration : concentration of compound required to afford a 50%
reduction of the level of HBV viral DNA in the Huh7 cell cultures.sE®ere determined
from at least three independent experimeft€Csy or 50% cytotoxic concentration :

concentration of compound required to afford a 50% reduction of the cell density.



Table 3.

EGss (M) Minimum
Compounds o cytotoxic
concentration
(M)
Herpes Herpes Herpes Vaccinia
simplex simplex simplex virus
virus-1 virus-1 virus-2
KOS)  (tk-k0s) @)
Bis-POM-S-PMEA13 3919 3.9 £0.0 3.9+0.0 29+ 20 > 50
Bis-POM-PMEA11 0.2+0.0 0.2+0.2 0.2+0.2 40+6.0 > 50
Bis-POC-S-PMPAL4 > 50 > 50 > 50 > 50 > 50
Bis-POC-PMPA12 5.8 +3.8 9677 5.8+£0.0 > 50 > 50
Cidofovir 09 +1.1 09+0.1 09 £11 22+7.0 >250
Acyclovir 0.08 £0.12 2921 0.08 £0.12 >250 >250

#ECs0 or 50% effective concentration : concentration of compound required to reduce virus-induced
cytopathicity by 50%" Minimum compound concentration required to cause a microscopically

detectable alteration of normal cell morphology.



Table 4.

Compound
Rate Constant  BisPOM-S-PMEA | BissPOM-PMEA | BisPOC-S-PMPA | Bis-POC-PMPA
(x10° min®) 13 11 14 12
RPMI-1640 / DMEM
Kec 0.86 0.71 42 4.62 0.72 0.94 6.6 5.14
Koc <0.16° <024’ | <016 <024° | <016° <024 | <016° <024
RPMI-1640 + 10% FCS / DMEM + 10% FCS
ke 2.2 33 5.78 11.55 1.78 2.1 7.7 11.55
Kee 1.34 2.59 1.58 6.93 1.06 1.16 1.1 6.41
ko <0.16° <024 0.21 037 | <016 <024 | 034 <0.24°
CEM / Huh?
ke 3.85 4.07 11.55 11.55 1.49 1.05 11.55 6.6
Kee 2.99 3.36 7.35 6.93 0.77 0.11 4.95 1.46
ko 016 <0.24° 1.05 026 | <0.16* <0.24° | 033 <0.24°

3t > 72h. Py, > 48h. ky: rate constant of the first hydrolysis step chemically mediated. ko rate

constant of the second hydrolysis step chemically mediated. kie: rate constant of the first hydrolysis

step enzymatically mediated. k.. rate constant of the second hydrolysis step enzymatically

mediated. The observed rate constant k; is the sum of the rate constants of the chemical-mediated

hydrolysis (kic) and the enzyme-mediated hydrolysis (kie). The observed rate constant k; is the sum

of the rate constants of the chemical-mediated hydrolysis (kxc) and the enzyme-mediated hydrolysis

(k2e) .



Tableb.

Carboxyesterase Phosphodiesterase ghagzgﬁzgisgzrsea;
0.5U/mL 5U/mL 0.5U/mL 0.5U/mL

Rate Constant

(x10° min) Ky Kie ko kq® ko Ky Kie ko
13 140 130 1.78 4.80 NCP 120 110 3.65
11 230 60 <144 170 140 230 60 140
14 120 110 3.38 4.62 NCP 170 160 5.63
12 230 90 <144 140 120 150 10 60
16 ND°® ND°® ND°® ND°® 3.85 ND°® ND°® ND°®
15 ND°® ND°® ND°® ND°® 230 ND°® ND°® ND°®

% Kky = kg with kge = 0, compounds 11-14 were not substrate of phosphodiesterase. ® NC: k, could not

be calculated .  ND: not determined.



