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Abstract

Alpha-carboxynucleoside phosphonates (a-CNPs) are novel viral DNA polymerase inhibitors that
do not need metabolic conversion for enzyme inhibition. The prototype contains a cyclopentyl
linker between nucleobase and a-carboxyphosphonate and preferentially (50- to 100-fold) inhibits
HIV-1 RT compared with herpetic DNA polymerases. A synthetic methodology involving three
steps has been developed for the synthesis of a series of novel a-CNPs, including a Rh(ll)
catalyzed O-H insertion which connects the carboxyphosphonate group to a linker moiety and
attachment of a nucleobase to the other end of the linker by a Mitsunobu reaction followed by final
deprotection. Replacing the cyclopentyl moiety in the prototype a-CNPs by a more flexible entity
results in a selectivity shift of ~ 100-fold in favor of the herpetic DNA polymerases when
compared to HIV-1 RT. The nature of the kinetic interaction of the acyclic a-CNPs against the
herpetic DNA polymerases differs from the nature of the nucleobase-specific kinetic interaction of
the cyclopentyl a-CNPs against HIV RT.
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1. INTRODUCTION

Viral DNA polymerases represent an approved target for antiviral drug therapy. HIV reverse
transcriptase is the best known example for which several inhibitors have been discovered
and applied in clinical practice. At least seven different nucleoside RT inhibitors (NRTIS),
one nucleotide RT inhibitor (NtRTI), and five non-nucleoside RT inhibitors (NNRTIs) of
HIV-1 RT have been formally approved for clinical use. In addition, several non-nucleoside
competing RT inhibitors (NcRTIs) and RNase H inhibitors have been discovered that act
against HIV-1 RT in a manner that is structurally and functionally different from that of
N(t)RTIs and NNRT|S.2_7 With regard to herpesvirus therapy, a variety of structurally
distinct inhibitors of herpetic DNA polymerases have been reported and several of them are
clinically used.8 The best known examples are the acyclic nucleoside analogues acyclovir
and its oral prodrug valacyclovir; penciclovir and its prodrug famciclovir; and ganciclovir
and its prodrug valganciclovir.9 (£)-5-(2-Bromovinyl)-2’-deoxyuridine (BVDU) is endowed
with potent activity against herpes simplex virus type 1 (HSV-1) and varicella-zoster virus
(VZV),10 and phosphonoformic acid (PFA, foscarnet) is a pyrophosphate analogue that is
clinically used for the treatment of human cytomegalovirus (HCMV) and herpesvirus
infections.11 Among the above-cited agents, PFA was also shown to be active against HIV-1
RT,11 and acyclovir (as its 5-triphosphate metabolite) has been shown to inhibit HIV-1 RT
as well 1213 Retrospective studies have shown some clinical efficacy of acyclovir in HIV-
infected individuals that were co-infected with herpesviruses (enabling activation of the drug
by the herpesvirus-encoded thymidine kinase or protein kinase).mv15

Recently, an entirely novel class of DNA polymerase inhibitors has been discovered and
designated a-carboxynucleoside phosphonates (a—CNP).16'17 These compounds consist of a
nucleobase, an a-carboxyphosphonate, and a linker moiety such as a cyclopentyl ring. These
molecules were shown to be potent competitive inhibitors of HIV-1 RT without requiring
phosphorylation to their triphosphate equivalent. This is in contrast to what is required for all
NRTIs and the NtRTI (acyclic nucleoside phosphonate) tenofovir.18 Notably, a-CNPs are
reversible competitive inhibitors of HIV-1 RT against the natural dNTP enzyme substrates
with 50% inhibitory concentration (1Csg) values in the high nanomolar range. Unlike the
N(t)RTIs, a-CNPs are not incorporated into the nascent viral DNA chain.17 Interestingly, the
a-CNPs were also shown to inhibit the DNA polymerases encoded by HSV-1, VZV and
HCMV, albeit at higher concentrations (ICsq values in the low micromolar range).17 Based
on this, the a-CNPs can be designated as a novel class of broad spectrum viral DNA
polymerase inhibitors. Until now, our insight into the structure-activity relationships (SAR)
of the a-CNPs has been quite limited, since the only analogues synthesized and explored
thus far contain a cyclopentyl16 or (2’-deoxy)ribose moiety19 as the linker moiety between
the nucleobase and cn-carboxyphosphonate.16 Modifications in the carbohydrate
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(deoxyribose) part of antiviral nucleoside analogues have been shown to shift their
selectivity towards particular viruses (and their encoded DNA polymerases). For instance,
analogues with a 2/,3’-dideoxyribose have selectivity towards HIV-1 RT, whereas an acyclic
aliphatic chain is typical in inhibitors of herpetic DNA polymerases. We therefore decided to
modify the cyclopentyl part in the a-CNP scaffold and to evaluate their anti-DNA
polymerase potency and selectivity. This approach turned out to be successful. Whereas the
original cyclopentyl-containing a-CNPs showed ~50- to 100-fold selectivity for HIV-1 RT
compared to herpetic and human DNA polymerases, the newly synthesized acyclic cis-
butenyl-containing a-CNPs possessed 100-fold selectivity for herpetic DNA polymerases
versus HIV-1 RT and human DNA polymerases.

2. RESULTS AND DISCUSSION

2.1. Design and chemical synthesis of novel a-CNPs

As recently reportedlevﬂ, the prototypic thymine-a-CNP markedly inhibits HIV-1 RT with
activity in the higher nanomolar range (ICgg: 0.40 uM) in an assay using poly rA.dT as the
template/primer and [3H]dTTP as the competing natural dNTP substrate. Interestingly, this
compound also inhibited the DNA polymerases encoded by HCMV, HSV-1, and VZV, albeit
at ~ 50- to 100-fold higher concentrations (ICsg: 26—38 UM). Importantly, the human DNA
polymerases a and 3 were hardly inhibited by the thymine-a-CNP prototype compound
(ICsp: 229 uM and > 500 uM, respectively).17 All a-CNP analogues thus far studied contain
a cyclopentyl linker moiety between the nucleobase and a-carboxyphosphonate. An earlier
series of related a-CNPs containing a (2-deoxy)ribose linker unit proved inactive.19 To
further explore the structure-activity relationship for the a-CNPs, we now modified the
linker moiety (Table 1). The connector was first altered by adding two methylene spacers in
a syn-fashion on adjacent positions of the cyclopentyl ring which holds the nucleobase and
the a-carboxyphosphonate (6a). Our synthetic strategy towards these modified a-CNPs
involved three steps consisting of a rhodium-catalyzed O-H insertion, followed by a
Mitsunobu reaction to attach the nucleobase, and a final step to remove the protecting groups
(Scheme 1).

We recently reported a facile method for attaching carboxyphosphonate groups to a suitably
functionalized nucleobase via O-H insertion of rhodium carbenoid.mv19 Following these
previously published reaction conditions, the reaction of cis-cyclopentyl-1,2-dimethanol 1a
with trimethyl phosphonodiazoacetate 2 was carried out in the presence of 1 mol% of
Rh,(OAc), in refluxing benzene. The reaction was complete in 16 hours and mono- (3a) and
di-O-H inserted compounds were obtained in 60 and 21% yield, respectively. The reaction
was also applied to other cyclic syrdimethanols, i.e. cyclopropyl- (1b), cyclohexenyl- (1c),
and benzene-1,2-dimethanol (1d). All reactions afforded the expected mono O-H inserted
compounds as an equimolar mixture of (dia)stereoisomers in 60-65% yield (Table 1).

The next task was to attach the nucleobase to the carboxyphosphonylated linker moieties. A
Mitsunobu reactionzo was performed to substitute the free hydroxyl group of 3 by thymine.
The reaction was initiated by treating PPhs and DIAD in dry THF at 0 °C to generate the
betaine. The solution containing the PPh3:DIAD zwitterion was transferred to another
reaction vessel containing mono O-H inserted compound 3 and 3-benzoyl-thymine 4a in
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THF at =40 °C which was allowed to warm to room temperature and further stirred for 24
hours. These reactions all afforded the expected nucleobase-substituted
carboxyphosphonates 5a-5d in good yields (Table 2). Interestingly, we obtained the A1
substituted compound 5 almost exclusively and the trace amount (<5%) of O?-alkylated
product formed was not isolated.

To check the influence of the ring conformation on anti-DNA polymerase activity we also
prepared the reduced compound 5e by hydrogenation of 5¢ over Pd/C (Scheme 2).

The final deprotection of compounds 5a-5e was done in two steps but in a one-pot process,
following the same procedure reported for analogous nucleoside carboxyphosphonates.16 19
Deprotection of the dimethoxyphosphonate group was done by treating with excess of
TMSBr followed by water. The crude reaction mixture after the first step was treated with an
excess of aqueous 1M NaOH solution for the saponification of the carboxyester and
debenzoylation of the N-3-benzoylthymine. Purification of the phosphononucleosides 6a—6e
was done with a charcoal column. Before adsorbing the crude reaction mixture on activated
charcoal, acidification to pH ~ 1.0-1.5 was done with a solution of 2M HCI, and benzoic
acid was removed by extracting five times with dichloromethane. Finally, the acidic aqueous
residue was adsorbed on an activated charcoal column and the desired
phosphononucleosides were eluted as ammonium salts in good yields using a 1:1 mixture of
EtOH and 20% aqueous ammonia (Table 3).

Next, we concentrated on changing the linker ring to a heterocycle, such as a 1,2,3-triazole
moiety. Phosphononucleosides linked with a 1,2,3-triazole group were reported to exhibit
interesting antiviral activity.21 The aim was to synthesize both the carboxyphosphonate
moiety linked with an azide functionality 3f and N-1-propargyl thymine 4b, and subject
these to Cu-catalyzed azide-alkyne cycloaddition. The Rh(ll)-catalyzed reaction of 2-
bromoethanol 1f with trimethyl phosphonodiazoacetate 2 followed by azidation of the O-H
inserted compound furnished the azidocarboxyphosphonate 3f. N-3-benzoyl-N-1-propargyl-
thymine 4b was treated with the azide 3f in the presence of 1 mol% of CuSO,4.5H,0 and
sodium ascorbate which afforded the expected 1,4-substituted-1,2,3-triazole 5f in 89% yield.
The deprotection procedure was repeated for 5f after which the final triazole-linked
phosphononucleoside 6f was isolated in 50 % yield as an ammonium salt (Scheme 3).

In an attempt to synthesize potent and selective a-CNP inhibitors of herpetic DNA
polymerases, we synthesized also a series of acyclic a-CNPs, since the acyclic nucleoside
analogues acyclovir, ganciclovir and penciclovir are known selective inhibitors of
herpesviruses.g’9 The synthesis of the acyclic derivative 6g was performed in the same way
as described above. The O-H insertion products of ¢/s-2-butenyl-1,4-diol was obtained in
58% (3g) yield. Mitsunobu reaction of carboxyphosphonylated compound 3g proceeded
well with N-3-benzoylthymine 4a, affording the nucleobase-substituted compound 5g in
good yield. Full deprotection of the Mitsunobu product 5g was carried out under similar
conditions mentioned above, i.e. by initial treatment with excess TMSBr and water, followed
by base hydrolysis to afford butenyl-linked phosphononucleosides in 61% (6g) yield
(Scheme 4).
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The n-butyl chain-linked phosphononucleoside 6h was synthesized starting from Mitsunobu
product 5g which was subjected to hydrogenation over Pd/C to afford the reduced compound
5h in excellent yield. Interestingly, in the case of 5h, we observed that the N3-benzoyl group
of the thymine part was also removed after hydrogenation. Complete deprotection of the
reduced compound 5h afforded the 7#~butyl-linked thymine derivative 6h in good yield
(Scheme 5).

Given the fact that the thymine-butenyl-a-CNP 6g showed the strongest and most selective
activity against herpetic DNA polymerases among all a-CNP derivatives synthesized thus
far (see supra), we decided to prepare the butenyl analogues with different pyrimidine and
purine bases (Scheme 6).

In the case of 5-fluorouracil, we synthesized the acyclic a-CNPs carrying either a butenyl
(6i) or butyl moiety (6j) (Scheme 6).

To check whether the cis/syn geometry was important for the new class of acyclic a-CNPs,
the carboxy phosphononucleoside 60 starting from cyclopentyl-1,2-anti-dimethanol 1o was
synthesized. Following the three step synthetic strategy involving O-H insertion, Mitsunobu
reaction and deprotection, the a-CNP 6q was prepared in good yield (Scheme 7).

Finally, an acyclic butenyl a-CNP derivative was synthesized lacking the thymine base
linked to the butenyl, but instead containing a simple OH function. This was meant to reveal
the importance of the presence of a nucleobase entity. The a-carboxyphosphonate 6n was
obtained by the deprotection of O-H inserted compound 3g (Scheme 8).

2.2. Inhibitory activity of test compounds against DNA polymerases of different origin

2.2.1. Sensitivity of HIV-1 RT, herpetic and cellular DNA polymerases against
(a)cyclic a-CNPs—To determine the impact of modifying the cyclic linker in the a-CNPs,
the novel derivatives 6a—6f were first evaluated for their inhibitory activity against HIV-1
RT. It was found that these phosphononucleosides dramatically lost (=300- to 1,000-fold)
anti-HIV RT activity (ICgp: 131 to =500 uM) when compared to the prototype thymine-a-
CNP (ICgp: 0.40 uM) (Table 4). Instead, when evaluated against three different herpetic
DNA polymerases, we observed that, depending on the nature of the cyclic linker moiety,
the inhibitory activity against herpetic DNA polymerases was preserved or even markedly
enhanced. For example, compared to thymine-a-CNP, compounds 6b, 6¢ and 6e showed 8-
to 13-fold superior activity against HCMV DNA polymerase (ICgp: 3 to 4.6 uM). Compound
6d was 13-fold more active against VZV DNA polymerase and ~3-fold more active against
HCMYV and HSV-1 DNA polymerase, than our initial prototype inhibitor, i.e. thymine-a-
CNP. The triazole linker-containing derivative 6f kept similar anti-herpetic DNA polymerase
activity as the prototype thymine-a-CNP but markedly lost anti-HIV-1 RT activity (Table 4).

These findings demonstrated that not only (cyclo)aliphatic (i.e. 6a,b,e) but also a linker
moiety containing unsaturated or aromatic functions (i.e. 6¢,d) can preserve or even further
increase the inhibitory potency of the compounds against herpetic DNA polymerases.
Moreover, subtle differences between the different herpetic DNA polymerases must exist for
optimal interaction of the compounds in the viral DNA polymerase binding sites. This
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results in varying degrees of inhibitory activities of the compounds against the particular
herpetic DNA polymerases. For example, compounds 6a and 6b showed up to 5- to 8-fold
differences in inhibitory potency among the individual herpetic DNA polymerases. In sharp
contrast and as explained above, the cyclic linker-modified compounds 6a to 6e, had
marginal, if any, activity against HIV-1 RT. On the other hand, it was interesting to see that
human DNA polymerase a (ICgq: 48 to 332 uM; Table 4) and in particular DNA polymerase
3 (IC5p: 360 to > 500 uM [except for compound 6d (ICsp: 76 uM)]) were hardly affected by
compounds 6a—6d, pointing to a considerable degree of anti-(herpetic) DNA polymerase
selectivity. For comparative reasons, the pyrophosphate analogue phosphonoformic acid
(PFA, foscarnet) and the 5’-triphosphate of BVDU (brivudin) were included in the herpetic
DNA polymerase assays. Depending the nature of the enzyme, some of the compounds were
equally or even more inhibitory (i.e. HCMV DNA polymerase) or less inhibitory (i.e. HSV-1
and VZV DNA polymerase) than the reference compounds (Table 4).

Next, we assessed the biological activity of a-CNP derivatives with an acyclic aliphatic
linker. Whereas the acyclic thymine butyl-a-CNP (6h) had 1,000-fold lower inhibitory
activity against HIV-1 RT compared to the cyclopentyl-containing prototype thymine-a-
CNP, this compound had comparable inhibitory activity against the herpetic DNA
polymerases as thymine-a-CNP, irrespective of the nature of the herpetic DNA polymerase
(ICs0: 26 to 45 pM, respectively) (Table 5). Remarkably, the thymine-butenyl-a-CNP
derivative 6g had markedly reduced (~600-fold lower than thymine a-CNP) anti-HIV-1 RT
activity, yet showed 8- to 20-fold higher potency against the herpetic DNA polymerases
(ICs0: 2.1 to 3.7 uM) compared to its thymine butyl-a-CNP analogue 6h (Table 5). Thus,
whereas the cyclic thymine-cyclopentyl-a-CNP inhibitor displays 50- to 100-fold preference
for HIV-1 RT compared to herpetic DNA polymerases, the acyclic thymine-butenyl-a-CNP
derivative 6g showed ~100-fold superior activity against herpetic DNA polymerases than
against HIV-1 RT. Compound 6g also showed 4- to 7-fold selectivity for the herpetic DNA
polymerases when compared to human DNA polymerase a.

When the thymine nucleobase in 6h and 6g was replaced by 5-fluorouracil (i.e. 6i and 6j,
respectively) the butyl derivative 6j showed consistently better inhibitory activity against the
herpetic DNA polymerases than the butenyl derivative 6i, a phenomenon that was opposite
to what was observed for the thymine derivatives 6h and 6g (Table 5). As for the antr-
thymine-a-CNP 60, this compound was found to have poor, if any, inhibitory activity against
any of the herpetic or human DNA polymerases mentioned in Table 5.

On the other hand, when the thymine base in 6g was substituted by an adenine (6k) or
guanine (6l), virtually equipotent inhibition of the herpetic DNA polymerases was observed,
irrespective of the nature of the nucleobase or the herpetic (i.e. HSV-1, HCMV, or VZV)
enzyme tested. Only the cytosine derivative 6m was somewhat (4- to 8-fold) less inhibitory
against the HCMV and HSV-1 DNA polymerases, but not against VZV DNA polymerase.
Interestingly, these compounds did not markedly affect the human DNA polymerases a and
B (IC5p: 365 to > 500 uM), nor HIV-1 RT (ICgq: 235 to 500 uM), and thus, they are highly
selective for targeting herpetic DNA polymerases.
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2.2.2. Sensitivity of HIV-1 RT and different herpetic DNA polymerases against
acyclic butenyl-a-CNPs in the presence of different radiolabeled dNTP
substrates—It is important to note that in the inhibition studies shown in Tables 4 and 5,
the inhibitory action of the compounds against the herpetic DNA polymerases was measured
with activated calf thymus DNA as the template/primer and [3H]dTTP as the dNTP
substrate, for HCMV and HSV-1 DNA polymerase, and a homopolymeric template/primer
(poly dA.oligo dT) and [3H]dTTP as the dNTP substrate for VZV DNA polymerase. Given
the different nature of the nucleobase in the butenyl carboxy nucleoside phosphonates 6g
(thymine), 6k (adenine), 61 (guanine) and 6m (cytosine), we therefore performed similar
experiments using radiolabeled dATP, dGTP or dCTP (instead of radiolabeled dTTP) to
allow direct competition of the acyclic butenyl-a-CNPs with their corresponding natural
dNTPs (Table 6).

It was striking to observe that for HCMV DNA polymerase, each of the acyclic carboxy
nucleoside phosphonates had virtually equal activity irrespective of the nature of the
radiolabeled natural substrate used in the assay (i.e. ICsp: 2.1 to 3.1 uM for the T-analogue
6g; 2.9 to 5.5 UM for the A-analogue 6k; 3.6 to 14 uM for the G-analogue 6l; and 16 to 33
UM for the C-analogue 6m; Table 6). Even more striking, the T-, A-, G- and C-analogues
were equally inhibitory against VZV DNA polymerase tested with homopolymeric poly
dA.oligo dT as the template/primer and [3H]dTTP as the radiolabeled substrate (ICsg: 2.2 to
3.3 UM). Thus, surprisingly, the nature of the nucleobase did not play a discriminative
inhibitory role even in the presence of a template/primer that can solely use dTTP as the
incorporating substrate, as in the case of the VZV DNA polymerase assay. These findings
were strongly suggestive that the nature of the particular nucleobase in the butenyl-a-CNP
molecules is actually less important to achieve interaction with, and inhibition of, herpetic
DNA polymerases. However, since both the viral and human enzymes were insensitive to the
inhibitory potential of the a-basic a-CNP derivative 6n (data not shown), these observations
suggest that a ring system at the opposite end of the a-carboxyphosphonate part of the
acyclic a-CNP derivative is still necessary for inhibitory activity, but the precise nature of
this cyclic entity seems to be less crucial to obtain anti-herpetic DNA polymerase activity. It
would therefore be of interest to replace the purine or pyrimidine nucleobase by other
aromatic or even non-aromatic entities to further explore the optimal nature of this part of
the acyclic a-CNP molecule. Not surprisingly, none of the compounds proved significantly
inhibitory to HIV-1 RT, irrespective of the nature of the nucleobase and the template/primer
used (Table 7). For comparative reasons, the pyrophosphate analogue PFA and a number of
ddNTPs have been included in the assays.

2.2.3. Kinetic properties of the (a)cyclic a-CNPs against VZV DNA polymerase
—In our previous studies, the HIV-1 RT inhibition by the prototype cyclopentyl thymine-a-
CNP analogue was found to be competitive with respect to the natural substrate (dTTP).
Clearly, in all HIV-1 RT assays, the a-CNPs behaved highly nucleobase-specific in terms of
interaction with the template/primer. This behavior was ascertained and confirmed in a
variety of kinetic, biochemical and structural studies.17 Strikingly, an entirely different
behavior is seen with the acyclic butenyl-a-CNP inhibitors of herpetic DNA polymerases
since these enzymatic assays (Table 6) rather suggest a lack of nucleobase-specific
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interaction with these enzymes. Therefore, the kinetics of the interaction of the most potent
acyclic butenyl-a-CNP 6g against VZV DNA polymerase were investigated in the presence
of varying dTTP concentrations and a fixed (saturating) concentration of poly dA.oligo dT
as the template/primer. The Lineweaver-Burk graph (reciprocal plots of substrate
concentration versus velocity values) revealed that the nature of interaction of compound 6g
with VZV DNA polymerase was non-competitive with respect to the natural substrate (Fig.
1, panel A). (£)-5-(2-Bromovinyl)-2’-deoxyuridine-5'-triphosphate (BVDU-TP), a well-
known inhibitor of VZV DNA polymerase, showed purely competitive kinetics with respect
to the natural dTTP substrate (Fig. 1, panel C). It should be noticed that for the thymine-
cyclopentyl a-CNP prototype compound a competitive interaction was earlier found against
HIV-1RT.

Thus, the non-competitive kinetics are suggestive for an independent (mutually non-
exclusive) binding of the acyclic butenyl a-CNP and the natural substrate (dNTP) to the
herpetic DNA polymerase, and are strikingly different from our earlier competitive findings
for the cyclopentyl a-CNPs against HIV-1 RT. In order to reveal whether the difference in
kinetic interaction is due to a structural difference between the cyclic versusacyclic a-CNPs,
or a functional difference between HIV-1 RT versus herpetic DNA polymerases, the kinetic
behavior of the prototype cyclopentyl thymine-a-CNP was examined against VZV DNA
polymerase. It was found that both the cyclic and acyclic a-CNPs behaved identically (non-
competitively versusthe natural substrate) against this herpetic DNA polymerase (Fig. 1,
panel B). Thus, the type of kinetic interaction of the a-CNPs, regardless of being
cyclopentyl or acyclic butenyl derivatives, depends solely on the nature of the enzyme, being
either reverse transcriptase (competitive mechanism) or a herpetic DNA polymerase (non-
competitive mechanism).

2.2.4. Biochemical properties of the interaction of a-CNPs with HCMV DNA
polymerase-related enzymes—To further gain additional information on the kinetic/
biochemical interaction of the acyclic a-CNPs with the herpetic DNA polymerases,
template/primer-extension reactions were performed with the adenine a-CNP (6K) using
three different HCMV DNA polymerase-related enzymes, namely wild-type HCMV-UL54
(DNA polymerase encoded by HCMV), the wild-type (WT) bacteriophage RB69 DNA
polymerase gp43 and RB69/ABCS5, a hybrid DNA polymerase enzyme containing an
engineered nucleotide-binding site derived from HCMV UL54.22v23 In all enzymes, the 3/,
5-exonuclease activity had been deleted to eliminate confounding effects of editing
activities in the enzyme assays. When evaluated for their anti-DNA polymerase activity, the
adenine (and also thymine)-butenyl-a-CNPs were highly inhibitory against HCMV-UL54
(ICs0: 0.5 uM) but completely inactive against bacteriophage WT RB69 and the hybrid
RB69/ABCS5 (ICsp: > 100 pM). These findings are suggestive for binding of the a-CNP
inhibitors to a HCMV DNA polymerase site different from the dNTP substrate-binding
active site.

Thus, primer extension reactions on a heteropolymeric template revealed dose-dependent
inhibition of purified HCMV-UL54, while no significant changes in DNA synthesis are seen
with the WT RB69 WT and the RB69/ABC5 chimera (Fig. 2). Inhibition of HCMV UL54 is
seen during the first four to five nucleotide incorporation events, which points to a
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mechanism that is independent of Watson-Crick base-pairing. Unlike WT RB69, the
chimera RB69/ABCS is sensitive to active-site inhibitors phosphonoformic acid and
acyclovir triphosphate, and thus, represents a fully active enzyme with a functional
substrate-active site.23v24 Hence, our combined observations suggest that this compound
binds to an enzyme site that is different from the polymerase active-site. Although we
utilized enzymes with (knock-out) mutations in the 3’-5” exonuclease active-site, we cannot
exclude that 6k binds selectively to the 3’-5” exonuclease active center of wild-type HCMV
DNA polymerase UL54 or to a yet unknown binding site.

As shown above, the anti-herpetic DNA polymerase activity of the acyclic a-CNPs proved
independent from the nature of the nucleobase. Since traditional Watson-Crick base-pairing
seems not to be strictly required to afford inhibition of herpetic DNA polymerase, it seems
relevant to optimize the aromatic ring system in the acyclic a-CNP inhibitors, with the
potential to move away from a nucleobase entity.

2.2.5. Sensitivity of mutant HIV-1 M1841/V RT against the acyclic a-CNPs—The
prototype cyclopentyl a-CNPs are sensitive to HIV-1 RT amino acid mutations adjacent to
the cyclopentyl ring. In particular, the mutation M184V confers 1.7- to 16-fold resistance to
these a-CNPs depending on the nature of the nucleobase in the CL-CNP.17 According to the
crystal structure of the thymine a-CNP-HIV-1 RT complex, this resistance was likely due to
steric hindrance of the L-sugar ring by the 184-valine side-chain,17 a phenomenon that has
also been earlier reported for the L-enantiomers of 3TC (lamivudine) and FTC
(emtricitabine).25 Although the acyclic a-CNPs only show a moderate inhibitory activity
against wild-type HIV-1 RT (ICg: 320-1,250 pM), their activity was virtually annihilated
when exposed to mutant M1841 and M184V HIV-1 RT irrespective the nature of the
nucleobase (ICsg = 2,500 uM) (Table 8). Instead, introduction of the Y115F RT mutation
that also is part of the binding pocket of the (L-CNPS,17 did not markedly influence the
binding affinity of the acyclic a-CNPs as also observed earlier for the cyclopentyl a-

cnps. Thus, although the acyclic a-CNPs are markedly less inhibitory to HIV-1 RT than
the prototype cyclopentyl a-CNPs, they still seem to bind to the same pocket in HIV-1 RT as
the cyclopentyl a-CNPs.

2.3. Molecular modeling

In order to understand the molecular and structural basis for the different potencies of the
cyclic and acyclic a-CNPs against HIV-1 RT we took a molecular modeling approach.

To determine the basis for the markedly reduced HIV-1 RT inhibition by the acyclic a-CNPs
(i.e. 6g) compared to the cyclopentyl a-CNPs, we modeled 69 into the crystal structure of
the RT/dsDNA/T-a-CNP complex.17 Analogous to the binding of cyclopentyl T-a-CNP, the
carboxyphosphonate moiety of 69 is required to chelate the active site metal ions, and the
thymine base should base-pair with the template overhang. Modeled conformations of the
acyclic linker did not simultaneously satisfy the base-pairing and metal chelation at the two
ends of the molecule (Fig. 3).

We also compared the HIV-1 RT binding mode of the acyclic a-CNP with that of another
acyclic nucleotide, i.e. tenofovir diphosphate (TFV-DP). This analysis revealed that the
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acyclic linker of 6g, which is different in chemical composition and length compared to that
of TFV-DP, does not permit binding to HIV-1 RT in a favorable mode, unlike the favorable
binding of TFV-DP observed by cocrystallization.26 Our modeling results therefore suggest
that the acyclic linker of 6g and 6i—6m is not optimized for binding at the polymerase active
site of HIV-1 RT, which apparently is the primary reason for the remarkably lower inhibitory
activity (Table 5).

2.4. Antiviral activity

The compounds 6a—6m have been evaluated for antiviral activity against herpes simplex
virus type 1 (KOS) and type 2 (G) in HEL cell cultures. None of them were endowed with
significant antiviral activity presumably due to their poor, if any, cellular uptake due to the
highly polar nature of the compounds.

3. CONCLUSION

In this study, a variety of new a-CNP derivatives are synthesized by modifying the linker
moiety between the nucleobase and the a-carboxyphosphonate moiety. Whereas the potent
inhibitory activity against HIV-1 RT by the prototype thymine-a-CNP was not maintained, a
markedly increased anti-herpetic DNA polymerase activity was observed, in particular for
the (acyclic) butenyl-a-CNP derivatives regardless of the nature of the nucleobase. These
modifications in the linker moiety shifted the ~50- to 100-fold selectivity for HIV-1 RT
towards herpetic DNA polymerase selectivity. The novel compounds inhibited the herpetic
enzymes in a mechanistically different manner (non-competitive with respect to the natural
substrate) than found for the prototype thymine-a-CNP against HIV-1 RT (competitive with
respect to the natural substrate). Further optimization of the compounds will now focus on
modifying the nucleobase part. Also, prodrugs will be designed to achieve efficient uptake
of these novel type of DNA polymerase inhibitors by virus-infected cell cultures.

4. EXPERIMENTAL SECTION

NMR spectra were acquired on commercial instruments (Bruker Avance 300 MHz, Bruker
AMX 400 MHz or Bruker Avance I1* 600 MHz) and chemical shifts (8) are reported in parts
per million (ppm) referenced to tetramethylsilane (*H), or the internal (NMR) solvent signal
(13C). Mass spectra were run using a HP5989A apparatus (El, 70 eV ionisation energy) with
Apollo 300 data system, a Micromass Quattro Il apparatus (ESI) with MASSLYNX data
system or a Thermo Finnigan LCQ Advantage apparatus (ESI). Exact mass measurements
were acquired on a Kratos MS50TC instrument (performed in the EI mode at a resolution of
10000. Melting points (not corrected) were determined using a Reichert Thermovar
apparatus. For column chromatography 70-230 mesh silica 60 (E. M. Merck) was used as
the stationary phase. Chemicals received from commercial sources were used without
further purification. Reaction solvents (toluene) were used as received from commercial
sources. The compounds that have been subject to biological evaluation are at least 95 %
pure as estimated by HPLC.
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4.1. General experimental procedure for O-H insertion reactions

D oMe  Rhy{OAc) N MeO-P—{

HO {OH + I\.IeO;C\n, p:OMp o fs] OHOH
- nzene
\ Nz refiux, 16 h N
1 2

To a degassed solution of the diol 1 (1.0 g) and trimethylphosphonodiazoacetate 2 (1.2
equiv.) in benzene (100 mL) 1 mol% of rhodium(Il)acetate was added and the mixture was
refluxed under nitrogen for 16 hours. After completion of the reaction as seen from thin
layer chromatography, the solvent was evaporated under reduced pressure. Purification was
done by flash chromatography (Silica, 5% methanol in ethyl acetate) yielding the O-H
insertion product 3 in 56-65% yield.

The following compounds were prepared following the protocol for O-H insertion reactions:

Methyl-2-(dimethoxyphosphoryl)-2-cis-2(hydroxymethyl)cyclopentyl)methoxy)

acetate 3a—
MeQ  co,Me
MeO—ﬁ
o O OH

Light yellow oil (60%, 1.42 g, diastereomeric mixture); 8y (300 MHz, CDCl3): 1.24-1.40
(m, 2H), 1.46-1.77 (m, 4H), 2.18-2.31 (m, 1H), 2.35-2.49 (m, 1H), 2.98-3.09 (m, 1H),
3.39-3.44 (m, 0.5H), 3.57-3.81 (m, 3.5H), 3.83-3.89 (m, 9H), 4.31-4.37 (m, 1H) ppm; &¢
(75 MHz, CDCl3): 23.2, 23.3, 27.7, 27.8, 28.4, 28.8, 40.2, 40.7, 44.5, 44.9, 52.9, 53.9-54.4
(m), 63.1, 63.3, 74.3-74.6 (m), 75.4, 75.6, 167.7, 167.8 ppm. &p (160 MHz, CDCl3): 17.0,
17.5 ppm; HRMS (EI) mass calculated for C1oH»307P (M)* 310.1181; Found: 310.1189.

Methyl-2-(dimethoxyphosphoryl)-2-((2-
(hydroxymethyl)cyclopropyl)methoxy)acetate 3b—

MeQ  co,Me
MeO-P
o O OH

Light yellow oil (61%, 1.68 g, diastereomeric mixture); 6 (400 MHz, CDCl3): 0.18-0.20
(m, 1H), 0.81-0.85 (m, 1H), 1.36-1.38 (m, 2H), 3.26-3.37 (m, 2H), 3.84-3.90 (M, 9H),
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3.94-4.01 (m, 1.5H), 4.07-4.11 (m, 0.5H), 4.37 (d, 0.5H, Jb= 18.8 Hz), 4.43 (d, 0.5H, Jbp=
18.8 Hz) ppm; 6¢ (75 MHz, CDCls): 7.6, 7.7, 14.7, 14.9, 18.7, 18.8, 53.0, 53.1, 54.0-54.5
(m), 62.3, 73.2-73.6 (m), 74.5, 74.8, 167.6, 167.8 ppm. &p (160 MHz, CDCls): 15.9, 17.0
ppm. HRMS (EI) mass calculated for C1gH19O7P (M)* 282.0868; Found: 282.0853.

Methyl-2-(dimethoxyphosphoryl)-2-cis-6-(hydroxymethyl)cyclohex-3-
enyl)methoxy)acetate 3c—

MeQ  co,Me
MeO—P
O O OH

Light yellow oil (62%, 1.41 g, diastereomeric mixture); 8y (400 MHz, CDCl3): 1.90-2.22
(m, 5H), 2.34-2.40 (m, 1H), 3.39-3.43 (m, 0.5H), 3.56-3.62 (m, 1H), 3.64-3.79 (m, 3H),
3.85-3.90 (m, 9.5H), 4.32-4.40 (m, 1H), 5.59-5.66 (m, 2H) ppm; 8¢ (75 MHz, CDCl3):
25.8,26.7,26.9, 27.8, 33.7, 34.4, 36.8, 37.4, 52.9, 53.9-54.3 (m), 64.1, 64.2, 74.6, 74.7,
75.2,75.4,75.7, 125,1, 125.3, 125.6, 125.8, 167.7, 167.8 ppm; &p (160 MHz, CDCl3): 16.5,
16.8 ppm. HRMS (EI) mass calculated for C13H»307P (M)* 322.1181; Found: 322.1164.

Methyl-2-(dimethoxyphosphoryl)-2-(2-(hydroxymethyl)benzyloxy)acetate 3d—

MeQ  co,Me
MeO—ﬁ
o O OH

Light yellow oil (60%, 1.38 g); 5y (400 MHz, CDCls3): 3.80-3.85 (m, 9H), 4.43 (d, 1H, Jpp=
18.8 Hz), 4.67-4.72 (m, 2H), 4.82 (d, 1H, = 12.4 Hz), 4.97 (d, 1H, /~ 11.6 Hz), 7.28-7.32
(m, 2H), 7.37-7.41 (m, 1H), 7.47-7.49 (m, 1H) ppm; 8¢ (75 MHz, CDCls): 53.0, 54.0-54.5
(m), 62.9, 73.0-73.3 (m), 75.4, 127.9, 129.6, 130.5, 130.6, 133.5, 141.1, 167.6 ppm; &p (160
MHz, CDCl5): 17.3 ppm. HRMS (EI) mass calculated for C13H1907P (M)* 318.0868;
Found: 318.0856.

Methyl 2-(2-azidoethoxy)-2-(dimethoxyphosphoryl)acetate 3f—
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OMe
M O'\
P CO,Me
Iy

N3

The O-H inserted product from the reaction of 2-bromoethanol and
trimethylphosphonodiazoacetate was then treated with 3 equivalents of sodium azide ina 4:1
mixture of acetone/H,0 and stirred at 60 °C for 6 h. After the completion of the reaction,
acetone was evaporated and 25 mL of water were added. The aqueous layer was extracted
with diethyl ether (3 x 20 mL). The organic layer was dried over anhydrous MgSO, and the
solvent was evaporated to obtain the azido compound 3f as a light yellow oil (65% over two
steps, 1.38 g); 84 (400 MHz, CDClI3): 3.47-3.49 (m, 2H), 3.70-3.75 (m, 1H), 3.85-3.89 (m,
10H), 4.44 (d, 1H, /= 17.6 Hz) ppm; 8¢ (100 MHz, CDCl3): 50.7, 52.9, 54.1-54.3 (m),
71.3-71.4 (m), 75.9, 167.3 ppm; &p (160 MHz, CDCl3): 16.6 ppm. HRMS (ESI) mass
calculated for C7H1406P (M+H) 268.0693; Found: 268.0689.

cis-Methyl 2-(dimethoxyphosphoryl)-2-(4-hydroxybut-2-enyloxy)acetate 3g—

MeQ  co.Me

Light yellow oil (58%, 1.76 g); Sy (300 MHz, CDCly): 3.83-3.89 (m, 9H), 4.10-4.28 (m,
3H), 4.35-4.39 (m, 1H), 4.45 (d, 1H, /b= 18.9 Hz), 5.66-5.74 (m, 1H), 5.91-5.99 (m, 1H)
ppm; 8¢ (75 MHz, CDCl3): 52.9, 54.1-54.4 (m), 58.4, 67.4, 67.6, 73.8, 75.9, 125.9, 135.1,
167.8 ppm. 8p (160 MHz, CDCl3): 16.9 ppm. HRMS (ESI) mass calculated for CgH1707P
(M+H) 269.079; Found: 269.0788.

Methyl-2-(dimethoxyphosphoryl)-2-
trans-2(hydroxymethyl)cyclopentyl)methoxy) acetate 30—
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MeQ  co,Me

MeO-P
0 O ~—OH

Light yellow oil (61%, 1.45 g, diastereomeric mixture); 6 (300 MHz, CDCl3): 1.25-1.36
(m, 2H), 1.51-1.60 (m, 2H), 1.73-1.83 (m, 2H), 1.86-2.03 (m, 2H), 3.38-3.52 (m, 2H),
3.58-3.70 (m, 2H), 3.81-3.87 (m, 9H), 4.33-4.42 (m, 1H) ppm; 8¢ (75 MHz, CDCl3): 24.2,
24.4,29.7,29.8, 29.9, 43.4, 43.6, 46.6, 46.8, 52.9, 54.1-54.3 (m), 66.7, 66.8, 75.2, 75.6,
167.6, 167.7 ppm. 8p (160 MHz, CDCl3): 17.1, 17.2 ppm; HRMS (ESI) mass calculated for
C12H2307P (M+Na) 333.1078; Found: 333.1073.

4.2. General experimental procedure for Mitsunobu reactions

M
eQ  coMe )O\ . MeQ  co.Me /
Meo'ﬁ_{o on - “‘\L N%% PPhy, DIAD  MeO-P—( =
i - 8 b=, N =0
s - = Y ’
}-. N"Sp THF \_ ./ py
3 N/ H 42 -40°C - RT 5 A d B

16h

To a flame dried flask, PPh3 (2.1 equiv.) was added. After degassing and flushing nitrogen
for 10 minutes, dry THF was added and the solution was cooled in an ice bath. Then,
diisopropylazodicarboxylate (DIAD) (2.0 equiv.) was added in a drop wise manner to the
reaction mixture and a colour change was observed. This was allowed to stir for 30 minutes.
In another flask the alcohol 3 (1.0 equiv.) and N-3-benzoyl thymine 4a (1.3 equiv.) were
taken; degassed, flushed with nitrogen and then dissolved in THF and allowed to cool to
=40 °C in an acetonitrile-dry ice bath. To this flask the PPh3-DIAD solution was added and
allowed to attain room temperature gradually, furtherstirred for approximately 16 hours or
until complete consumption of the alcohol 3. After completion of the reaction, the solvent
was evaporated under reduced pressure and purification of the residue was done by flash
chromatography (Silica, 3% methanol in ethyl acetate) affording phosphonucleoside
products 5 in 45-66% yield.

The following compounds where prepared following the protocol for Mitsunobu reactions:

Methyl-2-(dimethoxyphosphoryl)-2-cis-2(3-benzoyl-2,4-dioxo-5-methyl-
pyrimidin-1-yl)cyclopentyl)methoxy) acetate 5a—
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MeQ  comMe 0O Bz

MeO—}ﬁ’—< »N

o O N O

Light yellow oil (60%, 1.01 g, diastereomeric mixture); 6 (400 MHz, CDCl3): 1.37-1.59
(m, 4H), 1.71-1.81 (m, 2H), 2.00 (s, 3H), 2.42-2.43 (m, 2H), 3.47-3.55 (m, 1H), 3.64-3.72
(m, 1H), 3.85-3.89 (m, 9H), 3.94-4.05 (m, 2H), 4.29-4.37 (m, 1H), 7.46-7.52 (m, 3H),
7.63-7.67 (m, 1H), 7.92-7.94 (m, 2H) ppm; &¢ (75 MHz, CDCls): 12.3, 22.3, 22.6, 27.7,
27.9,28.4,28.8, 40.9, 41.0, 41.8, 41.9, 48.5, 53.0, 53.9-54.3 (m), 73.9, 75.3, 110.4, 110.5,
129.1, 130.4, 131.8, 134.9, 141.0, 141.3, 150.3, 163.3, 163.4, 167.8, 169.4 ppm; &p (160
MHz, CDCls): 17.1, 17.5 ppm. HRMS (EI) mass calculated for Co4H31N2OgP

(M)* 522.1767; Found: 522.1755.

Methyl-2-(dimethoxyphosphoryl)-2-((2-(3-benzoyl-2,4-dioxo-5-methyl-
pyrimidin-1-yl)cyclopropyl)methoxy)acetate 5b—

MeQ  coMe 0o Bz

MeO—P— N

O OVN O

Light yellow oil (50%, 875 mg, diastereomeric mixture); 8y (400 MHz, CDCls3): 0.29-0.33
(m, 0.6H), 0.46-0.49 (m, 0.4H), 0.89-0.95 (m, 1H), 1.27-1.49 (m, 2H), 2.01 (s, 3H), 3.44-
3.68 (m, 2H), 3.83-3.89 (m, 9.5H), 3.94-4.00 (m, 1H), 4.16-4.21 (m, 0.5H), 4.34-4.43 (m,
1H), 7.48-7.53 (m, 3H), 7.64-7.68 (m, 1H), 7.94-7.97 (m, 2H) ppm; 8¢ (150 MHz, CDCly):
7.2,7.7,11.9,12.0,15.1, 15.4, 15.5, 15.6, 46.5, 47.1, 52.7, 53.6-53.9 (m), 72.2, 72.3, 72.5,
72.6,75.5,110.1, 110.3, 128.8, 130.2, 131.5, 134.6, 140.2, 140.7, 149.8, 149.8, 163.0,
163.2, 167.3, 167.4, 169.0, 169.1 ppm. 8p (160 MHz, CDCl3): 16.9, 17.6 ppm. HRMS (EI)
mass calculated for CooH,7NoOgP (M) 494.1454; Found: 494.1443.

Methyl 2-(dimethoxyphosphoryl)-2-cis-6-(3-benzoyl-2,4-dioxo-5-methyl-
pyrimidin-1-yl)cyclohex-3-enyl)methoxy)acetate 5c—

\ CO-,Me @) Bz

MeO—P—( »N

o O N o)
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Light yellow oil (63%, 1.04 g, diastereomeric mixture); 8y (300 MHz, CDCl3): 1.79-1.92
(m, 2H), 1.98-1.99 (m, 3H), 2.08-2.42 (m, 4H), 3.46-3.51 (m, 0.5H), 3.60-3.65 (m, 0.5H),
3.71-3.79 (m, 1.5H), 3.82-3.87 (m, 9H), 3.90-4.13 (m, 1.5H), 4.33 (d, 1H, /= 18.9 Hz),
5.61-5.64 (m, 2H), 7.45-7.51 (m, 2H), 7.61-7.66 (m, 2H), 7.89-7.93 (m, 2H) ppm; &¢ (75
MHz, CDCl3): 12.1, 12.2, 26.0, 26.2, 27.4, 27.8, 33.9, 34.4, 34.8, 49.9, 53.0, 53.8-54.4 (m),
74.0,74.2,75.2,110.1, 125.1, 125.3, 129.1, 130.4, 131.8, 134.8, 141.9, 142.1, 150.2, 150.3,
163.4, 167.5, 167.8, 169.3 ppm; dp (160 MHz, CDCl3): 17.1, 17.5 ppm; HRMS (EI) mass
calculated for CosH31N,OgP (M)* 534.1767; Found: 534.1786.

Methyl 2-(dimethoxyphosphoryl)-2-(2-(3-benzoyl-2,4-dioxo-5-methyl-
pyrimidin-1-yl)benzyloxy)acetate 5d—

MeQ  come o Bz

Meo—\ﬁ NN

o O N

Light yellow oil (60%, 1.00 g); 8y (400 MHz, CDCls3): 1.96 (s, 3H), 3.81-3.85 (m, 9H), 4.45
(d, 1H, Jpp=19.2 Hz), 4.65 (d, 1H, ~ 10.8 Hz), 4.90 (d, 1H, /= 11.2 Hz), 5.17-5.27 (m,
2H), 7.32-7.34 (m, 3H), 7.40-7.43 (m, 2H), 7.50-7.54 (m, 2H), 7.64-7.68 (m, 1H), 7.97 (d,
2H, J~~ 8.0 Hz) ppm; 8¢ (75 MHz, CDClsg): 12.3, 47.5, 53.0, 54.1-54.3 (m), 72.9, 73.1, 74.1,
111.1, 128.3, 128.6, 129.1, 130.0, 130.5, 131.2, 131.7, 133.6, 134.9, 135.8, 140.6, 150.5,
163.2, 167.4, 167.5, 169.1 ppm; 8p (160 MHz, CDCls3): 17.1 ppm; HRMS (EI) mass
calculated for CosHy7N,OgP (M)* 530.1454; Found: 530.1440.

cis-Methyl 2-(dimethoxyphosphoryl)-2-(4-(3-benzoyl-2,4-dioxo-5-methyl-
pyrimidin-1-yl)but-2-enyloxy)acetate 5g—

MeQ  coMe o Bz

MeO—P— M—N
o) O—\:/—N o O

Light yellow oil (51%, 910 mg); 84 (300 MHz, CDCl3): 1.96 (s, 3H), 3.81-3.86 (m, 9H),
4.19-4.25 (m, 1H), 4.59-4.35 (m, 4H), 5.71-5.80 (m, 1H), 5.85-5.93 (m, 1H), 7.43-7.52
(m, 3H), 7.62-7.67 (m, 1H), 7.92 (d, 2H, £ 7.5 Hz) ppm; 8¢ (75 MHz, CDCls): 12.4, 42.9,
52.9, 54.1-54.4 (m), 58.4, 67.4, 67.6, 75.9, 110.9, 125.9, 129.1, 131.8, 141.0, 150.3, 163.3,
167.8, 169.6 ppm. p (160 MHz, CDCI3): 17.1 ppm. LRMS (EI) mass calculated for
Cy1H25N,0OgP (M)* 480.1298; Found: 480.1301.

Methyl-2-(4-(3-benzoyl-5-fluoro-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)but-2-
enyloxy)-2-(dimethoxyphosphoryl)acetate 5i—
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o

MeQ  come . MeQ  cose F

Me0-P—( N PPhs, DIAD Me{)—ﬁ—< /—’>=
o oH = s

o] Mool o THE u] OL" N Y s}
3 Ha  aoc-rr 5i(72%) O Bz

16 h
Colourless oil (72%, 1.4 g); 64 (300 MHz, CDCl3): 3.85-3.87 (m, 9H), 4.19-4.22 (m, 1H),
4.34-4.37 (m, 1H), 4.43 (d, 1H, Jby= 9.4 Hz), 4.65-4.56 (m, 2H), 5.81-5.83 (m, 1H), 5.95—
5.96 (m, 1H), 7.51-7.54 (m, 2H), 7.67-7.69 (m, 1H), 7.90-7.95 (m, 3H); 8¢ (75 MHz,
CDCl3): 45.3,53.1, 53.0, 54.1-54.3 (m), 67.4, 67.6, 74.5, 128.4, 128.8, 129.2, 129.3, 129.6,
130.6, 131.1, 135.4, 138.5, 148.5, 167.4, 167.5 ppm; 8p (240 MHz, CDCl3): 16.2 ppm;
HRMS (ESI) mass calculated for CogH22FN>OgP (M+H) 485.1125; Found: 485.1119.

Methyl-2-(4-(6-(bis(tert-butoxycarbonyl)amino)-9H-purin-9-yl)but-2-enyloxy)-2-
(dimethoxyphosphoryl)acetate 5k—

Boc..N.BO:

MeQ  cagme N MeQ  co.me
Me0-P—( ¢ I SN pph, piap | MeO B e T
g o— od o+ SN J —2— 6 o= N ;
A/ E N THF =/ =N,
3 4d -40°C -RT Ski40%) Ny pp  B°

16 h

Light yellow oil (40%, 920mg); 6y (300 MHz, CDCls): 1.46 (s, 18H), 3.84-3.89 (m, 9H),
4.34-4.40 (m, 1H), 4.50-4.56 (m, 1H), 4.57 (d, 1H, Jp= 18.9 Hz ), 5.07 (d, 2H, /= 6 Hz),
5.86-5.98 (m, 2H), 8.26 (s, 1H), 8.87 (s, 1H); 8p (240 MHz, CDCl3): 16.3 ppm; HRMS
(ESI) mass calculated for Cy4H3gN5019P (M+H) 586.2277; Found: 586.2272.

Methyl-2-(4-(2-(tert-butoxycarbonylamino)-6-chloro-9H-purin-9-yl)but-2-
enyloxy)-2-(dimethoxyphosphoryl)acetate 51—

ol
MeQ  come T QMe cope
Me0—P—( N—"Sn PPhy, DIAD _MeO-P— /=N
5 o —~on +¢ || ] : -~ & o N
N/ NN “NHBoc  THF s \.r'"':]\-r-f-'
3 4e 4D°C - RT SI52%) Ny j)

T
16h BocHN

Colourless oil (52%, 804mg); S (300 MHz, CDCl3): 1.55 (s, 9H), 3.83-3.89 (m, 9H), 4.39-
4.45 (m, 1H), 4.53-4.59 (m, 1H), 4.58 (d, 1H, Joy= 18.6 Hz ), 4.96-4.98 (m, 2H), 5.83-5.96
(m, 2H), 7.79 (s, 1H), 8.09 (s, 1H)ppm; 8¢ (75 MHz, CDCls): 28.2, 40.9, 53.0, 54.1-
54.4(m), 67.7, 74.4, 81.6, 127.7, 130.0, 144.2, 150.3, 151.2, 152.5, 152.7, 167.5, 167.6 ppm;
8p (240 MHz, CDCls): 16.4 ppm; HRMS (ESI) mass calculated for C1gH,7CINgOgP (M+H)
520.1364; Found: 520.1365.

Methyl 2-(4-(4-(bis(tert-butoxycarbonyl)amino)-2-oxopyrimidin-1(2H)-yl)but-2-
enyloxy)-2-(dimethoxyphosphoryl)acetate 5m—

Boc. N Boc

MeQ  co,me MeQ  coMe
: L MeQ—p—{
Meo--ﬁ'—(o _ _i/ \1 FPhs, DIAD R - Nr—\}_n,aoc
0 , i T =5 N,
\_—_/ B L o] THF —/ 2,_“ Boc
3 Hg  a0%c-mrT Sm (43%) O

16h

Colourless oil (43%, 805mg); 5y (300 MHz, CDCl3): 1.55 (s, 18H), 3.83-3.88 (m, 9H),
4.21-4.26 (m, 1H), 4.39-4.44 (m, 1H), 4.44 (d, 1H, Jy= 18.6 Hz ), 4.54-4.70 (m, 2H),
5.77-5.92 (m, 2H), 7.02 (d, 1H, /~7.5 Hz), 7.80 (d, 1H, /= 7.5 Hz) ppm; 8¢ (75 MHz,
CDClg): 27.7, 47.0, 53.0, 54.2-54.3 (m), 67.5, 67.7, 74.5, 84.8, 96.5, 128.9, 129.0, 147.9,
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149.6, 155.0, 162.4, 167.6 ppm; 8p (240 MHz, CDCl5): 16.3 ppm; HRMS (ESI) mass
calculated for Co3H3gN3011P (M+H) 562.2165; Found: 562.2161.

Methyl-2-(dimethoxyphosphoryl)-2-trans-2(3-benzoyl-2,4-dioxo-5-methyl-
pyrimidin-1-yl)cyclopentyl)methoxy) acetate 50—

O co,Me
MeO—P =
OMeO —N O
s
O Bz

Light yellow oil (45%, 758 mg, diastereomeric mixture); 8y (400 MHz, CDCls3): 1.54-1.68
(m, 4H), 1.75-1.88 (m, 2H), 1.94-2.22 (s, 3H & m, 2H), 3.37-3.46 (m, 1H), 3.65-3.93 (m,
12H), 4.31-4.38 (m, 1H), 7.46-7.51 (m, 3H), 7.61-7.66 (m, 1H), 7.91-7.93 (m, 2H) ppm;
8c (75 MHz, CDCls): 12.3, 24.3, 24.4, 28.7, 0.9, 31.0, 42.4, 44.1, 45.0, 51.9, 52.9, 54.0-
54.1 (m), 75.2, 75.4, 110.5, 110.6, 129.1, 130.4, 131.8, 134.8, 141.0, 141.1, 150.4, 163.2,
167.7, 167.8, 169.3 ppm; 8p (160 MHz, CDCls): 17.3, 17.4 ppm. HRMS (EI) mass
calculated for Co4H31N,OgP (M)* 522.1767; Found: 522.1755.

4. 3. Hydrogenation of compounds 5c, 5g and 5i

The hydrogenation of phosphonucleosides 5¢, 5g and 5i was done in the presence of
palladium (5% on carbon) catalyst. The catalyst was added to a hydrogenation vessel
followed by a solution of phosphonucleosides in methanol. The reaction mixture was shaken
under hydrogen under 30 psi at room temperature for 2-12 hours. The completion of the
reaction was monitored by checking the 1H NMR of the crude reaction mixture. After
completion the reaction mixture was filtered through a short column of celite and the filtrate
was concentrated /n vacuo. Purification of the residue was done by flash chromatography
(Silica, 3% methanol in ethyl acetate) which yielded the reduced phosphonucleoside
products 5e, 5h and 5j in excellent yields.

Methyl 2-(dimethoxyphosphoryl)-2-cis-6-(3-benzoyl-2,4-dioxo-5-methyl-
pyrimidin-1-yl)cyclohexyl)methoxy)acetate 5e—

MeQ come o B Me0 <CO;Me o Bz
/ K, ’
MeO-p— Yo MeO~P— N
i PAIC (10%), Hy T o o
o © N Lo Skt i L) R S o
V \=)= MeOH, it, 2 h _\—/_ ={
5 N "\_> \
5c 50 (96%)

Colourless oil (96%, 142 mg, diastereomeric mixture); 6y (300 MHz, CDCl3): 1.39-1.48
(m, 6H), 1.67-1.71 (m, 2H), 1.98 (s, 3H), 2.12-2.20 (m, 2H), 3.43-3.47 (m, 0.5H), 3.63-
3.80 (m, 2.5H), 3.84-3.88 (m, 9H), 4.04-4.17 (m, 1H), 4.29-4.39 (m, 1H), 7.46-7.51 (m,
2H), 7.56-7.66 (m, 2H), 7.90-7.94 (m, 2H) ppm; 8¢ (75 MHz, CDCl3): 12.2, 22.9, 23.7,
25.9, 27.0, 36.8, 37.7, 53.0, 54.1-54.3 (m), 73.9, 74.1, 110.3, 110.5, 129.1, 130.4, 131,8,
134.8, 141.3, 141.6, 150.5, 163.4, 167.9, 169.4 ppm; &p (160 MHz, CDCl3): 17.1, 17.6 ppm;
HRMS (EI) mass calculated for Co5H33N2OgP (M)* 536.1924; Found: 536.1895.
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Methyl 2-(dimethoxyphosphoryl)-2-(4-(3-benzoyl-2,4-dioxo-5-methyl-
pyrimidin-1-yl) butyloxy)acetate 5Sh—

M
MeQ come o B X come 0o H

i Bz
MeO-P—{ N Me0-P—( N
i - PdiC (10%), Ha 1o s =0
o O N G e 0 N
N/ ;2: MeOH, i, 12 h S -

59 \ 5h (95%)

It was observed that the N3-benzoyl group of the thymine part was also removed after
hydrogenation.

Colourless oil (95%, 105 mg); &y (300 MHz, CDCl3): 1.67-1.71 (m, 2H), 1.82-1.87 (m,
2H), 1.93 (s, 3H), 3.61-3.71 (m, 2H), 3.78-3.80 (m, 2H), 3.85-3.88 (m, 9H), 4.37 (d, 1H,
Jpy=19.2 Hz), 7.18 (s, 1H), 9.67 (brs, 1H) ppm; 8¢ (75 MHz, CDCl3): 12.3, 25.9, 26.0,
48.0, 52.9, 54.0-54.2 (m), 72.6, 72.7, 110.5, 140.9, 150.7, 163.9, 167.7 ppm; &p (160 MHz,
CDClI5): 17.3 ppm; LRMS (EI) mass calculated for C14H23N,0gP (M)* 378.1; Found:
378.6.

Methyl-2-(4-(3-benzoyl-5-fluoro-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-
yl)butoxy)-2-(dimethoxyphosphoryl)acetate 5j—
MeC

MeQ  come o Bz CoMe O Bz

- N MeO-P N
MeO Eﬂo Ny ”"):O PAIC (10%), Hy = <0_\ conl Mg
p— —( MeOH, it, 2h — ‘=(_

5 F sj@e%) F

Colourless oil (92%, 170 mg); 8y (300 MHz, CDCl3): 1.69-1.73 (m, 2H), 1.87-1.94 (m,
2H), 3.65-3.70 (m, 2H), 3.76-3.93 (m, 11H), 4.35 (d, 1H, Jpy=19.2 Hz), 7.49-7.54 (m,
2H), 7.65-7.70 (m, 1H), 7.79 (d, 1H, J= 6 Hz), 7.90-7.94 (m, 2H) ppm; 8¢ (75 MHz,
CDCl5): 25.6, 26.0, 48.9, 53.0, 54.1-54.2 (m), 72.7, 72.9, 75.2, 129.3, 129.5, 129.9, 130.6,
131.1, 135.4, 138.2, 141.4, 148.5, 156.3, 156.7, 167.5, 167.7 ppm; 8p (240 MHz, CDCls):
16.6 ppm. HRMS (EI) mass calculated for CygH24FN>OgP (M)* 486.1203; Found:
486.1190.

4.4. Synthesis of 1,2,3-triazole linked phosphonucleoside 5f by copper catalyzed click
reaction

o
e
1
MeO- " co.Me B2 ovee
d \[ N CuS0, 5H,0 IMeCo,Me
@ ‘jl"h“u Sodium ascorbate. M0 E_ﬂo—\ P_{.HNAﬁ/
M s h
N = Dioxane/H;0 N'N.—.N O%NAO
€ 1, 16h h
3 4 SF (89%) Bz

8599

The dipolar cycloaddition of 3f (1.0 equiv.) and 4b (1.0 equiv.) was done in the presence of 5
mol% of CuSO,4.5H,0 and 10 mol% of sodium ascorbate in 2:1 mixture of dioxane and
H,0 at room temperature for 16 h. After the completion of the reaction, the solvent was
evaporated off under reduced pressure and purification was done by flash chromatography
(Silica, 3% methanol in ethyl acetate) affording 1,2,3-triazole linked phosphonucleoside
product 5f in 89% yield. Light yellow oil (89%, 420 mg); 6y (600 MHz, CDCl3): 1.95 (s,
3H), 3.76-3.80 (m, 9H), 3.98-4.08 (m, 2H), 4.34 (d, 1H, Jn= 18.0 Hz), 4.62-4.63 (m, 2H),
4.99-5.05 (m, 2H), 7.48-7.50 (m, 2H), 7.63-7.66 (m, 1H), 7.91 (d, 1H, J= 6 Hz), 7.97 (s,
1H) ppm; 8¢ (75 MHz, CDCl3): 12.4, 42.9, 50.2, 53.1, 54.1-54.3 (m), 70.5, 70.6, 75.2,
111.2,124.9,129.2, 130.5, 131.6, 135.0, 140.0, 141.8, 149.8, 163.1, 166.9, 169.0 ppm; &p
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(240 MHz, CDCl3): 15.6 ppm. HRMS (EI) mass calculated for CooH2gN509P
(M)* 535.1468; Found: 535.1475.

4.5. General experimental procedure for deprotection reactions

1. TMSEr (7.0 equiv)
MeQ  co.Me A CHCN, 0 °Cort, 16 h HY  com

MeO-b—( =\ 2. H;0, 30 min, HO-P— _
o 00— {/—N‘ 0 rotary evaporation o '0_\ ,—N} =0
y N ooy evapoention - W
) I’ )] 4 A
0 B a0 Naoms0%C, 12 \_ d H
5

aq. NH,, charcoal column 8 (isolated as ammonium salts)

The deprotection of carboxyphosphono nucleoside derivatives 5 was done using TMSBr.
The phosphonucleosides were treated with 7 equivalents of TMSBr at 0 °C, slowly allowed
to return to room temperature and stirred overnight. Water was added to hydrolyze the
resulting silyl ethers and the reaction mixture was concentrated. The residue was then
dissolved in 1M NaOH (10 equivalents) and stirred at 50 °C overnight. The reaction mixture
was concentrated and acidified to pH 1-2.5 and washed 3 times with DCM to remove the
benzoic acid. A small pad of activated charcoal (G-60) was made in a sintered funnel and
then washed with 20% ammonia and water. Next the acidified aqueous layer was packed on
the charcoal column, which was then washed twice with water to remove the inorganic
impurities and then the phosphonucleosides (6a—6f & 6i—6n) were eluted by using a 1:1
mixture of ethanol and a 20% ammonia solution. The fractions were spotted on a TLC plate
and the UV active fractions were combined and concentrated by lyophilisation.
Phosphonucleosides (6g & 6h) were eluted as ammonium salt by eluting with 20% ammonia
solution.

The following compounds where prepared following the protocol for deprotection reactions:

2-cis-2-((2,4-Dioxo-5-methyl-pyrimidin-1-yl)methyl)cyclopentyl)methoxy)-2-
phosphonoacetic acid 6a—

HQ coH o H
HO-P N
o O N

White solid (55%, 79 mg, diastereomeric mixture); mp above 300 °C; 84 (400 MHz, D,0):
1.32-1.80 (m, 6H), 1.85 (s, 3H), 2.37 (brs, 2H), 3.44-3.75 (m, 3H), 3.89-3.92 (m, 1H), 4.18
(d, 1H, Jbn=18.2 Hz), 7.54 (s, 1H) ppm; ¢ (150 MHz, D,0): 12.3, 21.7, 21.8, 27.5, 27.5,
39.9, 40.6, 48.4, 71.7, 82.1-82.4 (d), 82.9-83.3 (d), 110.1, 142.4, 159.9, 167.7, 176.2 ppm;
8p (160 MHz, CDClsg): 11.7, 11.8 ppm; HRMS (ESI) mass calculated for C14H21N>OgP (M-
H) 375.0962; Found: 375.0962.

2-cis-2-((2,4-Dioxo-5-methyl-pyrimidin-1-yl)methyl)cyclopropyl)methoxy)-2-
phosphonoacetic acid 6b—
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White solid (49%, 69 mg, diastereomeric mixture); mp 230-232 °C; 8y (400 MHz, D,0):
0.44-0.46 (m, 1H), 0.88-0.91 (m, 1H), 1.36-1.37 (m, 2H), 1.92 (s, 3H), 3.52-3.72 (m, 3H),
3.97-4.14 (m, 2H), 7.64-7.67 (m, 1H) ppm; 8¢ (75 MHz, D,0): 11.1, 13.8, 16.5, 17.5, 50.5,
73.7,84.1,112.7, 146.3, 154.3, 169.5, 174.5 ppm; 8p (160 MHz, CDCl3): 11.6, 11.7 ppm.
HRMS (ESI) mass calculated for C1,H17N2OgP (M-H) 347.0649; Found: 347.0646.

2-cis-6-((2,4-Dioxo-5-methyl-pyrimidin-1-yl)methyl)cyclohex-3-
enyl)methoxy)-2-phosphonoacetic acid 6c—

HQ coH o H
HO-P NN
O © N 0

White solid (60%, 86 mg, diastereomeric mixture); mp 175-177 °C; 8y (400 MHz, D,0):
1.87 (s, 3H), 1.93-2.27 (m, 6H), 3.42-3.46 (m, 1H), 3.59-3.67 (m, 2H), 3.74-3.91 (m, 3H),
5.70-5.79 (m, 2H), 7.67-7.68 (m, 1H) ppm; &¢ (75 MHz, D,0): 11.1, 25.5, 26.3, 29.6, 33.6,
34.3, 48.8, 80.0, 109.9, 125.1, 125.8, 143.9, 152.6, 166.8, 176.9 ppm; Sp (160 MHz, CDCl3):
12.2 ppm; HRMS (ESI) mass calculated for C15H21N,OgP (M-H) 387.0962; Found:
387.0961.

2-(2-((2,4-Dioxo-5-methyl-pyrimidin-1-yl)methyl)benzyloxy)-2-phosphonoacetic
acid 6d—

HO
 coH o H
HoO—P—( M—N
o 0O N 0

White solid (52%, 75 mg); mp 156-158 °C; 84 (300 MHz, D,0): 1.86 (s, 3H), 3.95 (d, 1H,
Ju= 17.4 Hz), 4.53-4.57 (d, 1H, J= 12 Hz), 4.65-4.66 (M, 1H), 5.15 (s, 2H), 7.07-7.11 (m,
1H), 7.33-7.39 (m, 2H), 7.44-7.48 (m, 1H), 7.55 (s, 1H) ppm: ¢ (75 MHz, D,0): 11.1,
48.4,70.9, 78.9, 80.7, 111.3, 126.1, 128.1, 128.8, 130.1, 134.6, 143.3, 152.6, 166.5, 176.2
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ppm; 8p (240 MHz, CDCls): 11.7 ppm; HRMS (ESI) mass calculated for C15H17N2OgP (M-
H) 383.0649; Found: 383.0654.

2-cis-6-((2,4-Dioxo-5-methyl-pyrimidin-1-yl)methyl)cyclohexyl)methoxy)-2-
phosphonoacetic acid 6e—

HO coH o H
HO—P NN
o © N 0

White solid (59%, 86 mg); mp 165-167 °C; &y (300 MHz, D,0): 1.33-1.36 (m, 4H), 1.47-
1.61 (m, 4H), 1.86 (s, 3H), 2.06-2.13 (m, 2H), 3.38-3.64 (m, 3H), 3.87-3.96 (m, 2H), 7.58-
7.60 (m, 1H) ppm; ¢ (150 MHz, D,0): 10.9, 22.7, 24.7, 25.0, 36.2, 36.5, 47.6, 71.9, 80.0,
81.0,109.7, 143.1, 151.9, 166.7, 176.5 ppm; &p (160 MHz, CDCls3): 12.9, 13.0 ppm ; HRMS
(ESI) mass calculated for C15H23N2OgP (M-H) 389.1119; Found: 389.1119.

2-(2-(4-((5-methyl-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)methyl)-1H-1,2,3-
triazol-1-yl)ethoxy)-2-phosphonoacetic acid 6f—

OH CO,H
HO-P
S L
\NﬁN O)\N (@]

|
H

White solid (50%, 73 mg); mp 189-191 °C; 6y (600 MHz, 323K, D,0): 1.97 (s, 3H), 3.96—
3.98 (m, 1H), 4.06 (d, 1H, Jp=12.0 Hz), 4.11-4.12 (m, 1H), 4.74 (s, 2H), 5.15 (s, 2H), 7.64
(s, 1H), 8.33 (s, 1H) ppm; 8¢ (75 MHz, D,0): 11.1, 42.7, 50.5, 70.3, 76.7, 78.3, 110.9,
125.8, 142.6, 144.9, 152.0, 166.8, 172.2 ppm; &p (160 MHz, D,0): 10.7 ppm; HRMS (ESI)
mass calculated for C1oH16N50gP (M-H): 388.0663; Found: 388.0666.

cis-2-(4-(2,4-Dioxo-5-methyl-pyrimidin-1-yl)but-2-enyloxy)-2-phosphonoacetic
acid 6g—
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White solid (61%, 84 mg); mp 218-220 °C; 8y (300 MHz, D,0): 1.86 (s, 3H), 3.98 (d, 1H,
Jbn=18.6 Hz), 4.12-4.29 (m, 2H), 4.44 (d, 2H, /= 6.0 Hz), 5.59-5.67 (m, 1H), 5.84-5.92
(m, 1H), 7.49 (s, 1H) ppm; 8¢ (75 MHz, D,0): 11.2, 45.4, 66.3, 66.5, 79.4, 81.1, 110.9,
126.6, 130.5, 142.8, 152.3, 167.1, 176.9 ppm; 8p (160 MHz, D,0): 11.6 ppm; HRMS (ESI)
mass calculated for C11H15N20gP (M-H): 333.0493; Found: 333.0495.

2-(4-(2,4-Dioxo-5-methyl-pyrimidin-1-yl)butyloxy)-2-phosphonoacetic acid 6h—

.\ CO.H o, H

White solid (63%, 112 mg); mp 182-184 °C; 8y (400 MHz, D,0): 1.68-1.82 (m, 4H), 1.93
(s, 3H), 3.47-3.56 (m, 1H), 3.67-3.69 (m, 1H), 3.82-3.96 (m, 2H), 3.97-4.02 (m, 1H), 7.58
(s, 1H) ppm; 8¢ (100 MHz, D,0): 11.2, 18.3, 24.3, 25.3, 48.3, 73.9, 110.3, 143.3, 152.1,
166.1, 171.4 ppm; 8p (160 MHz, CDCls): 12.4, 12.5 ppm; HRMS (ESI) mass calculated for
C11H17N20OgP (M-H) 335.0649; Found: 335.0652.

2-Cis-(4-(5-fluoro-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)but-2-enyloxy)-2-
phosphonoacetic acid 6i—

HQ  couH F
HO-P —
o O N O
_ N
0 H

White solid (67%, 70 mg); mp 185-187 °C; 8y (300 MHz, D,0): 3.95 (d, 1H, Jy=
17.7Hz), 4.09-4.26 (m, 2H), 4.42 (d, 2H, J= 6.9 Hz), 5.59-5.67 (m, 1H), 5.84-5.92 (m,
1H), 7.83-7.85 (m, 1H) ppm; 8¢ (75 MHz, D,0): 45.8, 65.9, 79.3, 81.4, 126.1, 130.1, 131.1,
142.5, 150.0, 161.4, 177.6 ppm; 8p (240 MHz, CDCl3): 11.7 ppm; HRMS (ESI) mass
calculated for C1gH12FN,OgP (M-H) 337.0242; Found: 337.0247.

2-(4-(5-Fluoro-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)butoxy)-2-
phosphonoacetic acid 6j—
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HQ  copH
HO-P —
o © N 0
R N

White solid (72%, 80 mg); mp 146-148 °C; 6y (300 MHz, D,0): 1.55-1.64 (m, 2H), 1.69-
1.79 (m, 2H), 3.38-3.45 (m, 1H), 3.55-3.62 (m, 1H), 3.76 (t, 2H, J= 7.2 HZz), 3.90 (d, 1H,
Jon=18.0 Hz), 7.88 (d, 1H, /~ 6.0Hz) ppm; 8¢ (75 MHz, D,0): 24.8, 25.5, 48.9, 71.2, 71.4,
80.0, 80.9, 131.4, 139.3, 151.1, 160.2, 176.6 ppm; &p (240 MHz, CDCl3): 12.3 ppm; HRMS
(ESI) mass calculated for C1gH12FN2OgP (M-H) 337.0242; Found: 337.0237.

2-Cis-(4-(6-amino-9H-purin-9-yl)but-2-enyloxy)-2-phosphonoacetic acid 6k—

HO  CO,H
HO“‘E . N/QN
_\:/_ ).//%,Nl—b
N

XN

White solid (73%, 45 mg); mp 204-206 °C; &y (300 MHz, D,0): 4.01 (d, 1H, Jbn=
17.4Hz), 4.17-4.32 (m, 2H), 4.86-4.92 (m, 2H), 5.75-5.83 (m, 1H), 5.87-5.95 (m, 1H), 8.13
(s, 1H), 8.17 (s, 1H) ppm; ¢ (150 MHz, D,0): 40.8, 66.1, 79.3, 80.3, 118.1, 126.5, 130.2,
142.0, 148.7, 152.4, 155.2, 176.4 ppm; &p (240 MHz, CDCls3): 11.9 ppm; HRMS (ESI) mass
calculated for C11H14N50gP (M-H) 342.0608; Found: 342.0619.

2-Cis-(4-(2-amino-6-oxo-1H-purin-9(6H)-yl)but-2-enyloxy)-2-phosphonoacetic
acid 61—
HO  CO,H
HO-P /=N

o) N
N\\[,NH

HoN

White solid (67%, 120 mg); mp 170-172 °C; 8y (300 MHz, D,0): 4.07 (d, 1H, Jby=
18.0Hz), 4.19-4.36 (m, 2H), 4.72-4.74 (m, 2H), 5.69-5.77 (m, 1H), 5.83-5.91 (m, 1H), 7.80
(s, 1H) ppm; 8¢ (75 MHz, D,0): 40.4, 66.6, 77.7, 80.4, 115.4, 126.8, 130.2, 139.5,151.0,
153.6, 158.4, 176.9 ppm; &p (240 MHz, CDClyg): 12.2 ppm; HRMS (ESI) mass calculated
for C11H14N507P (M-H) 358.0557; Found: 358.0554.
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2-Cis-(4-(4-amino-2-oxopyrimidin-1(2H)-yl)but-2-enyloxy)-2-phosphonoacetic
acid 6m—

OH CO,H
HO—IFI’ —
_\:/_ N

White solid (75%, 30 mg); mp 234-236 °C; 8y (300 MHz, D,0): 3.91 (d, 1H, Jbn=
18.0Hz), 4.03-4.19 (m, 2H), 4.37 (d, 2H, J= 6.3 Hz), 5.53-5.61 (m, 1H), 5.70-5.80 (m,
1H), 5.88 (d, 1H, J=7.2 Hz), 7.54 (d, 1H, J= 7.5 Hz) ppm; 8¢ (75 MHz, D,0): 46.4, 66.2,
78.3,80.7, 95.5, 127.1, 129.8, 146.3, 157.7, 166.4, 176.3 ppm; 8p (240 MHz, CDCl5): 12.1
ppm; HRMS (ESI) mass calculated for C1gH14N307P (M-H) 318.0491; Found: 318.0494.

2-Trans-2-((5-methyl-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-
yl)methyl)cyclopentyl)methoxy)-2-phosphonoacetic acid 60—
) CO,H
HO—P— —

White solid (65%, 93 mg, diastereomeric mixture); mp above 300 °C; 8y (300 MHz, D,0):
1.21-1.80 (m, 6H), 1.85 (s, 3H), 1.92-2.07 (m, 2H), 3.28-3.48 (m, 2H), 3.68-3.90 (m, 3H),
7.56 (s, 1H) ppm; 8¢ (150 MHz, D,0): 11.2, 22.1, 23.3, 28.6, 34.4, 42.3, 42.6, 52.3, 75.6,
80.8, 81.1, 110.3, 143.7, 152.7, 166.9, 176.4 ppm; &p (160 MHz, CDCl3): 12.9, 13.0 ppm;
HRMS (ESI) mass calculated for C14H21N2OgP (M-H) 375.0962; Found: 375.0966.

2-Cis-((4-hydroxybut-2-en-1-yl)oxy)-2-phosphonoacetic acid 6n—

O COyH
HO-P

O S0

Isolated as a sodium salt. White solid (79%, 133 mg); mp above 300 °C; 5y (300 MHz,
D,0): 3.83 (d, 1H, Jy= 18.0Hz), 3.97-4.13 (m, 4H), 5.68-5.81 (m, 2H) ppm; 5¢ (150
MHz, D,0): 57.1, 66.1, 66.2, 81.0, 81.9, 128.7, 131.6, 178.9 ppm; &p (160 MHz, CDCl3):
11.7, 13.5 ppm; HRMS (ESI) mass calculated for CgH1107P (M-H) 225.0169; Found:
225.0168.
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4.6. Reverse transcriptase assay with homopolymeric template/primers

HIV-1 RT assays were carried out in the presence of artificial homopolymeric template/
primers. Poly(A), dT15.18, dC12.18, poly(l), dA12.1g, poly(U),and poly(C) were from
Pharmacia (Uppsala, Sweden). To prepare the template/primers for the RT experiments, 0.15
mM poly(U), poly(A), poly(l), and poly(C) were mixed with an equal volume of 0.0375 mM
oligo(dA), oligo(dT), oligo(dC), and oligo(dG), respectively. The reaction mixture (50 ul)
contained 50 mM Tris.HC1 pH 7.8, 5 mM dithiothreitol, 300 mM glutathione, 500 uM
EDTA, 150 mM KCI, 5mM MgCly, 1.25 pg of bovine serum albumin, an appropriate
concentration of the tritium-labeled substrate [CH3-3H]dTTP, [5-3H]dCTP, [2,8-3H]dATP, or
[8-3H]dGTP (2 uCi/assay), a fixed concentration of the template/primer poly(A).oligo(dT)
(0.015 mM), poly(l).oligo(dC) (0.015 mM), poly(U).oligo(dA) (0.015 mM), or
poly(C).oligo(dG) (0.015 mM), 0.06% Triton X-100, 10 pl of test compound solution
(containing various concentrations of the compounds), and 1 pl of the HIV-1 RT preparation.
The reaction mixtures were incubated at 37°C for 30 minutes, at which time 100 pl of calf
thymus DNA (150 pg/ml), 2 ml of NasP,07 (0.1 M in 1 M HCI), and 2 ml of trichloroacetic
acid (10% v/v) were added. The solutions were kept on ice for 30 minutes, after which the
acid-insoluble material was washed and analyzed for radioactivity. For the experiments in
which the 50% inhibitory concentration (ICsgp) of the test compounds was determined, fixed
concentrations of 1.25 pM [3H]dTTP, 1.75uM [3H]dATP, 2.5 uM [3H]dCTP, or 2.0 uyM
[BH]dGTP were used.

4.7. Enzyme assay with HCMV DNA polymerase

The pGEM3Z-CMV UL54 plasmid for expression of the catalytic subunit (UL54 protein) of
HCMYV DNA polymerase was a generous gift from T. Cihlar (Gilead Sciences, Foster City,
CA).27 Protein expression was performed with the TnT® SP6 Quick Coupled Transcription/
Translation System (Promega).28 The plasmid was added (at 10 ng per ul volume) to the
TnT® mix containing 0.5 mM MgCI, and 10 mM potassium acetate, and the mixture was
incubated for 3 hours at 30°C. To perform the HCMV DNA polymerase assay, 4 I of the
TnT® reaction product was added to a 46 pl mixture to obtain 25 mM Tris.HCI pH 8.0, 100
mM (NH,4)2SO4, 0.5 mM dithiothreitol, 10 mM MgCl,, 0.2 mg/ml bovine serum albumin,

5 % glycerol, 150 ng per pl activated calf thymus DNA (from Amersham Biosciences,
Piscataway, N.J.), 0.5 uM of the rate-limiting tritium-labeled dNTP, 100 uM of each of the
three unlabeled dNTPs, and serial dilutions of the test compounds. After 60 minutes
incubation at 37°C, nucleic acids were precipitated by addition of 1 ml of ice-cold 5% TCA
and 20 mM NayP,07, then spotted onto glass microfiber filters (type G/C; GE Health Care
UK Limited, Buckinghamshire, UK) and further washed with 5% TCA and ethanol to
remove free radiolabeled dNTP. Radioactivity was determined in a Packard (Perkin Elmer,
Zaventem, Belgium) Tri-Carb 2300 TR liquid scintillation counter. All radiolabeled
materials were obtained from Moravek (Brea, CA).

4.8. Enzyme assay with herpes simplex virus type 1 (HSV-1) DNA polymerase and human
DNA polymerases a and B

The reaction mixture (40 pl) for the HSV-1 DNA polymerase and human DNA polymerase a
assays contained 4 pl of Premix (200 mM Tris.HCI pH 7.5; 2 mM DTT; 30 mM MgCl,), 4
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ul of BSA (5 mg/ml), 1.6 pl of activated calf thymus DNA (1.0 mg/ml), 0.8 ul of dCTP (5
mM), 0.8 pl of dATP (5 mM), 0.8 ul of dGTP (5 mM), 2 pl of radiolabeled [3H]dTTP (1
mCi/ml) (3.2 uM), 18 pl of H,0, and 4 pl of test compound at different serial concentrations
(i.e., 200, 40, 8, 1.6, 0.32 uM). The reaction was started by the addition of 4 ul of
recombinant HSV-1 DNA polymerase (kindly provided by M.W. Wathen, at that time at
Pfizer, Kalamazoo, MI) or human DNA polymerase a or f (Chimerix, Milwaukee, WI) (in
20 mM Tris.HCI pH 8.0; 1 mM DTT; 0.1 mM EDTA,; 0.2 M NacCl; 40% glycerol), and the
reaction mixture was incubated for 60 minutes at 37°C. Then, 1 ml of ice-cold 5% TCA in
0.02 M NayP,07.10 H,0 was added to terminate the polymerization reaction. The
consecutive steps (i.e., capture of the acid-insoluble precipitate onto filters, filter washing,
and scintillation counting) were done as described above.

4.9. Enzyme assay with varicella-zoster virus (VZV) DNA polymerase

The VZV DNA polymerase assay was as follows: the 50 pl-reaction mixture contained 6.4
mM HEPES, 12 mM KCI, 25 mM NaCl, 5 mM MgCly, 4.6 ug BSA, 2 mM CHAPS, 5 mM
DTT, 5% glycerol, 1 uCi [3H]dTTP, 100 uM poly dA.oligo dT, and 5 pl of serial dilutions of
the test compounds. The reaction was started by the addition (5 pl) of recombinant VZV
DNA polymerase (kindly provided by M.W. Wathen) in 5 mM HEPES and incubated for 60
min at 37°C. The termination of the enzyme reaction and all consecutive steps to quantify
the [BH]dTTP incorporation into the template/primer were done as described above.

4.10. Plasmid constructs and protein purification

RB69 gp43 WT and the RB69/HCMYV chimera ABC5 were cloned into pPR-IBA1 and
expressed in E.coli BL21(DE3) as described previously.23 RB69 ABC5 contains mutations
VA78W F479V, N480A, 1557M, N558A, R559L, L561V, L562T, and to yield an enzyme
derived from WT RB69 gp43 and the nucleotide binding site of HCMV UL54. HCMV
UL54 was cloned into pFASTBac HTa and contains a C-terminal Strep tag allowing
expression in the SF9-Baculovirus expression system.29 All enzymes used for biochemical
studies also contain mutations to eliminate the 3’-5” exonuclease activity eliminating the
confounding effects of editing activities. These mutations are: D222A and D327A in RB69
gp43, and D542A in HCMV UL54.

4.11. Primer extension assay

The following sequences were used in a primer extension assay to monitor DNA synthesis
and its inhibition. T50A6 (5-CCA ATA TTC ACC ATC AAG GCT TGA TGA AAC TTC
ACT CCA CTA TAC CAC TC-3") was used as a template. The underlined residues are the
portion of the template that anneals to the fluorescently labeled primer Cy5-P1 (5-GAG
TGG TAT AGT GGA GTG AA-3). A 10 step, three-fold dilution series of the compound to
be tested was prepare to obtain concentration range between 200 pM-10 nM. The reaction
was carried out as follows: compound to be tested was pre-incubated 10 minutes at 37°C in
buffer containing 25 mM Tris-HCL (pH8.0), 90 mM NaCl, 3 nM EDTA, 10 mM MgCl», 1
mM DDT, 0.02% bovine serum albumin, 5% glycerol v/v with 75nM of Cy5-P1/T50A6
primer/template hybrid and 75 nM of enzyme. The enzymatic reaction was initiated by the
addition of dNTP to a final concentration of 5 uM for RB69 WT and RB69 ABC5 and 250
UM for HCMV UL54. The final concentration of dNTP was increased in HCMV UL54
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increase full length extension. The reaction was allowed to proceed for 5 minutes for RB69
WT and RB69 ABC5 and for 60 minutes for HCMV UL54. Reactions were stopped with
90% formamide containing traces of bromophenol blue and samples were resolved on a 12%
denaturing polyacrylamide gel and visualized by fluorescence imaging. For dose response
experiment, percentage inhibition was calculated as the fraction of full-length product
divided by total primer. These values were then plotted against inhibitor concentration using
GraphPad Prisim software. ICsq is defined as the concentration of compound required to
inhibit full length extension by 50%.

4.12. Anti-HSV activity assays

The compounds were evaluated against herpes simplex virus type 1 (HSV-1) strain KOS,
and herpes simplex virus type 2 (HSV-2) strain G. The antiviral assays were based on
inhibition of virus-induced cytopathicity in human embryonic lung (HEL) fibroblasts.
Confluent cell cultures in microtiter 96-well plates were inoculated with 100 CCID50 of
virus (1 CCID50 being the virus dose to infect 50% of the cell cultures) in the presence of
varying concentrations of the test compounds. Viral cytopathicity was recorded as soon as it
reached completion in the control virus-infected cell cultures that were not treated with the
test compounds.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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BvDU (£)-5-(2-bromovinyl)-2’-deoxyuridine
BVDU-TP BVDU-triphosphate
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Lineweaver-Burk plots for inhibition of VZV DNA polymerase by compound 6g, thymine-
a-CNP and BVDU-TP using poly dA.oligo dT as the template/primer and dTTP as the

natural substrate.
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Primer 3’ - AAGTGAGGTGATATGGTGAG - 5’
Template 5’- CCAATATTCACCATCAAGGCTTGATGAAACTTCACTCCACTATACCACTC - 3’
A
Fig 2.

Primer extension in the presence of increasing concentrations of adenine-butenyl-a-CNP
(6K). (A) Dose response analysis of primer extensions with DNA polymerase RB69 gp43
(left), RB69 ABC5 (middle) and HCMV UL54 (right). (B) Sequences of primer and
template used in primer extension assay.
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Primer

2N

Fig. 3.

Modeling of acyclic T-a-CNP (69) in the polymerase active site of HIV-1 RT/DNA/cyclic T-
a-CNP complex (PDB ID. 4R5P17). The protein and DNA structures are shown in gray;
active site metal ions as pink spheres with chelation indicated by dashed lines; and the
acyclic T-a-CNP (6g) in green. The acyclic linker of 6h (green) does not permit favorable
binding when compared to the binding of the cyclopentyl T-a-CNP (yellow) in the crystal
structure: the acyclic linker develops a short contact with Y115 and forbids the thymine base
to align well with the base of cyclopentyl T-a-CNP while maintaining the metal chelation.
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Synthetic route towards modified a-CNPs (B = nucleobase) [(i) Rh(Il)-catalyzed O-H
insertion (ii) Mitsunobu reaction (iii) Deprotection].
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Scheme 2.
Hydrogenation of 5c¢ to 5e [(i) Pd/C (10%), H» (1 atm), MeOH, rt, 2 h]
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Synthesis of a-carboxy nucleoside phosphonate 6f with a 1,2,3-triazole heterocycle as linker
moiety [(i) a. Rhy(OAc)4 Benzene, reflux; b. NaN3 acetone/H,0 60 °C, 12 h (ii)
CuS04.5H,0, Sodium ascorbate, Dioxane/H,0, rt, 16 h, 89% (iii) a. TMSBr, CH3CN, 0 °C-
rt, 16 h, H,0, 1h; b. ag. NaOH, 50 °C, 12 h, charcoal column]
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Scheme 4.

Synthesis of 2-butenyl-linked a-carboxy nucleoside phosphonate 6g [(i) Rh(Il)-catalyzed O-
H insertion (ii) 3g (1.0 equiv.), 4a (1.2 equiv.), PPh3 (2.1 equiv.), DIAD (2.0 equiv.), THF,
-40 °C-RT, 24 h (iii) a. TMSBr, CH3CN, 0 °C-rt, 16 h, H,O, 1h; b. ag. NaOH, 50 °C, 12 h,
charcoal column].
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Page 39
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Scheme 5.
Synthesis of 7-butyl-linked a.-carboxy nucleoside phosphonate 6h [(i) Pd/C (10%), H, (1

atm), MeOH, rt, 12 h (ii) a. TMSBr, CH3CN, 0 °C-rt, 16 h, H,0, 1h; b. ag. NaOH, 50 °C, 12
h, charcoal column].
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Synthesis of 2-butenyl linked a-carboxy nucleoside phosphonates 6i—6m with different
nucleobases [(i) 3g (1.0 equiv.), 4 (1.2 equiv.), PPh3 (2.1 equiv.), DIAD (2.0 equiv.), THF,
-40 °C-RT, 24 h (ii) Pd/C (10%), H, (1 atm), MeOH, rt, 12 h (iii) a. TMSBr, CH3CN, 0 °C-

rt, 16 h, H,0, 1h; b. ag. NaOH, 50 °C, 12 h, charcoal column].
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Scheme 7.
Synthesis of a-carboxy nucleoside phosphonate 60 [(i) Rh(Il)-catalyzed O-H insertion (ii)

30 (1.0 equiv.), 4a (1.2 equiv.), PPh3 (2.1 equiv.), DIAD (2.0 equiv.), THF, —40 °C-RT, 24 h
(iii) a. TMSBr, CH3CN, 0 °C-rt, 16 h, H,O, 1h; b. ag. NaOH, 50 °C, 12 h, charcoal column].
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Synthesis of carboxyphosphonate 6n [(i) Rh(ll)-catalyzed O-H insertion (ii) a. TMSBr,
CH3CN, 0 °C-rt, 16 h, H,0, 1h; b. ag. NaOH, 50 °C, 12 h].
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Generality of the O-H insertion reaction of rhodium carbenoid

Table 1

Mec{ CO,Me MeQ COzMe
MeO \6\ -Bz o) MeO-| P /_</‘=
/& {
3a-3d H 5a-5dH >/_
Alcohol Product Yield 5 (%)
MeO
) COMe
Meo-P—( MeQ  coMe o Bz
0 o OH MeO— p NN
H N o 60
3a H
MeO
T\ COMe MeQ  coMe o |
MeO-P MeO—II:’ >\—N
OVOH N o 50
3b 5b
MeQ  co,Me MeQ  coMe o |
MeO—P MeO-P N
o OH 8 o N o
Ral = :
3c 5¢
MeO
CO,Me
MeO—}’—< ’ Meq COzMe
3 o OH MeOr P.
Bas :
3d

54:

Reaction conditions: (i) 1 (1.0 equiv.), 2 (1.05 equiv.), Rh2(OAc)4 (1 mol%), benzene, reflux, 16h.
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Table 2

Generality of the Mitsunobu reaction for attaching the nucleobase

Page 44

0,C
MeO MeO 2
Q @) MeO \P—<COZMe MeO—-P £oatle )\ OMe
OH 1I_OMe ! eO— eO— R-oM
HOH ’ Meozo\n/P\OMe 6 © OH * & g o
N,
1a-1d 2 3a-3d
Alcohol Product Yield 3 (%)
MeQ  co,Me
HO OH MeO—p
1a 3a
MeQ  coMe
HO OH Meo—P—(
1 61
o} OH
1b V;b
MeQ  coMe
HO OH MeO-P
o O OH
= N
1c 3c
MeQ  co,Me
HO OH MeO-P
pat :
1d 3d

Reaction conditions: (i) 3 (1.0 equiv.), 4a (1.2 equiv.), PPh3 (2.1 equiv.), DIAD (2.0 equiv.), THF, —40°C-RT, 24h.
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Table 3

Deprotection of a-carboxy nucleoside phosphonates 5a—5e to 6a—6e.

MeO\ CO,Me c{ CO,H
MeO—-P — HO—P—< —
Il - 1l
o O N O (i) to (iii) o O N o
N = N
HO Bz Ho H

5a-5e 6a-6e (isolated as ammonium salts
HQ coH o H HO coH o H
HO-P NN Ho-P—( N
e Aas
6a (55%) 6b (49%)
HQ  co.H o H HQ  copm o H

Ho—\P—< N HO-P—( NN

ot{r\l\zzzo o) 06\:{:0

6c (60%) 6d (52%)

6e (59%)

Page 45

Reaction conditions: (i) TMSBr (7.0 equiv) CH3CN, 0 °C-rt, 16 h.(ii) H20, 30 min, rotary evaporation (iii) ag. NaOH, 50 °C, 12 h and then ag.

NH3, charcoal column.
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