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ABSTRACT

A novel method for the preparation of nucleoside triphosphates has been developed. The strategy employs a highly reactive pyrrolidinium
phosphoramidate zwitterion intermediate that undergoes efficient coupling with tris(tetra-n-butylammonium) hydrogen pyrophosphate to generate
nucleoside triphosphate.

Nucleoside 5′-triphosphates are a class of very important
compounds in biological systems. Naturally occurring deoxy-
ribo- and ribonucleoside triphosphates are the basic building
blocks for enzymatic synthesis of DNA and RNA in vivo
and in vitro. Modified nucleoside triphosphates have received
much attention in searches for potential therapeutic and
diagnostic agents and in the study of numerous biochemical
and pharmacological processes. As a result, a number of
methods have been developed for the preparation of nucleo-
side triphosphates and their analogues (see ref 1 for a
review).1 The widely used method of “one-pot, three-step”
nucleoside triphosphate synthesis developed by Ludwig2 and
others3 involves generation of nucleoside dichlorophosphate
via Yoshikawa’s procedure,4 followed by reaction with bis-
(tri-n-butylammonium) pyrophosphate. However, it is not
applicable to all nucleoside derivatives, especially for triphos-

phorylation of nucleoside analogues bearing modified bases
sensitive to Yoshikawa’s phosphorylation procedure.5 Other
widely used multistep methods rely upon the use of activated
nucleoside monophosphates such as unsubstituted phosphor-
amidate,6 morpholidate,7 or imidazolidate8 that undergo
subsequent displacement with pyrophosphate. In most cases,
the final transformation to triphosphate is slow (one to several
days), and the yields are generally moderate. We have
developed a novel method for the synthesis of nucleoside
triphosphates employing a highly reactive pyrrolidinium
phosphoramidate zwitterion intermediate3 that undergoes
fast and efficient coupling with tris(tetra-n-butylammonium)
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hydrogen pyrophosphate to generate the corresponding
nucleoside triphosphates (Scheme 1).

This approach is based upon the detailed investigation of
the activation mechanisms of nucleoside phosphoramidate
prodrugs developed in this lab for the intracellular delivery
of anticancer and antivirus nucleotides.9 The reactivity of
the zwitterionic phosphoramidate intermediate3 toward
different nucleophiles following chemical activation of the
phosphoramidate ester1 has also been studied and has led
to the development of a novel strategy leading to the
formation of nucleotides,9 nucleoside sugar diphosphates,10

and the immobilization of nucleotides on solid supports11

(Scheme 1). The strategy is now extended to the preparation
of nucleoside triphosphates, and we report herein the
preparation of triphosphates of both natural and modified
nucleosides from the corresponding nucleoside phosphor-
amidates.

Preliminary experiments were carried out with thymidine
phosphoramidate4aas the model compound, and the results
are shown in Figure 1 and Table 1. Generation of the

phosphoramidate zwitterion intermediate in situ was ac-
complished quantitatively by catalytic hydrogenolysis with
palladium on activated carbon in anhydrous THF at room
temperature (Scheme 2 and spectra a and b in Figure 1).10,11

Following filtration of the catalyst, the pyrophosphate
coupling reaction was carried out by the addition of either
bis(tri-n-butylammonium) pyrophosphate7b,12or tris(tetra-n-
butylammonium) hydrogen pyrophosphate13 (TBAPP) to the
above phosphoramidate zwitterion solution. The coupling
reaction with bis(tri-n-butylammonium) pyrophosphate took
4 h to complete, and thymidine triphosphate was formed in
85% conversion judged by31P NMR (Table 1, entry 1). The
major byproduct was thymidine monophosphate, formed by
reaction of the phosphoramidate zwitterion intermediate with
trace water present in the reaction mixture. However, the
reaction carried out with tris(tetra-n-butylammonium) hy-
drogen pyrophosphate was very rapid, resulting in quantita-
tive triphosphate conversion within 10 min with no formation
of hydrolysis product (Table 1, entry 2; also see spectrum c
in Figure 1).14,15 This observation is in accordance with the
report of Davisson et al.13 that the nucleophilicity of
trialkylammonium pyrophosphates is reduced compared with
that of the tetraalkylammonium salts.
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Scheme 1

Figure 1. 31P NMR of nucleoside triphosphate formation from
nucleoside phosphoramidate at room temperature (ref) tri-
phenylphosphine oxide): (a) nucleoside phosphoramidate; (b)
activated phosphoramidate after catalytic hydrogenolysis; and (c)
10 min after addition of TBAPP.

Table 1. Reaction Conditions and Yields for Nucleoside
Triphosphates Synthesis

entry starting cpd reaction conditions product, yield

1 4a Pd/C, THF, 2 h;
(HNBu3)2H2P2O7, 4 h

5a, 85%a

2 4a Pd/C, THF, 2 h;
(NBu4)3HP2O7, 10 min

5a, 100%a

3 4a Pd/C, THF, 2 h;
(NBu4)3HP2O7, 30 min

5a, 77%b

4 4c Pd/C, THF, 2 h;
(NBu4)3HP2O7, 30 min

5c, 69%b

5 4b Pd/Al2O3, DMF, 1 h;
(NBu4)3HP2O7, 30 min

5b, 75%b

6 4d Pd/Al2O3, DMF, 1 h;
(NBu4)3HP2O7, 30 min

5d, 71%b

7 4e Pd/Al2O3, DMF,c 1 h;
(NBu4)3HP2O7, 30 min

5e, 55%b

a Conversion based on31P NMR. b Isolated yield.c 5% (v/v) water was
added to the reaction mixture following catalytic hydrogenolysis
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On the basis of the above results, the scope and applicabil-
ity of this approach toward preparation of triphosphates of
both natural and modified nucleoside analogues were ex-
amined (Scheme 2 and Table 1). Among the nucleotide
analogues shown in Scheme 2, ribavirin (1-â-D-ribofurano-
syl-1,2,4-trizaole-3-carboxamide) triphosphate (RTP,5d) and
Ara-C (1-â-D-arabinofuranosyl cytosine, Cytarabine) triphos-
phate (Ara-CTP,5e) were chosen because of their importance
in the antiviral16 and antitumor17 therapeutic treatment as well
as for the study of numerous biochemical and pharmacologi-
cal processes. Application of this approach to the synthesis
of these nucleoside triphosphates was successful for uridine
(Table 1, entry 4) but met with limited success in the case
of 2′-deoxycytidine, ribavirin, and Ara-C. Poor mass recov-
eries were obtained presumably due to poor solubility of the
starting phosphoramidates and products and the significant
adsorption on Pd/C catalyst. Use of palladium on alumina
as hydrogenolysis catalyst resulted in both decreased adsorp-
tion of the nucleoside analogue and an increase in the rate

of hydrogenolysis (Table 1, entries 5, 6, and 7). The reaction
solvent was changed to DMF in an effort to increase the
solubility of the cytosine analogues. Both hydrogenolysis and
pyrophosphate coupling proceeded smoothly in DMF, and
gave essentially quantitative conversion to nucleoside tri-
phosphate as judged by31P NMR.18 Addition of water (5%
v/v) to the reaction mixture following catalytic hydrogenoly-
sis of the Ara-C phosphoramidate was necessary to facilitate
filtration of the reaction intermediate, and the pyrophosphate
coupling still proceeded smoothly and afforded only a small
amount of hydrolysis product.

A simple purification procedure employing Q Sepharose
FF, a medium pressure anion exchanger, was developed to
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(18) We also explored this catalyst and solvent (Pd/alumina/DMF) on
the coupling reaction ofâ-D-glucose-1-phosphate with thymidine phosphor-
amidate in the presence of tetrabutylammonium chloride. The coupling
reaction gave a very clean31P NMR with no formation of hydrolysis
byproduct even in the presence of water.

Scheme 2a

a Reagent and conditions: (a) for4a and4c, H2, Pd/C, THF, 2
h; for 4b, 4d, and4e, H2, Pd/alumina, DMF, 1 h; (b) for4a and
4c, (NBu4)3HP2O7, THF, 30 min; for4b, 4d, and4e, (NBu4)3HP2O7,
DMF, 30 min.

Scheme 3a

a Reagent and conditions: (a) HOBT, pyridine, THF, 4 h, rt; (b)
N-methylimidazole, pyridine/THF, 6-24 h, rt; (c) for 9c, C6H5-
CH2OH, LiHMDS, THF, -70 to -40 °C, 1 h; for 9d and 9e,
C6H5CH2OH, DMAP, THF, overnight, rt; (d) HCl, pH 2.0, CH3CN/
H2O (1:1), 4-24 h, rt; then NH3HCO3, pH 8.0, CH3CN/H2O (1:1),
2-24 h, rt; (e) Pd(PPh3)4, p-C6H4SO2Na, THF/H2O (2:1), 1 h, rt.
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purify the triphosphate. All triphosphates described in this
study were rapidly and easily purified by using a linear
gradient of 50 to 500 mM ammonium bicarbonate (pH 7.8)
at room temperature and were judged pure by HPLC,1H,
13C, and31P NMR. Where available, commercial materials
were used for comparisons with synthetic materials by HPLC
and spectral analysis. The isolated yields of purified nucleo-
side triphosphates ranged from 55% to 77% (Table 1).

Thymidine and deoxycytidine phosphoramidates4a and
4b were synthesized according to the reported phosphor-
amidite procedure;9a,c however, the same method failed to
give reasonable results for synthesis of ribonucleoside
phosphoramidates due to poor solubility and serious com-
plications when starting from unprotected ribonucleosides.9d

Thus, protection of the 2′,3′ hydroxyl groups of the ribose
moiety was necessary for synthesis of uridine and ribavirin
phosphoramidates4c and 4d. The 2′,3′-O-methoxymeth-
ylidene protective group19 proved to be an ideal choice,
because it is stable under the reaction conditions and can be
removed without cleaving the acid labile phosphoramidate.
2′,3′-O-protected uridine6c and ribavirin6d were prepared
according to the reported procedure5,20 in 92% and 84% yield,
respectively. The protected nucleosides6c and 6d were
reacted with phosphorylating agent8,21 generated in situ from
phosphorodichloridate7 and 1-hydroxybenzotriazole (HOBT),
to give benzotriazolyl phosphoramidate9c and9d in 75%
yield. The OBT moiety was displaced by benzyl alcohol in
the presence of LiHMDS (for9c) or DMAP (for9d) to give
10cand10d. 2′,3′-O-Methoxymethylidene protecting groups
were removed under very mild conditions involving hy-
drolysis at pH 2.0 and then at pH 8.019,20to afford the desired

phosphoramidates4cand4d in 69% yield (two steps). Ara-C
phosphoramidate4e was synthesized by using the same
approach starting fromN-allyloxycabonyl (AOC) protected
nucleoside6e.9d Selective phosphorylation of6e on the 5′-
hydroxyl group with reagent8 was achieved to afford
benzotriazolyl phosphoramidate9e in 71% yield. Displace-
ment of the OBT group with benzyl alcohol in the presence
of DMAP gave phosphoramidate10ein 68% yield. Finally,
compound10ewas deprotected by using palladium chemistry9d

to give the desired phosphoramidate4ein 84% yield (Scheme
3).

In summary, a novel method for the synthesis of nucleo-
side triphosphates has been developed. The approach de-
scribed here employs a highly reactive pyrrolidinium phos-
phoramidate zwitterion intermediate that undergoes an
efficient coupling reaction with tris(tetra-n-butylammonium)
hydrogen pyrophosphate to generate the corresponding
nucleoside triphosphate. Reaction conditions for activation
of the nucleoside phosphoramidates and subsequent coupling
with pyrophosphate have been optimized, and this method
has been applied to the synthesis of triphosphates of both
natural and unnatural nucleoside analogues. This approach
would have advantage in the synthesis of triphosphates of
unnatural nucleosides with modified bases, particularly azoles
bearing a carboxamide substituent, where side reactions occur
and yields are poor when using nonenzymatic methods.5 It
should complement the existing methods for the synthesis
of nucleoside triphosphates, an important class of compounds
for which there is no broadly applicable methodology.1
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