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ABSTRACT

Sugar nucleoside diphosphates have been prepared using an efficient phosphate coupling reaction that employs a highly reactive zwitterionic
phosphoramidate intermediate as the phosphorylating species.

The study of complex glycosylation pathways in a variety
of important biological processes requires access to the sugar
nucleoside diphosphate substrates of glycosyltransferases.
Many of the current strategies for the preparation of sugar
nucleoside diphosphates employ lengthy and complex en-
zymatic or chemical methods.1 In most cases, long reaction
times and tedious purification are required, and the reactions
are generally moderate to low yielding. We have developed
an efficient, novel one-pot synthesis of sugar nucleoside
diphosphates that can be extended to the preparation of
nucleoside triphosphates.

The chemical rationale for this strategy of diphosphate
preparation is based upon previous studies carried out in our
laboratory that have elucidated the activation mechanisms
of haloethyl and halobutyl nucleoside phosphoramidate
prodrugs under model physiologic conditions.2,3 Following

chemical activation of the phosphoramidate ester to the
corresponding anion, cyclization occurs to give a highly
reactive aziridinium or pyrrolidinium ion intermediate (1 and
2, Scheme 1). Nonselective nucleophilic attack by water at
carbon or phosphorus of aziridinium ion1 is observed;
solvolysis product3 and nucleotide (NMP) are formed in a
1:1 ratio. In contrast, phosphoramidate prodrugs that undergo
activation to give pyrrolidinium ion intermediate2 react with
water solely at phosphorus to give the nucleotide (NMP) as
the exclusive product. It was hypothesized that this phos-
phoramidate prodrug activation chemistry could be exploited
for the nonaqueous preparation of nucleoside diphosphates
and triphosphates (4). We report herein the preparation of
TDP-Glc and TDP-Rha using this novel methodology.

The kinetics and mechanism of the phosphate coupling
reaction were initially studied using tetrahydrofurfuryl ha-
lobutyl phosphoramidate54 (Scheme 2) and commercially
availableâ-D-glucose 1-phosphate. Generation of the phos-
phoramidate anion in situ from the benzyl ester was
accomplished by hydrogenolysis in anhydrous THF at room
temperaturNe (Scheme 2). The phosphate coupling reactions
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were carried out at room temperature under an atmosphere
of argon in pyridine and were monitored using31P NMR.

Under these conditions,N-methyl-N-(2-chlorobutyl) tet-
rahydrofurfuryl phosphoramidate6 reacted withâ-D-glucose
1-phosphate to give the desired diphosphate8 as the major
product (65%, Figure 1 and Scheme 2). Byproducts arising
from the reaction of the zwitterionic intermediate (7, Scheme
2) with trace water present in the reaction mixture were also
observed. Tetrahydrofurfuryl monophosphate9 (13%) formed
via hydrolysis of7 underwent subsequent reaction with the
pyrrolidinium ion intermediate to form dimeric product10
(11%). It is important to note that caution must be exercised
during the hydrogenolysis reaction; increasing the concentra-
tion of the reaction mixture results in the formation of “self-
condensation” product11 (11%). Reactions carried out using
an excess of phosphoramidate anion also favor formation of
11 as expected.

Tetrabutylammonium chloride (TBAC) was added to
increase the solubility of the sugar phosphate in the organic

solvent. It is of interest to note that the rate of cyclization of
phosphoramidate anion6 to pyrrolidinium ion intermediate
7 is dependent upon the concentration of TBAC. Phosphate
coupling reactions carried out in pyridine in the presence of
1 equiv of TBAC exhibited a slower rate of cyclization (t1/2

) 16 min) when compared to reactions carried out with 3
equiv of TBAC (t1/2 ) 5.8 min). Presumably, the resulting
increase in ionic strength of the reaction medium increases
the rate of cyclization to the reactive intermediate.

Additional mechanistic studies of phosphate coupling
reactions using haloethyl phosphoramidates were carried out

Scheme 1a

a Reagents and conditions: (a) H2, Pd/C, THF, rt, 15 min; (b)
TEA.

Figure 1. 31P NMR kinetics carried out for phosphoramidate anion
7: 1 equiv of TBAC, pyridine, rt (ref) triphenylphosphine oxide).

Scheme 2a

a Reagents and conditions: (a) H2, Pd/C, THF, rt, 5 min; (b)
pyridine, TBAC,â-D-glucose 1-phosphate, rt.
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with N-methyl-N-(2-bromoethyl) thymidyl phosphoramidate
12 (Scheme 3). Interestingly, compound12 reacted under

these conditions to form two major products: the desired
diphosphate TDP-Glc and five-membered ring product14
(Scheme 3). Nucleophilic attack by the phosphate moiety at
the carbon of the aziridinium ion was not observed. Kinetic
analysis of the reaction leading to the formation of cyclized
product14 suggests that this product arises from intramo-
lecular O-alkylationfollowing formation of the aziridinium
ion (13).5 Formation of product14 represents an undesirable
pathway and necessitates a larger excess of phosphoramidate
starting material to ensure complete conversion of the sugar
phosphate to product; thus, the halobutyl phosphoramidate
was used for the preparation of model sugar nucleoside
diphosphate TDP-Glc and ultimately TDP-Rha.

The synthesis ofN-methyl-N-(2-chlorobutyl) thymidyl
phosphoramidate19 is shown in Scheme 4.N-methyl-N-(2-
chlorobutyl)amine hydrochloride used for the preparation of
19 has previously been synthesized according to Kuznetsov
et al.;6 however, purification of the intermediate amino
alcohol is tedious and yields are low. An alternative synthesis
of halobutylamine hydrochloride17 is reported here (Scheme
4) and employs a modified procedure of Beaucage et al.7

Briefly, reaction ofγ-butyrolactone with excess condensed
methylamine proceeds quantitatively to amide15 in <1 h.
Lithium aluminum hydride reduction of amide15 followed

by reaction of the resulting amino alcohol16 with thionyl
chloride3 provides the desired halobutylamine hydrochloride
17 in 65% overall yield.

Phosphoramidate19 was synthesized according to the
procedure reported for the preparation of structurally similar
haloethyl phosphoramidates (Scheme 4).8 Briefly, this method
involves the in situ generation of reactive phosphorus III
intermediate 18. Phosphorylation of the nucleoside by
titration with the phosphorus III intermediate followed by
oxidation withtert-butyl hydroperoxide proceeds in 70-80%
overall yield.

The preparation of TDP-Glc was subsequently achieved
on a > 20 µmol scale using excessN-methyl-N-(2-chlo-
robutyl) thymidyl phosphoramidate19 (Scheme 5). Phos-
phoramidate19was activated by hydrogenolysis in THF over
1.5 h. â-D-Glucose 1-phosphate and TBAC were then
dissolved in dry pyridine and added to the hydrogenolysis
reaction mixture. THF was removed under reduced pressure,
and the mixture was stirred at room temperature for 1 h.
Typically, >90% conversion ofâ-D-glucose 1-phosphate to
TDP-Glc was observed by31P NMR. Self-condensation
product and small amounts of hydrolysis products in addition
to unreactedâ-D-glucose 1-phosphate were also observed
by 31P NMR. Conversion of the crude product mixture to
the ammonium salts was accomplished on DOWEX 50W-
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Scheme 3a

a Reagents and conditions: (a) â-D-glucose 1-phosphate, TBAC,
pyridine, rt.

Scheme 4a

a Reagents and conditions: (a) MeNH2, rt, 1.5 h; (b) lithium
aluminum hydride, THF, rt, 2 h min; (c) Na2SO4‚10H2O; (d) HCl(g),
CH2Cl2, rt; (e) SOCl2, CH2Cl2, 0 °C to rt, 4 h; (f) benzyl alcohol,
iPr2NEt, CH2Cl2, -78 °C, 15 min; (g) 17, iPr2NEt, CH2Cl2, -78
to -60 °C, 20 min; (h) thymidine, pyridine,-45 °C (titration); (i)
t-BuOOH, -45 ° to 0 °C, 30 min.
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X8. Facile purification was achieved by C18 chromatography
(50 mM NH4OAc, pH5.5) following ion exchange to give
TDP-Glc in 77% yield (91% yield based on recovered
glucose 1-phosphate).

Finally, this methodology has been extended to the
preparation of thymidine 5′-diphospho-â-L-rhamnose (TDP-
Rha), a nucleotide sugar utilized by bacterial glycosyltrans-
ferases.9 An investigation of the chemical synthesis of TDP-
Rha using standard methods was carried out by Thorson et
al.,1h and an alternative synthetic route was developed
employing a reactive TMP-imidazolide phosphorylating
agent. A comparison of the strategy reported here to the
procedures described by Thorson reveals that coupling of
rhamnose 1-phosphate to halobutyl nucleoside phosphor-

amidate20 (Scheme 5) proceeds more rapidly (<1 h) than
TMP-morpholidate or TMP-imidazolide phosphate coupling
reactions, and conversion to the desired product is more
efficient (97% yield based on recovered rhamnose 1-phos-
phate). Furthermore, it is important to note that the method
of purification described here allows for facile recovery of
unreacted sugar phosphate.

In summary, advances made in our laboratory toward the
design of nucleotide prodrugs have led to the development
of a novel strategy for the phosphorylation of phosphate
moieties under nonaqueous conditions. Both haloethyl and
halobutyl phosphoramidates were investigated as potential
phosphorylating reagents; the halobutyl nucleoside phos-
phoramidate anion undergoes a highly efficient phosphate
coupling reaction via a reactive pyrrolidinium ion intermedi-
ate. Preliminary results suggest that this strategy can be
extended to the preparation of nucleoside triphosphates, a
class of compounds for which there is no broadly applicable
synthetic method.10 Extension of this method to the synthesis
of nucleoside triphosphates is currently under investigation.
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Scheme 5a

a Reagents and conditions: (a) H2, Pd/C, THF, rt, 1.5 h; (b) â-D-
glucose 1-phosphate, pyridine, TBAC, rt, 1 h.
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