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ABSTRACT: New synthetic protocol for the preparation of

nucleoside §'-(N-aryl)phosphoramidate monoesters 4 was de-

veloped. It consisted of a condensation of the corresponding

nucleoside $'-H-phosphonates with aromatic- or heteroaro-
matic amines promoted by diphenyl phosphorochloridate,
followed by oxidation of the produced H-phosphonamidates
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with iodine/water. 5'-(N-Aryl)phosphoramidate monoesters derived from 3'-azido-3'-deoxythymidine (AZT) or 2/,3'-dideoxyur-
idine (ddU) nucleosides and various aromatic and heteroaromatic amines were evaluated as potential anti-HIV drugs. It was found
that these compounds act most likely as pronucleotides and that some of them have therapeutic indices superior to those of the

reference AZT.

B INTRODUCTION

Modifications at the phosphorus center of natural products
was proved to be an exceptionally valuable tool in studies of
reaction mechanisms particularly those catalyzed by enzymes.' >
In most cases, P-modified analogues of natural compounds
exhibit new, sometimes unique chemical and biological proper-
ties. This was particularly well demonstrated for compounds
bearing phosphoramidic bonds, which found many applications
in molecular biolog)7,4_8 medicinal chemistry,g_11 and in cancer
therapy (e.g., cyclophosphamide).'” In nucleotide and oligonu-
cleotide chemistry, phosphoramidites and phosphoramidates
occupy a well established position. While nucleoside phospho-
ramidites'? are commonly used as basic building blocks in
modern chemical synthesis of oligonucleotides, modified oligo-
nucleotides bearing either 3'-5' P—N bonds"*"* or internucleotide
aminoalkyl phosphoramidate moieties (cationic oligonucleotides)'®
are well established as potential antisense or antigene agents.
Phosphor- and phosphonamidates derived from nucleoside
analogues were subjects of intensive studies due to their
promising gro—drug activity against various viruses (particularly
HIV)”'7~" and in cancer therapy.* ** These compounds
fulfill the criteria of so-called pro-nucleotides, i.e., they are
(i) uncharged, (ii) highly lipophilic, (iii) reasonably soluble in
water, (iv) stable in physiological environment, (v) enter the
target cells without affecting the nucleotide skeleton, and after
this (vi) can be converted chemically or by means of cellular
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enzymes into the respective nucleotide and subsequently into
their S'-triphosphates that inhibit proliferation of viruses.
Although some of the above requirements for pro-nucleotides
are contradictory (e.g, lipophilicity vs solubility in water or
stability vs susceptibility to metabolism), several types of pro-
nucleotides fulfill to some extent these criteria and play an
important role in drugs used for treating of viral infections or
cancer. Among these comgounds, nucleoside pivaloyloxymethyl
phosphotriesters (POM),** nucleoside S-acetyl-thioethyl phos-
photriesters (SATE),” nucleoside cyclosaligenyl phosphotrie-
sters (cycloSal nucleotides),”® and phosphoramidate diesters
have received the most attention,””** which hopefully will
expand the range of antiviral drugs. It is worth noting that until
now there was only one pro-nucleotide (tenofovir disoproxil
fumarate, VIREAD)?® that was used in AIDS and chronic
hepatitis B therapy.

The findings by C. R. Wagner et al., that nucleoside amino acid
derived phosphoramidate monoesters are exceptionally highly
active against HIV,® caused some confusion in the pro-nucleotide
concept and criteria since being pronucleotides, they were
inactive in HIV infected TK™ cells. Later, it was found that
phosphoramidic pro-nucleotides derived from simple amines are
also very active against HIV.>® These findings suggested that
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Scheme 1. Synthesis of Nucleoside (N-Aryl)phosphoramidates 4°
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1a, R= Ng; B = thymin-1-yl
1b, R=H; B = uracil-1-yl
2a, Ar = phen

2b, Ar = 4-methoxyphenyl
2c, Ar = 4-chlorophenyl
2d, Ar = pyridin-2-yl

2e, Ar = pyridin-3-yl
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thymidin-1-yl, R = N3, Ar = phenyl
thymidin-1-yl, R = Nz Ar = 4-methoxyphenyl
thymidin-1-yl, R = N3 Ar = 4-chlorophenyl
thymidin-1yl, R= N3, Ar = pyridin-2-yl
thymidin-1"yl, R= N3, Ar = pyridin-3-yi
uracil-1-yl, R=H, Ar = phenyl

uracil-1-yl, R = H, Ar = pyridn-2-yl
uracil-1-yl, R = H, Ar = pyridin-3-yl

“ Reagents and conditions: (i) DPCP (1.5 molar equiv with respect to 1) in DCM/pyridine 2: 1 (v/v);. (ii) I, (2.0 molar equiv) in pyridine containing

water (SO molar equiv).

Table 1. *'P NMR Data and Times of Oxidation of Nucleo-
side H-Phosphonamidates 3 to the Respective
Nucleoside Phosphoramidates 4

cpd  Op[ppm] Yup[Hz)  “Jup[Hz]  Yp[Hz]  ¢*[min]
3aa  7.68,7.99%° 6549, 6567 73 73 <s
3ab  7.91,823"%°  655.7,654.0 74 7.4 30
3ac  743,7.73%°  655.1,653.4 7.9 7.9 <s
3ad  7.32,842%7  664.0, 6704 n.of 8.3 <5
3ae  7.43,789°7  656.0,653.0 n.of 8.3 <5
3bd  7.52,7.88%¢  671.6,6734 n.o’ 8.2 <S
3be 662,705  656.1,656.9 n. ot 8.2 <5
42  —173d¢ 7.3 7.3

4ab  —1384d¢ 6.4 64

4ac  —213d¢ 73 7.3

4ad  —4474d¢ 6.4 6.4

4ae  —2174d¢ 7.0 7.0

4af  —443d¢ 6.4 6.4

4bd 3824 54 54

4be  —250d 6.4 64

4bf  —429d¢ 6.4 6.4

“Time required for the completion of the oxidation of 3 into 4. " Two
diastereomers “In DCM/pyridine 1: 9 (v/v), doublet of doublets of
triplets. “In DCM/pyridine 1: 9 (v/v), doublet of triplets. “n.o.: not
observed.” In DMSO-ds. Upon the addition of D, O, due to the exchange
of the hydrogen atom of the bridging phosphoramidate group, a triplet
was observed in the *'P NMR spectra.

nucleoside phosphoramidates may constitute a unique group of
nucleotide derivatives with high antiviral or anticancer potency.
Some efforts were devoted to recognize this problem, but they were
focused on rather narrow groups of compounds, especially amino
acids or some simple N-alkylamine derived phosphoramidates.'®"”

In the course of our studies on nucleoside H-phosphonates,
we have investigated the synthesis and properties of nucleoside
(N-alkyl)phosphonamidates.*" In this article, we present our
studies on nucleoside (N-aryl)phosphon- and (N-aryl)phosphor-
amidates, which have properties distinguishing them from other
phosphoramidates and which can make them attractive anti-HIV
agents. Among aryl amines investigated, the main emphasis was
placed on 2-, 3-, and 4-pyridynylamines due to their electronic
and physicochemical properties, as well as their favorable lipo-

philic/hydrophilic character.

B RESULTS AND DISCUSSION

Chemistry. In our previous studies on the synthesis and
properties of nucleoside (N-alkyl)-H-phosphonamidates, we
observed that formation of the P—N bond strongly depended
on the condensmg agent used and the basicity of the reaction
media.>' It was also found that a competing reaction of
N-alkylamines with a condensing agent significantly affected yields
of the desired nucleoside (N-alkyl)-H-phosphonamidates.

In contrast to these, we found that N-arylamines 2 used in this
study [except, 4-aminopyridine (2f), vide infra] reacted smoothly
with nucleoside H-phosphonate in the presence of DPCP as
condensing agent, producing rapidly (<5 min) and nearly
quantitatively (*'P NMR) putative (N-aryl)-H-phosphonami-
dates 3 (Scheme 1), whose structures were tentatively assigned
on the basis of their chemical shifts, splitting pattern, and
coupling constancies recorded in *'P NMR spectra (Table 1).
Unfortunately, isolation of the above species was impossible due
to their partial instability during workup and/or silica gel
chromatography. Coupling reactions were performed under mild
conditions, i.e., at room temperature, in DCM containing 10%
(v/v) of pyridine using a slight excess of an N-arylamine 2 and
DPCP (both 1.5 molar equiv). As was mentioned above, the
reaction worked well for all aromatic amines investigated except
for 4-aminopyridine, for which a complex mixture of products
was formed (*'P NMR spectroscopy).

These differences between N-alkylamines and N-arylamines
investigated herein, can be attributed, at least partly, to the
disparity in their pK, values. For N-alkylamines (pK, >10), high
basicity was responsible for the side reactions observed and high
nucleophilicity for a partial loss of chemoselectivity during the
aminolysis of the pivalic-H-phosphonic mixed anhydride. Con-
sequently, for N-alkylamines specific synthetic protocols had to
be developed depending on the reactivity of the amine used.

In contrast to these, N-arylamines 2a—e are much weaker
bases (EK for 2a — 4.6; 2b — 4.58; 2c — 3.99; 2d — 6.71; 2e —
6.03),>* and thus, undesired side-reactions with activated H-
phosphonate®' (vide supra) or subsequent disproportionation™
were significantly suppressed. However, their relatively low
nucleophilicity was apparently sufficient to allow rapid and
quantitative formation of the desired nucleoside (N-aryl)-H-
phosphonamidates 3.

The basicity of 4-aminopyridine (2f) (pK, 9.13) markedly
differs from those of 2- and 3-aminopyridines (2d, 2e respectively)
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as well as of aniline (2a) and its derivatives (2b—c) (vide supra).
This was probably a critical factor responsible for the low
efficiency of synthesis of H-phosphonamidate of type 3 via a
direct coupling of 4-aminopyridine and nucleoside H-phospho-
nate 1, similar to that observed for highly basic N-alkylamines
(pK, > 9.0).>* Thus, to obtain (N-pirydin-4-yl)phosphoramidate
4af required for this study, another approach, which secured
higher yield, was developed.

Since the attempted isolation of the intermediate species of
type 3 failed (vide supra), the putative nucleoside (N-aryl)-H-
phosphonamidates 3 were subjected in situ to oxidation. In
contrast to nucleoside (N-alkyl)-H-phosphonamidates,*" which
were resistant to oxidation with iodine under the standard
conditions commonly used for oxidation of H-phosphonate
diesters,**>> we assumed that this reaction might work well in
the case of analogous N-aryl phosphonamidate analogues 3.
Considering that oxidation of H-phosphonates with iodine
proceeds via their tricoordinated tautomers (1°0), we expected
that the presence of an electron-withdrawing aryl group should
make the (N-aryl)-H-phosphonamidates more prone to oxida-
tion. Indeed, when these compounds were treated with an
iodine—water system, all H-phosphonamidates 3 investigated
yielded the respective (N-aryl)phosphoramidates 4 quantita-
tively. The influence of an aryl group on the oxidation of 3 could
be observed along the series of 3a—c, in which H-phosphona-
midate 3b bearing the least electron-withdrawing aryl group
(4-methylphenyl one) required the longest time (30 min), while
the other H-phosphonamidates 3 were oxidized much faster
(<S5 min, Table 1). All products 4 were isolated by silica gel flash
column chromatography and after freeze-drying were obtained as
white solids with high yields (>60%). Their purity and structure
were confirmed with chromatography (TLC and HPLC) and
spectral ("H, "*C and *'P NMR spectroscopy) analyses.

Since both steps in the synthesis of nucleoside aryl phosphor-
amidates 4 (Scheme 1) proceeded smoothly and nearly quanti-
tatively (*'P NMR), the above approach could be recommended
as a convenient method for the synthesis of N-arylphosphor-
amidates derived from amines of pK, < 8 (for synthesis of
4-aminopyridine derivative 4af and 4bf, vide infra).

During the purification and isolation of phosphoramidates 4,
we noticed an interesting phenomenon, namely, that triethylam-
monium or pyridinium salts of these compounds upon evapora-
tion from polar solvents (particularly water) were rapidly loosing
the cationic parts forming the corresponding acids ("H NMR
spectroscopy). Such a phenomenon was not observed for the
triethylammonium salt of 2-, 3- or 4-pyridyl phosphodiesters
(AZT derivatives)®® that did not show a detectable (*H NMR)
loss of triethylammonium cation even upon repeated (several
times) evaporation from aqueous solutions.

This behavior of phosphoramidates can be related to the
presence of the P—N bond, which, due to back-donation of
electrons from the nitrogen to phosphorus center,?” should make
these compounds less acidic than the corresponding phosphate
derivatives. Unfortunately, pK, values of phosphoramidate mono-
esters are usually unavailable,*® but the acidity of N-(n-butyl)
phosphoramidic acid (pK, 2.92 and 9.88)*° vs n-butyl
phosphoric acid (pK, 1.80 and 6.84)>* seems to support this
assumption.

The low acidity of phosphoramidate monoesters 4 can make
these compounds under physiological conditions exist as an
equilibrium mixture of different charged and uncharged forms
(e.g, I-1IV in Figure 1), although the exact preference for O- vs

H
Ar—N—I?—O—Nu + Et3N
OH neutral

/! N

H H
Ar—N—If’—O—Nu _ Ar—*N—II:’—O—Nu + EtN
O EtzNH o
I jonic m

N\ /

NH T
|, /)—N—?—O—Nu + EtN
N

| zwitterion
H
v

2zwitterion

Ar = 4-methylphenyl, phenyl, 4-Cl-phenyl,
pyridin-2-yl, pyridin-3-yl, pyridin-4-yl

Nu = nucleoside residue

Figure 1. Some possible ionic structures of phosphoramidates 4 in
solution.

Scheme 2. Synthesis of Di(1H-1,2,4-Triazol-1-yl)-
[N-(pyridin-4-yl) ] phosphoramidate (6)
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various N-site protonation is unknown. Structural and electronic
features of these species may have important biological bearing
for chemical decomposition of (N-aryl)phosphoramidates in vivo
as well as for their cellular up-take. Under physiological condi-
tions, a fraction of neutral (IT) and zwitter-ionic (III and IV)
forms is probably not very high, but this may be sufficient to
enable their uptake via passive diffusion (neutral molecule IT) or
the flip—flop mechanism* (zwitter-ion III and IV). One should
note that although various phosphoramidates have been pro-
posed as drugs or prodrugs, the importance of their pK, values
and sites of protonation for the potential biological activity has
never been discussed.

In contrast to amines 2a—e, coupling the 4-aminopyridine 2f
with nucleoside H-phosphonates 1 appeared to be ineffective in any
of the several variants of this method examined. Thus, it was
necessary to find another method for the synthesis of nucleoside
[N-(pyridin-4-yl) Jphosphoramidates 4f. For this purpose, we
turned our attention to phosphoryl tris-triazole*' S, which in
reaction with an equimolar amount of 4-aminopyridine (2f) in
dioxane at room temperature produced di(1H-1,2,4-triazol-1-yl)-
[N-(pyridin-4-yl) ]phosphoramidate (6), which can be considered
as a new phosphorylating agent for the introduction of basic
aromatic amines into $'-monophosphate nucleosides (Scheme 2).

The reaction proceeded smoothly, and it was complete within
ca. 15 min (*'P NMR spectroscopy). Product 6 precipitated from
the reaction mixture as a white solid, and after filtering off,
washing, and drying, pure triamide 6 was obtained in ca. 90%
yield. Its structure and purity were determined by spectral
methods (*H, *C and *'P NMR, HRMS).
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Scheme 3. Synthesis of Nucleosid-5"-yl-[ N-(pyridin-4-yl) Jphosphoramidates 4af and 4bf*
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4af, X =Nz, B = thymin-1-yl
4bf, X = H, B = uracil-1-yl
7a, X = N3, B =thymin-1-yl
7b, X =H, B = uracil-1-yl

|
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4af or 4bf

“Reagents and conditions: (i) 6 (2 M equiv) and 7 (1 M equiv) in pyridine, 75 °C, 10 min. (i) H,O excess, 1 h.

This new phosphorylating reagent was applied for the intro-
duction of the (N-pyridin-4-yl)phosphoramidate moiety into the
S'-position of the nucleoside analogues used in this study
(Scheme 3).

To this end, to a suspension of di(1H-1,2,4-triazole)-
[N-(pyridin-4-yl) Jphosphoramidate (6) (2 molar equiv) in
pyridine at 75 °C, nucleoside 7 (1 molar equiv) dissolved in
pyridine was added stepwise with vigorous stirring. After 10 min,
the reaction was quenched with the added excess of water to
hydrolyze all reactive species present in the reaction mixture
(excess of phosphorylating reagent and the intermediate nucleo-
side (N-pyridyn-4-yl)phosphotriazolide generated). This furn-
ished nucleoside [N-(pyridin-4-yl)]phosphoramidate 4af and
4bf that after workup and isolation by silica gel column chroma-
tography were obtained in 60%—70% yields. This simple proto-
col can be considered as a convenient approach for a chemo-
selective introduction of the [N-(pyridin-4-yl) [phosphoramidate
moiety into nucleosides, even those that are thermally rather
fragile (for instance ddU).

It is worth noticing that [N-(pyridin-4-yl) Jphosphoramidates
4af and 4bf after chromatography were obtained as free acids,
similar to the N-pyridin-2-yl and N-pyridin-3-yl regio isomers
4ad—ae and 4bd—be discussed above.

Biological Evaluation. Anti-HIV activity of nucleoside (IN-aryl)
phosphoramidates 4 and their decomposition in cell culture media
were evaluated (Table 2).

These data indicate the high anti-HIV potency of AZT (N-aryl)
phosphoramidates 4aa—af but among them aminopyridinyl
derivatives 4ad—af stood out clearly. A striking feature of all
compounds 4ad—f is their very low cytotoxicity, which was not
observed even when the cells were grown in cell culture media
enriched with the tested compounds up to a concentration of 200
UM. High selectivity indices, SIs, significantly exceeding a value
of 80000 for all AZT (N-pyridinyl)phosphoramidates 4ad—f,
make these compounds exceptionally good candidates for pro-
drugs in AIDS therapy. It is worth noticing that compounds
4ad—f retained their high anti-HIV potency during several days
of the experiments and during this time their cytotoxicity was
below a measurable level (data not shown). The concentration-
dependent anti-HIV activity of ddU [N-(pyridin-4-yl)]pho-
sphoramidate 4bf can be considered as proof (at least partially)
that this type of nucleotide analogues are pronucleotides, i.e.,
they enter the infected cell and release the corresponding
nucleotides, which are subsequently converted by cellular kinases
into nucleoside triphosphates. Since ddU is not a substrate for

cellular kinases, the observed anti-HIV activity of compound 4bf
has to be attributed to its internalization and its further conver-
sion into the respective 2/,3'-dideoxyuridin-5'-yl phosphate.*
Because the acute cytotoxicity of AZT is due to the accumulation
of AZT 5'-monophosphate (AZTMP) in cells, one can speculate
that nucleoside phosphoramidates 4 have favorable pharmaco-
kinetic characteristics (slower release of the corresponding
nucleoside monophosphate than its conversion into di- and
triphosphates) that maximize the therapeutic effect. Finally, a
very low cytotoxicity of all aminopyridines 2d—f (Table 2) (the
expected metabolites of (N-pyridinyl)phosphoramidates 4) can
be certainly the added value when considering phosphoramidates
4 as potential candidates for anti-HIV drugs.

Unfortunately, a pronucleotide mode of action of nucleoside
(N-pyridinyl)phosphoramidates 4 was not verified in the experi-
ments with CEM TK™ HIV-1 infected cells, in which none of the
examined compounds (of AZT or ddU series, 4a and 4b,
respectively) showed detectable HIV inhibitory activity. It is
symptomatic that similar observations were reported by C. R.
Wagner et al., and J.-L. Imbach et al. during studies on another
type of nucleoside phosphoramidates, namely, nucleoside ami-
no-acid derived phosphoramidates*™ and nucleoside SATE [N-
alkyl(or N-aryl) ]phosphoramidates,* respectively. They found
that these compounds in normal cells acted as pronucleotides
whereas in TK™ cells were inactive against HIV. It was suggested,
that the lack of anti-HIV activity in TK™ cells was due to the
reduced substrate affinity of certain nucleoside phosphorami-
dates bearing an aromatic N-substituent (for instance phenyl
group) for phosphoramidases; thus, the conversion of this type of
nucleoside phosphoramidates to the respective nucleoside S'-
phosphate derivatives was prevented. It is possible that for the
same reasons phosphoramidates 4ad—af bearing heteroaromatic
pyridinyl group studied herein also did not show anti-HIV
activity in thymidine kinase deficient cells, while they were highly
active in TK" HIV infected cells.

Stability of Nucleoside Phosphoramidates 4 in Cell Cul-
ture Media. In order to have a deeper insight into the mode of
action of compounds 4 as potential pro-nucleotides, first we
checked their stability and decomposition pathways in cell
culture media. To find out the chemical factors involved in a
possible metabolism, nucleoside (N-aryl)phosphoramidates 4aa—f
and 4bd—fwere incubated in RPMI at 37 °C, and progress of the
decomposition was monitored by HPLC analysis. Under these
conditions, all investigated compounds remained unchanged for
at least 6 days, proving their stability in RPMI. In contrast, in cell
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Table 2. Stability and Anti-HIV Potency of Nucleoside (N-Aryl)phosphoramidates 4

Rt f Cae® CCx' CCh' ECq' ECw Sl
Cpds Nucl. Ar
(minl (b (@M M] O M] @M M (M)
4aa  AZT ()~ 155 >Sdays 200 >200 =200 0.6  >10 =300
4ab  AZT we{ )~ 174 >5days 200 >200 >>200 <0.02 <0.02  >10000
4ac  AZT o )~ 173 >Sdays 360 290 360  0.02 0.1 14500
4ad  AzT () 139 1167 200 n.of n.of 00024 0029 >>83500
42 AZT ) 131 733 200 n.of n.of 00023 0.009 >>87000
daf  AZT N ) 118 >S5days 200 n.of n.of 00011 0006 >>182000
abd  ddu 116 221 30 nof nof >0 >0 <3
4be du ¢ ) 1.0 279 30 nof nof >0 >0 3
abf  ddu N ) 107 321 50 nof nof 02 135  >>250
AZT - - 13.5 - 200 >200 >>200 <0.002 0.005 >100000
ddu . . 9.8 - - i - - - -
AZTMP" - - 10.5 3.6 - ~100 - 0.01 - ~10000
ddUMP - - 8.8 - - - - - -
2d - - - 200 n.o® n.of >20 >20 <10
2e - - - 200 n.of n.of >20 >20 <10
2f : : - 200 nof nof >0 20 <10

“Retention time in HPLC analysis. For details, see the Experimental Section. ®In RPMI/FBS 9:1 (v/v), 37 °C; concn 2 mM. € C,,,: maximal
concentration used in the assay. “ Concentration (4M) required to reduce the viability of mock-infected CEM-T4 cells by 50% or 90%, respectively, as
determined by the MTT method. °Concentration (uM) required to achieve 50% and 90% (respectively) protection from virus-induced
cytopathogenicity.f SIso: selectivity index CCso/ECsp. SI values were rounded off respectively. ¥ n. o.: in the tested range of concentrations cytotoxicity

was not observed. “See ref 42.

culture media [RPMI/FBS 9:1 (v/v), 37 °C], which contained
enzymatic activities (including those of phosphoesterase type),*®
the examined compounds 4 underwent slow decomposition with
half-life times (t, /) varying from 22 h (4bf) to several days (4af)
(Table 2). The observed decomposition can be attributed to
enzymatic activities introduced into cell culture media with FBS,
and the differences in t , are probably due to different substrate
affinities of the AZT (4a series) and ddU (4b series) derivatives.

The main products observed (HPLC) during the hydrolysis of
all the investigated nucleoside (N-pyridinyl)phosphoramidates
4 were the respective nucleosides (AZT or ddU) and their
$'-monophosphate derivatives (NMPs) as minor products. This
might suggest that compounds 4 decomposed by hydrolysis of
the phosphoramidic bond to produce NMP and/or by hydrolysis
of phosphoester bond to produce the respective nucleoside and
(N-pyridinyl)phosphoramidate. To clarify this issue, in a separate
experiment AZTMP was incubated in RPMI/FBS, and it was
found (HPLC) that it was readily (¢,/, 3.6 h, Table 2) depho-
sphorylated with phosphatase-like activity present in FBS. This
may suggest that decomposition of the examined compounds 4
proceeded via the respective NMPs, which were subsequently

6486

dephosphorylated and produced the observed AZT or ddU.
Because in cell culture media compounds 4 decomposed very
slowly (Table 2), the suggestion that they enter the cell un-
changed and are metabolized into biologically active nucleotide
(most likely nucleosid-5'-yl phosphate) seems plausible.

In order to recognize a potential involvement of cell surface
components or other factors of cellular origin, which potentially
may influence the metabolism of the examined compounds,
additional experiments were carried out, in which the stability
of nucleoside (N-pyridinyl)phosphoramidates 4ad—af in the cell
culture media in the presence of MT-4 cells was investigated.
Under such conditions, no essential differences in the degrada-
tion rates and decomposition paths of nucleoside (N-pyridinyl)-
phosphoramidates 4ad—af as compared to the neat cell culture
media were observed (results are not shown). The above results
indicated that in in vitro experiments these compounds preserved
their structure and that HIV infected cells are exposed for a long
period of time to unchanged compounds 4ad-af.

Trying to find possible degradation paths of the studied
compounds, we looked for enzymes that potentially may be
involved in the conversion of (N-pyridinyl)phosphoramidates

dx.doi.org/10.1021/jm2001103 |J. Med. Chem. 2011, 54, 6482-6491
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Figure 2. Influence of nucleoside (N-pyridinyl)phosphoramidates 4ad—af on the HIV-1 RT polymerase activity.

4ad—afinto AZTMP. To this end, the studied compounds were
treated with different HIT-proteins, some of which exhibited the
nucleoside phosphoramidase activity (Fhit proteins*® and some
Hint proteins*’). Unfortunately, we found that none of the above
nucleoside (N-pyridinyl)phosphoramidates was hydrolyzed by
these enzymes (results not shown). To find out a possible origin
of exceptionally high anti-HIV activity of the investigated com-
pounds, their HIV-1 RT inhibitory potency was also investigated
(vide infra).

Nucleoside (N-Pyridinyl)phosphoramidates 4 As Poten-
tial HIV-1 RT Inhibitors. Theoretically, nucleoside (N-pyridi-
nyl)phosphoramidates 4 can inhibit a polymerase activity of HIV
RT by mechanical blocking its active site or via allosteric
interaction(s). Considering the high stability of compounds 4
in cell culture media (and possibly also in the cell), one might
suspect that they could inhibit viral polymerase without conver-
sion into the respective nucleoside triphosphates. To verify the
above hypothesis, the inhibitory capacity of AZT (N-pyridinyl)-
phosphoramidates 4ad—f was tested in the standard in vitro
reverse transcription reaction involving recombinant HIV-1 RT.
The reaction mixtures contained DNA template, 3'(**P)-radi-
olabeled primer, all four natural nucleosid-5'-yl triphosphates
and variable amounts of the examined compounds 4ad—f. After
incubation for 1 h at 45 °C, the reaction mixtures were analyzed
by electrophoresis in a 12% denaturating polyacrylamide gel. The
efficacy of DNA synthesis was determined by autoradiography.
As a positive control, an analogous series of the reactions with
efavirenz (well established non-nucleoside HIV RT inhibitor)
was carried out. A negative control was a standard reaction
mixture without any inhibitor. The obtained data clearly showed
(Figure 2) that none of the investigated compounds demon-
strated inhibitory activity in concentrations <3 #M. The above
results might strongly suggest that it is not nucleoside (N-
pyridinyl)phosphoramidates 4 but their metabolites [e.g,, AZT
§'-triphosphate (AZTTP)]* that inhibit viral RT in the cell
culture experiments.

The tested compounds are indicated above each set of
analytical runs. Lanes 1—10 correspond to the increasing con-
centration of each compound: 0.03; 0.06; 0.15; 0.3; 0.45; 0.6; 1.2;
1.5; 2.1 and 3 uM, respectively. Lane C, control, reaction without
inhibitor; 21nt, primer, 21 nucleotide long; 2IntC, primer
control lane; PP, polymerization product; Efv, efavirenz.

Conclusions. In conclusion, we found that nucleoside (N-aryl)-
H-phosphonamidates 3 can be effectively generated (the only
product observed in the *'P NMR spectra) in neutral solvents
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(e.g, DCM) containing a controlled amount of pyridine and then
can be oxidized with an iodine/water system into the respective
nucleoside (N-aryl)phosphoramidates 4. The rate of the latter
reaction depended on electronic features of the aryl group present,
and for more electron-withdrawing aryls, oxidation was faster. In this
respect, nucleoside (N-aryl) phosphoramidates 4 differ from their N-
alkyl counterparts that are very resistant to oxidation.*" Hence, the
procedures described herein provide a versatile and efficient ap-
proach for the synthesis of (N-aryl)phosphoramidates. The
exceptions were 4-aminopyridine derivatives, which were synthe-
sized using the new phosphorylating agent, di( 1H-1,2,4-ditriazol-1-yl)-
[N-(pyridin-4-yl) Jphosphoramidate 6. This reagent can be re-
commended for the introduction of [N-(pyridin-4-yl)phosphor-
amidate functionality into nucleosides and probably also into
other biologically important compounds.

All AZT derived phosphoramidates revealed high anti-HIV
potency, and among them, [N-(pyridinyl)]phosphoramidates
(4ad—af) stood out with their very low cytotoxicity and very
high antiviral activity. These features make phosphoramidates 4
attractive candidates for new anti-HIV pro-drugs. Although their
mode of action is still unclear, the observed concentration-
dependent anti-HIV activity of the ddU derivate (4bf) strongly
points out that these compounds act as pronucleotides. Unfortu-
nately, this was not confirmed in experiments with TK-deficient
cells, in which none of examined phosphoramidates 4 was active
against HIV. The case seems to be not simple and certainly
requires careful conceptual and experimental verification and this
is the subject of intensive studies in our laboratories. Finally, we
would like to conclude that nucleoside (N-aryl)phosphorami-
dates 4 (particularly 4ae —af) irrespective of their mode of action,
might be considered as new attractive anti-HIV pro-drugs due to
their exceptionally convenient pharmacokinetic parameters and
very low cytotoxicity.

B EXPERIMENTAL SECTION

General Methods and Materials. 'H, *C, and *'P NMR spectra
were recorded on Varian Unity BB VT 300 MHz or Bruker Avance II
400 MHz machines. The *'P NMR experiments were carried out in 5
mm tubes using 0.1 M solutions of the phosphorus-containing com-
pounds. *'P NMR chemical shifts are reported in ppm relative to 8%
H3PO, in water (external standard) and with the exception of com-
pound 6 are listed in Table 1. Mass spectra were recorded with the ESI
technique with negative ionization with accuracy below S ppm. HPLC
analyses were performed ona C18 (5.0 #m) 4.6 mm X 150 mm column
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using solvent system A, 0.1 M triethylammonium acetate, and B, A/
acetonitrile 1: 4 (v/v), and gradient B in A 0%—50% within 20 min with
a flow rate of 1.5 mL/min, at 35 °C. For TLC analysis, the precoated
plates (Merck silica gel F,s,) were used, and for column chromatogra-
phy silica gel Si 60, 35—70 mesh (Merck) was used.

DCM before use for reactions was dried over P,Oj, distilled, and kept
over molecular sieves 4 A until the amount of water was less than 10
ppm. Commercial grade anhydrous pyridine was stored over molecular
sieves of 4 A until the amount of water was below 20 ppm. The amount
of water in solvents was measured with Karl Fisher coulometric titration.
Each evaporation of solvents was performed with a rotary evaporator
under reduced pressure using water bath temperature not exceeding
40 °C. Nucleosid-5'-yl H-phosphonates were obtained as described
earlier.*

As judged from 'H, *C, and *'P NMR spectra and HPLC analyses
(Waters 1525; Waters 2487 UV detector, A,s4), the purity of the
obtained compounds was as least 97% except for compounds 4bd—bf
whose purity was ca. 90%.

RPMI-1640 cell culture medium and heat non-inactivated fetal
bovine serum (FBS) used for studies of stability of compounds were
from Sigma (R7256 and F7524 respectively).

Cytotoxicity and Anti-HIV Activity. CCsy, and CCqy Para-
meters. For the determination of compound cytotoxicity, CEM-T4
and CEM-A cells were cultured in standard conditions (37 °C, 5% CO,)
on 96 wells culture plates in media RPMI/FCS 10% (v/v). The
experiments were carried out in media containing tested compounds
in concentrations of the appropriate range. Cultures in neat medium
(RPMI, 10% FCS) were used as a control. Viability of cells was
determined after 7 days using the MTT test™ in which to each well of
a culture plate was added 10 uL of MTT solution (S mg/mL), and
cultures were incubated for 3 h at a temperature of 37 °C. After
centrifugation, the supernatant was removed, and DMSO was added
for lysis of the cells and to dissolve crystals of farmazan. Color intensity
was measured with a plate reader (4560 nm)-

Anti-HIV Activity (ECso and ECqp). To determine ECsy and ECy,
CEM-T4 cells were preincubated (96 flat bottom wells culture plates)
for 24 h in standard conditions (37 °C, 5% CO,) and in standard
medium [RPMI, FCS 10% (v/v)] enriched with tested compounds in
concentrations 0,001 —20 #M. In each well, 20000 cells were suspended
in the solution of the tested compound (200 uL). For each concentra-
tion, cultures were run in triplicate. As a reference, media containing
AZT in concentrations of 1.25 uM, 2.5 uM, 5.0 uM, 10.0 uM, and 20
UM were used. As a reference of maximal replication of HIV-1, culture in
neat standard medium [RPMI/FCS 10% (v/v)] was used. After 24 h of
incubation in medium enriched with a tested compound and AZT, cells
were inoculated with a known amount of HIV, and after 8 days, the
amount of viral protein p24 was measured with the MTT method.>" For
each tested compound and for each concentration, the measurements of
ECso and ECy, were done in triplicate.

Inhibition of HIV RT. Recombinant HIV-1 reverse transcriptase
(HIV-1 RT) was obtained with HIV-1 RT bacterial expression vector
generously provided by Stephen H. Hughes from the National Cancer
Institute, Frederick, MD, USA. A 50 nt DNA template (length of S0
nucleotide units) and primer (length of 21 nucleotide units) were
purchased from IBA. T4 polynucleotide kinase was purchased from
Promega and y—[32P]ATP from Amersham. All chemicals were from
Sigma. Sequences of DNA molecules used in the experiments are presented
below, and the complementary fragments are underlined. Template,
S-TTTTAGTCAGTGTGGAAAATCTCTAGCAGTGGCGCCCGAA-
CAGGGACTTG-3'; primer, 5'-CAAGTCCCTGTTCGGGCGCCA-3'.
The inhibition HIV-1 RT potency with nucleoside (N-pyridyl)pho-
sphoramidates 4ad—f was tested in vitro in a primer extension reaction,
involving a SO nt DNA template a cDNA primer (length 21 nucleotide
units, *P labeled at the 5’ end in a reaction involving T4 polynucleotide

kinase and y-[**P]ATP). HIV-1 RT was preincubated in a reaction
buffer (50 mM Tris-HCI at pH 8.3, 7S mM KCl, 3 mM MgCl,, 10 mM
DTT) with increasing amounts of each compound (S min at 45 °C), and
after the DNA primer and template were added, the polymerizations
were initiated by the addition of ANTPs to the final concentration of 50
UM. The above reaction mixtures were incubated for 60 min at 45 °C,
and after that, the products were separated in a 12% denaturing
polyacrylamide gel and visualized by autoradiography with Phosphor-
Imager Typhoon (Molecular Dynamics). To determine the efficiency of
polymerization, the amount of the fully extended product (FP) in each
sample was quantified using the MultiGage program.

Syntheses. General Procedure for the Synthesis of Nucleosid-5'-
yl (N-Aryl)phosphoramidates 4 except for 4af and 4bf. Nucleoside H-
phosphonate 3 (1 mmol) and 2- or 3-aminopyridine (1.5 mmol) were
rendered anhydrous by the evaporation of the added pyridine (3 X
10 mL) and then dissolved in 10 mL of DCM containing 10% (v/v) of
pyridine. To this, DPCP (1.5 mmol) was added, and the reaction
mixture was left for 5 min. To oxidize the produced nucleoside, H-
phosphonate 3 iodine (2 mmol), dissolved in pyridine containing water
(50 mmol), was added, and after S5—30 min (see Table 1), excess of
iodine was decomposed with the added ethanethiol and the solvent
evaporated. The remaining residue dissolved in water (10 mL/1 mmol
of nucleoside) was washed with DCM (3 X 25 mL/1 mmol of
nucleoside). The aqueous layer was evaporated, and the desired product
was isolated with method A or B (vide infra).

Purification by Method A (for Compounds 4aa—ac). The crude
oily residue dissolved in a minimum volume of methanol was applied to a
silica gel column (4 X 7 cm, equilibrated with 2-propanol) and washed
with 2-propanol. Separation was carried out with a flash chromatography
system using a gradient of water (0—20%) in 2-propanol containing 5%
(v/v) of triethylamine. Fractions containing a pure compound were
collected and evaporated, and the triethylammonium salt of nucleotide 4
was solidified by freeze-drying from benzene—methanol.

Purification by Method B (for Compounds 4ad—af and 4bd— bf).
The crude residue was dissolved in a minimum volume of toluene/
methanol 1:1 (v/v) and loaded on a silica gel column (loaded and
equilibrated with toluene/methanol S:1, v/v). A separation was run
using gradient (20—50%, v/v) of methanol in toluene. Fractions
containing pure compound 4 were collected and evaporated. After
freeze-drying (from benzene—methanol), pure products 4ad—af and
4bd—bf were obtained as white dry powder.

3-Azido-3'-deoxythymidyn-5"-yl (N-Phenyl)phosphoramidate,
Triethylammonium Salt (4aa). Yield, 0.22 g (71%). "H NMR (400
MHz) 6y (D,0) 128 (9H, t, ] = 7.3 Hz), 1.87 (3H, 5), 2.42 (2H, m),
3.18 (6H, q,J = 7.3 Hz), 4.01 (1H, m), 4.08 (2H, m), 4.32 (1H, m), 6.14
(1H,t,] = 6.6 Hz), 6.86 (1H, t, ] = 7.8 Hz), 7.00 (2H, d, ] = 7.8 Hz), 7.19
(2H, t, ] = 7.8 Hz), 7.58 (1H, s). "*C NMR (75 MHz) d¢ (D,0) 7.8,
112, 35.6,46.2,60.0,63.9 (d,] = 7.0 Hz), 82.6 (d, ] = 10 Hz), 84.6, 110.9,
1164 (d, J = 7.0 Hz), 119.8, 128.6, 137.0, 141.5, 151.0, 165.9. HRMS
m/z 421.1045, caled for [C1gH,sNgOGP] ™ 421.1031.

3-Azido-3'-deoxythymidyn-5"-yl (N-4-Methylphenyl)phosphorami-
date, Triethylammonium Salt (4ab). Yield, 0.09 g (53%). 'H NMR
(400 MHz) 04 (D,0) 1.30 (9H, t, ] = 7.6 Hz), 1.85 (3H, d, ] = 0.8 Hz),
2.19 (3H,s),3.19 (6H, q, ] = 7.6 Hz), 3.97—4.01 (1H, br. m), 4.04—4.11
(2H, br. m), 4.30 (1H, m), 6.16 (1H, t, ] = 6.8 Hz), 6.90 (2H, d, ] = 8.4
Hz), 6.98 (2H, d, ] = 8.4 Hz), 7.54 (1H, q, ] = 0.8 Hz). *C NMR (100
MHz) ¢ (D,0) 82, 11.6, 19.5, 35.9, 46.6, 52.1, 60.4, 64.2 (d, ] = 4.7
Hz), 83.0 (d, ] =9.0 Hz), 84.9,111.2, 117.1 (d, ] = 7.0 Hz), 129.2, 129.7,
1373, 139.2, 151.4, 166.1. HRMS m/z 435.1293, caled for [Cy-Hag-
NgOgP] ™ 435.1287.

3-Azido-3'-deoxythymidyn-5'-yl (N-4-Chlorophenyl)phosphorami-
date, Triethylammonium Salt (4ac). Yield, 0.23 g (73%). "H NMR
(400 MHz) 85 (D,0) 1.31 (9H, t, = 7.2 Hz), 1.84 (3H, 5), 2.48 (2H, t,
J=6.8Hz),3.21 (6H, q, ] = 7.2 Hz), 4.01 (1H, m), 4.13 (2H, m), 4.36
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(1H,m), 6.17 (1H, t,J= 6.8 Hz), 6.94 (2H, d, J= 8.8 Hz), 7.13 (2H, d, ] =
8.8 Hz), 7.45 (1H, s). >*C NMR (75 MHz) d¢ (D,0), 7.8, 11.2, 35.4,
462,59.8,64.0 (d, J= 5.0 Hz), 82.5 (d, = 10 Hz), 84.7, 110.9, 117.9 (d,
J = 7.0 Hz), 123.8, 128.0, 137.0, 140.3, 151.0, 165.7. HRMS m/z
455.0631, caled for [C16H,,CINgOP] ™ 455.0641.

3-Azido-3'-deoxythymidin-5'-yl [N-(Pyridin-2-yl)Jophosphorami-
date (4ad). Yield, 0.13 g (84%). 'H NMR (400 MHz) &y (D,0)
1.84 (3H, s),2.50 (2H, m), 4.04 (1H, m), 4.14 (2H, m), 4.40 (1H, m, ] =
6.4 Hz),6.16 (1H, t, ] = 6.4 Hz), 6.87 (1H, m, ] = 8.4 Hz, 6.4 Hz), 7.03
(1H, d, ] = 8.4 Hz), 7.51 (1H, s), 7.60 (1H, m, ] = 6.4 Hz, 1.6 Hz), 8.30
(1H, d,J = 6.4 Hz). ">*C NMR (100 Hz) d¢ (D,0) 11.5, 35.8, 60.1, 64.6
(d, ] = 4.0 Hz), 82.8 (d, ] = 9.1 Hz), 85.0, 110.9, 111.2, 116.4, 137.3,
138.6, 147.0, 151.5, 154.0 (d, ] = 5.0 Hz), 166.4. HRMS m/z 422.0912,
caled for [CsH/N,O6P] ™ 422.0983.

3-Azido-3'-deoxythymidin-5'-yl [N-(Pyridin-3-yl)lphosphorami-
date (4ae). Yield, 0.14 g (92%), '"H NMR (400 MHz) dy (D,0),
1.82 (3H, s), 2.50 (2H, m), 4.04 (1H, m), 4.13 (2H, m), 4.34 (1H, dt, ] =
6.4Hz),6.17 (1H,t,] = 6.4 Hz), 7. Twenty-two (1H, dd, ] = 8.4, 4.8 Hz),
7.44 (1H, m), 7.46 (1H, s), 7.96 (1H, d, ] = 4.8 Hz), 8.18 (1H, m). *C
NMR (100 Hz) 8¢ (D,0) 11.4, 35.7, 60.0, 64.6 (d, ] = 5.0 Hz), 82.6 (d,
J=9.1Hz),85.2,111.1,125.9,129.5 (d,] = 8.0 Hz), 132.1 (d,] = 8.0 Hz),
134.9, 137.5, 141.5, 151.3, 166.1. HRMS m/z 422.0910, calcd for
[C1sH7N,04P] ™~ 422.0983.

2,3'-Dideoxyuridin-5"-yl [N-(Pyridin-2-yl)]Jphosphoramidate (4bd).
Yield, 0.11 g (88%). "H NMR (400 MHz) Oy (D,0), 1.93 (1H, m), 2.13
(2H, m), 2.46 (1H, m), 4.00 (1H, m), 4.20 (1H, m), 4.36 (1H, m), 5.73
(1H, d, J= 8.0 Hz), 6.05 (1H, m), 7.10 (1H, dd, ] = 6.6 and 7.2 Hz), 7.20
(1H,d,J=8.8 Hz),7.72 (1H, d, ] = 8.0 Hz), 7.98 (1H, dd, ] = 6.6 and 8.8
Hz), 8.06 (1H, d, J = 7.2 Hz). ">*C NMR (100 Hz) d¢ (D,O) 24.4,30.1,
66.1 (d, ] =5.6 Hz), 79.7 (d, ] = 8.4 Hz), 85.8, 101.2, 113.6 (d, ] = 5.3
Hz), 115.6, 139.0, 141.6 (d, J = 2.1 Hz), 1432, 151.0, 151.7 (d, J =
2.6 Hz), 165.6. HRMS m/z 367.0776, calcd for [C4H;sN,O¢P]™
367.0813.

2,3'-Dideoxyuridin-5"-yl [N-(Pyridin-3-yl)lphosphoramidate (4be).
Yield, 0.12 g (93%). "H NMR (400 MHz) 9y (D,0) 1.90 (1H, m), 2.12
(2H, m), 2.43 (1H, m), 3.93 (1H, m), 4.13 (1H, m), 4.36 (1H, m), 5.64
(1H, d, ] = 8.0 Hz), 6.05 (1H, m), 7.37 (1H, dd, ] = 5.1 and 8.4 Hz), 7.60
(1H, ddd, J = 1.2,2.7,and 8.5 Hz), 7.68 (1H, d, ] = 8.0 Hz), 8.03 (1H, d,
J=4.6Hz),822 (1H,d,]=2.2Hz). *C NMR (100 Hz) d¢ (D,0) 24.5,
30.3,65.7 (d,J = 5.2 Hz), 79.8 (d, ] = 9.4 Hz), 86.0, 101.1, 124.4, 126.2
(d,J=6.2Hz),135.2 (d, ] = 8.1 Hz), 137.7, 139.7, 141.5, 151.0, 165.7.
HRMS m/z 367.0778, caled for [C1,H N,OP]~ 367.0813

Synthesis of Di(1H-1,2,4-triazol-1-yl) [N-(Pyridin-4-yl)]phosphora-
midate 6. To a solution of phosphoryl-tris-(1H-1,2,4-triazole) § in
dioxane (1 mmol/S mL), 4-aminopyridine (equimolar amount) dis-
solved in pyridine (1 mmol/1.25 mL) was added. After 10—20 min,
di(1H-1,2,4-triazol-1-yl) [N-(pyridin-4-yl)Jphosphoramidate 6 started
to precipitate as a white solid. After 1 h, the solvent was decanted, and the
remaining solid was washed with 1,4-dioxane (3x S mL), diethyl ether
(1x 10mL), and dried under vacuum. Yield, 91%. Mp 167—170 °C (not
corrected). "H NMR (400 MHz) 8y (DMSO-dg), 6.95 (2H, d, ] = 6.8
Hz), 8.13 (4H, m), 9.03 (2H, s). "*C NMR (100 MHz) 6 (DMSO-dg),
158.0, 154.4 (d, J = 16.3 Hz), 149.8 (d, ] = 8.2 Hz), 139.6, 118.5 (d, ] =
23.0 Hz). "*P NMR (121 MHz) dp (DMSO, ppm), —14.5 (s); HRMS
(=) m/z 275.0786, calcd for [CoHgNgOP] ™ 275.0559

Procedure for the Synthesis of Nucleoside [N-(Pyridin-4-yl)]Jpho-
sphoramidates 4af and 4bf. To a suspension of di(1H-1,2,4-triazol-1-yl)
[N-(pyridin-4-yl) Jphosphoramidate 6 (2 molar equiv) in pyridine
(1 mmol/12.5 mL) at 75 °C (oil bath), AZT or ddU (1 molar equiv)
dissolved in pyridine (1 mmol/10 mL) was added in five equal portions in
1 min intervals with stirring (magnetic bar). The reaction was continued
for ca. 10 min at 75 °C and cooled down to room temperature, and after a
large excess of water was added (10% v/v), the whole mixture was left for
1 h. The solvent was evaporated (rotary evaporator), and the remaining

oily residue dissolved in water (10 mL/1 mmol of nucleoside) was washed
with methylene chloride (3 x 25 mL/1 mmol of nucleoside), and the
aqueous layer was evaporated. Compounds 4af and 4bf were isolated with
purification procedure B (see above).

3-Azido-3'-deoxythymidin-5"-yl [N-(Pyridin-4-yl)Johosphoramidate
(4af). Yield, 0.50 g, 59%, "H NMR (300 MHz) dy (D,0) 1.85 (3H, s),
2,51 (2H, m), 4.10 (3H, m), 441 (1H, dt, J = 6.0 Hz), 6.13 (1H, t,
J =66 Hz),722 (2H, d, ] = 63 Hz), 7.52 (1H, s), 8.19 (1H, d, ] =
6.3 Hz). "*C NMR (75 MHz) d¢ (D,0), 11.1,35.4, 59.6,64.2 (d, ] = 5.1
Hz), 82.6 (d,J=9.1 Hz), 85.2,111.2,112.2 (d, ] = 7.0 Hz), 137.5, 142.4,
151.3, 155.9, 166.1. HRMS m/z 422.1006, caled for [C,sH,,N,OgP]~
422.0983.

2,3'-Dideoxyuridin-5"-yl [N-(Pyridin-4-yl)]Jphosphoramidate (4bf).
Yield, 0.46 g, 62%. "H NMR (400 MHz) dy; (D,0) 1.90 (1H, m), 2.10
(2H, m), 2.45 (1H, m), 3.92 (1H, dt, ] = 5.6 and 11.6 Hz), 4.13 (1H, dt,
J=32and 11.6 Hz), 4.36 (1H, m), 5.68 (1H, d, ] = 8.0 Hz), 6.05 (1H,
dd, J = 2.8 and 7.2 Hz), 7.05 (2H, d, ] = 6.4), 7.70 (1H, d, ] = 8.0 Hz),
8.17 (2H, d, ] = 6.4). "*C NMR (75 MHz) d¢ (D,0), 24.8, 30.7, 66.1
(d,]= 5.0 Hz), 80.1 (d, J = 9.1 Hz), 86.4, 101.5, 112.1 (d, ] = 7.5 Hz),
1419, 146.6, 151.8, 152.2, 166.6. HRMS m/z 367.0813, caled for
[C14HgN,O¢P] ™ 367.0870.
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Il ABBREVIATIONS USED

AZT, 3'-azido-3'-deoxythymidine; AZTMP, 3'-azido-3'-deox-
ythymidin-5'-yl monophosphate; AZTTP, 3'-azido-3'-deoxythy-
midin-$'-yl triphosphate; DCM, dichloromethane; ddU, 2,3’
dideoxyuridine; DMSO, dimethyl sulfoxide; DPCP, diphenyl
chlorophosphate; DTT, dithiothreitol; ESI, electron spray ioni-
zation; FBS, fetal bovine serum; HRMS, high-resolution mass
spectrometry; NMP, nucleosid-5'-yl monophosphate; RPMI, Roswell
Park Memorial Institute medium; SATE, S-acetyl-thioethyl;
TK, thymidine kinase-deficient

B REFERENCES

(1) Eckstein, F. Nucleoside phosphorothioates. Annu. Rev. Biochem.
1985, 54, 367-402.

(2) Dobrikov, M. L; Grady, K. M.; Shaw, B. R. Introduction of the
a-P-borano-group into deoxynucleoside triphosphates increases their
selectivity to HIV-1 reverse transcriptase relative to DNA polymerases.
Nucleosides Nucleotides Nucleic Acids 2003, 22, 275-282.

(3) Lesnikowski, Z. Stereocontrolled synthesis of P-chiral analogues
of oligonucleotides. Bioorg. Chem. 1993, 21, 127-155.

6489 dx.doi.org/10.1021/jm2001103 |J. Med. Chem. 2011, 54, 6482-6491



Journal of Medicinal Chemistry

(4) Baraniak, J.; Lesiak, K.; Sochacki, M.; Stec, W. J. Stereospecific
synthesis of cyclic adenosine 3',5'-(Sp)-[O18]phosphate. . Am. Chem.
Soc. 1980, 102, 4533-4534.

(5) Lesnikowski, Z.; Niewiarowski, W.; Zielinski, W. S.; Stec, W. J.
2'-Deoxyribonucleotide 3'-aryl phosphoranilidates. Key intermediates
in the stereospecific synthesis of 2'-deoxyribonucleoside cyclic 3',5'-
phosphorothioates and dinucleoside(3'-5’)-phosphorothioates. Tetra-
hedron 1984, 40, 15-32.

(6) Wagner, C. R;; McIntee, E. J.; Schinazi, R. F.; Abraham, T. W.
Aromatic amino acid phosphoramidate di- and triesters of 3'-azido-3'-
deoxythymidine (AZT) are non-toxic inhibitors of HIV-1 replication.
Bioorg. Med. Chem. Lett. 1995, S, 1819-1824.

(7) Nurminen, E.; Lonnberg, H. Mechanisms of the substitution
reactions of phosphoramidites and their congeners. J. Phys. Org. Chem.
2004, 17, 1-17.

(8) Nilsson, J.; Kraszewski, A.; Stawinski, J. Chemical and stereo-
chemical aspects of oxidative coupling of H-phosphonates and H-phos-
phonothioate diesters. Reactions with N,N-, N,O- and O,0,-binucleophiles.
Lett. Org. Chem. 2008, 2, 297-307.

(9) Wagner, C.R;; Iyer, V. V.; McIntee, E. J. Pronucleotides: Toward
the in vivo delivery of antiviral and anticancer nucleotides. Med. Res. Rev.
2000, 20, 417-451.

(10) DPeyrottes, S.; Ergon, D.; Lefebvre, 1; Gosselin, G.; Imbach,
J.-L.; Perigaud, C. SATE pronucleotide approaches: An overview. Mini-
Rev. Med. Chem. 2004, 4, 395-408.

(11) Kafarski, P.; Lejczak, B. Aminophosphonic acids of potential
medical importance. Curr. Med. Chem., Anti-Cancer Agents 2001,
1, 301-312.

(12) Kinas, R; Pankiewicz, K.; Stec, W. J. The synthesis of enatio-
meric cyclophosphamides. Bull. Pol. Acad. Sci. 1975, XXIII, 981-984.

(13) Beaucage, S. L.; Caruthers, M. H. Deoxynucleotide phosphor-
amidites a new class of key intermediates for deoxypolynucleotide
synthesis. Tetrahedron Lett. 1981, 22, 1859-1862.

(14) Gryaznov, S. M; Lloyd, D. H; Chen, J.-K; Schultz, R. G;
DeDionisio, L. A.; Ratmeyer, L.; Wilson, W. D. Oligonucleotide N3'-
PS'phosphoramidates. Proc. Natl. Acad. Sci. U.S.A. 1995, 92, 5798-5802.

(15) Chen, J-K; Schultz, R. G; Lloyd, D. H.; Gryaznov, S. M.
Synthesis of oligodeoxyribonucleotide N3'-PS’ phosphoramidates.
Nucleic Acids Res. 1998, 23, 2661-2668.

(16) Letsinger, R. L,; Singman, C. N.; Histand, G.; Salunkhe, M.
Cationic oligonucleotides. J. Am. Chem. Soc. 1988, 110, 4470-4471.

(17) Cahard, D.; McGuigan, C.; Balzarini, ]. Aryloxy phosphorami-
date triesters as pro-tides. Mini-Rev. Med. Chem. 2004, 4, 371-381.

(18) Tarrago-Litvak, L.; Andreola, M. L.; Fournier, M.; Nevinsky,
G. A,; Parissi, V.; de Soultrait, V. R.; Litvak, S. Inhibitors of HIV-1 reverse
transcriptase and integrase: Classical and emerging therapeutical
approaches. Curr. Pharm. Des. 2002, 8, 125-133.

(19) Hecker, S. J.; Erion, M. D. Prodrugs of phosphates and
phosphonates. J. Med. Chem. 2008, 51, 2328-2345.

(20) Abraham, T. W.; Kalman, T. L; McIntee, E. J.; Wagner, C. R.
Synthesis and biological activity of aromatic amino acid phosphoramidates
of S-fluoro-2'-deoxyuridine and 1-f3-arabinofuranosylcytosine: Evidence
of phosphoramidase activity. J. Med. Chem. 1996, 39, 4569-4575.

(21) Freel Meyers, C. L.; Hong, L.; Joswig, C.; Borch, R. F. Synthesis
and biological activity of novel S-fluoro-2-deoxyuridine phosphorami-
date prodrugs. J. Med. Chem. 2000, 43, 4313-4318.

(22) Iyer, V. V,; Greisgraber, G. W.; Radmer, M. R;; McIntee, E. J.;
Wagner, C. R. Synthesis, in vitro anti-breast cancer activity, and
intracellular decomposition of amino acid methyl ester and alkyl amide
phosphoramidate monoesters of 3'-azido-3'-deoxythymidine (AZT).
J. Med. Chem. 2000, 43, 2266-2274.

(23) Lorey, M,; Meier, C.; De Clercq, E.; Balzarini, J. Cyclo-
saligenyl-S-fluoro-2'-deoxyuridinemonophosphate (cycloSal-FAUMP):
a new prodrug approach for FAUMP-. Nucleosides Nucleotides 1997,
16, 1307-1310.

(24) Freed, J. J.; Farquhar, D.; Hampton, A. Evidence for acylox-
ymethyl esters of pyrimidine 5'-deoxyribonucleotides as extracellular

sources of active $'-deoxyribonucleotide in cultured cells. Biochem.
Pharmacol. 1989, 38, 3193-3198.

(25) Perigaud, C.; Gosselin, G.; Lefebvre, 1; Girardet, J.-L.; Benzaria,
S.; Barber, I; Imbach, J.-L. Rational design for cytosoloc delivery of
nucleoside monophosphates; “SATE” and “DTE” as enzyme labile
transient phosphate protecting groups. Bioorg. Med. Chem. Lett. 1993,
3,2521-2526.

(26) Meier, C; Lorey, M.; De Clercq, E.; Balzarini, . Cyclic saligenyl
phosphotriesters of 2/,3'-dideoxy-2/,3'-didehydrothymidine (d4T): A
new pro-nucleotide approach. Bioorg. Med. Chem. Lett. 1997, 7, 99-104.

(27) Curley, D.; McGuigan, C.; Devine, K. G; O’Connor, T. J;
Jeffries, D. J.; Kinchington, D. Synthesis and anti-HIV evaluation of
some phosphoramidate derivatives of AZT: studies on the effect of chain
elongation on biological activity. Antiviral Res. 1990, 17, 345-356.

(28) McGuigan, C; Pathirana, R. N.; Balzarini, J.; De Clercq, E.
Intracellular delivery of bioactive AZT nucleotides by aryl phosphate
derivatives of AZT. J. Med. Chem. 1993, 36, 1048-1052.

(29) De Clercq, E. New developments in anti-HIV chemotherapy.
Bioch. Biophys. Acta 2002, 1587, 258-275.

(30) Ergon, D.; Imbach, J.-L.; Gosselin, G.; Aubertin, A.-M.; Perigaud,
C. S-Acyl-2-thioethyl phosphoramidate diesters derivatives as mononu-
cleotide prodrugs. J. Med. Chem. 2003, 46, 4564—-4571.

(31) Sobkowska, A.; Sobkowski, M.; Cieslak, J.; Kraszewski, A.; Kers,
L; Stawinski, J. Aryl H-phosphonates. 6. Synthetic studies on the
preparation of nucleoside N-alkyl-H-phosphonamidates. J. Org. Chem.
1997, 62, 4791-4794.

(32) Perrin, D. D. Dissociation Constants of Organic Bases in Aqueous
Solution; Butterworth: London, 1965.

(33) Kers, A,; Kers, L; Stawinski, J.; Sobkowski, M.; Kraszewski, A.
Studies on aryl H-phosphonates. 3. Mechanistic investigations related to
the disproportionation of diphenyl H-phosphonate under anhydrous
basic conditions. Tetrahedron 1996, 52, 9931-9944.

(34) Garegg, P.J.; Regberg, T.; Stawinski, J.; Stromberg, R. Nucleo-
side phosphonates: Part 7. Studies on the oxidation of nucleoside
phosphonate esters. J. Chem. Soc. Perkin Trans. 1 1987, 1269-1273.

(35) Garegg, P. J.; Regberg, T.; Stawinski, J.; Stromberg, R. Studies
on the oxidation of nucleoside hydrogenophosphonates. Nucleosides
Nucleotides 1987, 6, 429-432.

(36) Romanowska, J.; Szymanska-Michalak, A.; Boryski, J.; Stawinski,
J.; Kraszewski, A.; Loddo, R.; Sanna, G.; Collu, G.; Secci, B.; La Colla, P.
Aryl nucleoside H-phosphonates. Part 16: Synthesis and anti-HIV-1
activity of di-aryl nucleoside phosphotriesters. Bioorg. Med. Chem. 2009,
17, 3489-3498.

(37) Hudson, R. F.; Keay, L. The mechanism of hydrolysis of
phosphonochloridates and related compounds. Part I. The effect of
substituents. J. Chem. Soc. 1960, 1859-1864.

(38) Ora, M,; Mattila, K.; Lonnberg, T.; Oivanen, M.; Lonnberg, H.
Hydrolytic reactions of diribonucleoside 3',5’-(3'-N-phosphoramidates):
Kinetics and mechanisms for the P-O and P-N bond cleavage of
3’-amino,-3'-deoxyuridylyl-3',5'-uridine. J. Am. Chem. Soc. 2002, 124,
14364-14372.

(39) Benkovic, S. J.; Sampson, E. J. Structure-reactivity correlation
for the hydrolysis of phosphoramidate monoanions. J. Am. Chem. Soc.
1971, 93, 4009-4016.

(40) Sasaki, Y.; Shukla, R.; Smith, B. D. Facilitated phosphatidylser-
ine flip-flop across vesicle and cell membranes using urea-derived
synthetic translocases. Org. Biol. Chem. 2004, 2, 214-219.

(41) Kraszewski, A.; Stawinski, J. Phosphoryl tris-triazole - a new
phosphorylating reagent. Tetrahedron Lett. 1980, 21, 2935-2936.

(42) Gosselin, G.; Perigaud, C.; Lefebvre, L; Pompon, A.; Aubertin,
A.-M;; Kirn, A; Szabo, T.; Stawinski, J.; Imbach, J.-L. 5’-Hydrogenpho-
sphonates of anti-HIV nucleoside analogues revisited: controversial
mode of action. Antiviral Res. 1993, 22, 143-153.

(43) Hao, Z.; Cooney, D. A,; Farquhar, D.; Perno, C.-F.; Zhang, K;
Masood, R.; Wilson, Y.; Hartman, N. R.; Balzarini, J.; Johns, D. G. Potent
DNA chain termination activity and selective inhibition of human
immunodeficiency virus reverse transcriptase by 2/,3’-dideoxyuridine-
§'-triphosphate. Mol. Pharmacol. 1990, 37, 157-163.

6490 dx.doi.org/10.1021/jm2001103 |J. Med. Chem. 2011, 54, 6482-6491



Journal of Medicinal Chemistry

(44) Wagner, C. R; Chang, S.; Griesgraber, G. W.; Song, H,;
Mclntee, E. J.; Zimmerman, C. L. Antiviral nucleoside drug delivery
via amino acid phosphoramidates. Nucleosides Nucleotides 1999, 18,
913-919.

(4S) Beltran, T.; Ergon, D.; Pompon, A.; Lefebvre, L; Perigaud, C.;
Gosselin, G.; Aubertin, A.-M.; Imbach, J.-L. Rational design of a new
series of pronucleotide. Bioorg. Med. Chem. Lett. 2001, 11, 1775-1777.

(46) Guranowski, A.; Wojdyla, A. M.; Pietrowska-Borek, M.; Bieganowski,
P,; Khurs, E. N; Cliff; M. J; Blackburn, G. M.; Blaziak, D.; Stec, W. J. Fhit
proteins can also recognize substrates other than dinucleoside polyphosphates.
FEBS Lett. 2008, 582, 3152-3158.

(47) Guranowski, A.; Wojdyta, A. M.; Zimny, J.; Wypijewska, A.;
Kowalska, J.; Lukaszewicz, M.; Jemielity, J.; Darzynkiewicz, E.; Jagiello,
A.; Bieganowski, P. Recognition of different nucleotidyl-derivatives as
substrates of reactions catalyzed by various HIT-proteins. New. J. Chem.
2010, 34, 888-893.

(48) Reardon, J. E.; Miller, W. H. Human immunodeficiency virus
reverse transcriptase. Substrate and inhibitor kinetics with thymidine
S'-triphosphate and 3'-azido-3'-deoxythymidine S'-triphosphate. J. Biol.
Chem. 1990, 265, 20302-20307

(49) Romanowska, J.; Szymarska-Michalak, A.; Pietkiewicz, M.;
Sobkowski, M.; Boryski, J.; Stawinski, J.; Kraszewski, A. A new, eflicient
entry to non-lipophilic H-phosphonate monoesters: preparation of anti-
HIV nucleotide analogues. Lett. Org. Chem. 2009, 6, 496-499.

(50) Pauwels, R.; Balzarini, J.; Baba, M.; Snoeck, R.; Schols, D.;
Herdewijn, P.; Desmyter, J.; De Clercq, E. Rapid and automated
tetrazolium-based colorimetric assay for the detection of anti-HIV
compounds. J. Virol. Methods 1988, 20, 309-321.

(51) Viscidi, R.; Farzadegan, H.; Leister, F.; Francisco, M. L.; Yolken,
R. Enzyme immunoassay for detection of human immunodeficiency
virus antigens in cells cultures. J. Clin. Microbiol. 1988, 26, 453-458.

6491

dx.doi.org/10.1021/jm2001103 |J. Med. Chem. 2011, 54, 6482-6491



