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ABSTRACT

A protected, unsymmetrical bismethylene triphosphate analogue was prepared by sequential Michaelis −Arbuzov reactions on ethyl
bis(halomethyl)phosphinates. This species was monodeprotected at one of the terminal phosphonate groups in high yield. The resulting
monodeprotected compound was used to achieve the first syntheses of the bismethylene triphosphate analogues of UTP and CTP.

Polyphosphorylated compounds, such as nucleotides, co-
enzymes, vitamins, and isoprenoids, are widespread in nature
and have key roles in numerous biological functions. Non-
hydrolyzable polyphosphate analogues have been used
extensively as probes and inhibitors of enzymes and other
proteins that bind or hydrolyze polyphosphates.1 The meth-
ylene group figures prominently among the various groups
that have been used to replace the labile pyrophosphate
oxygens. Although methylene analogues of diphosphates are
readily constructed, the synthesis of bismethylene triphos-
phate (BMT) analogues still represents a considerable
challenge.2 BMT derivatives are usually prepared by reacting
a nucleophile with trimetaphosphate13 or, more commonly,

by reacting alkylammonium salts of2 with tosyl ester
acceptors1e-h,4a,b (Scheme 1). However, these reactions

proceed in very low yields and usually require a lengthy and
difficult purification. An alternative approach is to couple
the monoacid of a protected BMT of type3 to an acceptor
(Scheme 2). The advantage of this route is that the purifica-
tion issues encountered using the approaches outlined in
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Scheme 1 are for the most part overcome since purification
of the coupled product is readily accomplished with flash
chromatography. The final BMT derivative is obtained after
deprotection of the coupled product under mild conditions.
This route, pioneered by Mioskowski and co-workers, has
been used to prepare BMT analogues of AZT,5 thiamine
triphosphate,6 and Ap3A and Gp3A.2 The AZT analogue was
recently used to obtain antibodies against AZT triphosphate.7

The tetrabenzyl derivative4 was used for these studies and
the benzyl groups were removed at the end of the syntheses
with TMSBr5,6 or by hydrogenolysis.1 Although this route
appears attractive, the synthesis of compound4 and its
precursor, symmetrical pentabenzyl ester5 (Scheme 3), has

been fraught with difficulties which limits the appeal of this
approach. For example, Saady et al. reported that5 could
be selectively monodeprotected at one of the terminal
phosphonate moieties in 95-97% yield with 1 equiv of
DABCO or quinuclidine in refluxing toluene (Scheme 3).8

However, it was later reported that this reaction gives a
mixture of 4 and 6 that could not be separated.5,6 Conse-
quently, a mixture of4 and6 was used to prepare BMT’s of
thiamine and AZT.5,6 After complete deprotection of the
coupled products the resulting regioisomers were separated
by HPLC. This approach would be considerably improved
if a highly selective monodeprotection of one of the terminal
phosphonates of compound5 could be achieved. If this is

not possible, then an alternative would be to prepare an
unsymmetrical BMT (R1 * R2 in Scheme 4) since this would

allow for the selective cleavage of one of the terminal esters.
Methyl and ethyl protecting groups should be applicable
since TMSBr can also readily remove such esters. Here we
report a straightforward synthesis of5 and our attempts to
achieve a selective deprotection of one of its terminal
phosphonate moieties. We also report the synthesis of the
unsymmetrical BMT7 via sequential Michaelis-Arbuzov
reactions on bishalomethylene phosphinates. A highly selec-
tive deprotection of the terminal methylphosphonate moiety
in 7 yielded monodeprotected8 that was used for the first
synthesis of the BMT analogues of UTP and CTP.

Due to the conflicting reports on the monodeprotection
of 5, we initiated our studies by preparing5 and determining
if a selective monodeprotection of one its terminal benzyl
groups could be achieved. Saady et al. reported that benzyl
derivative 5 could be prepared in a 71% yield by a
Michaelis-Arbuzov reaction between benzyl bischloro-
methylphosphinate (9) with 4 equiv of tribenzyl phosphite
(TBP) at 6-10 Torr at 140°C (Scheme 5).9 However, Mons

et al. stated that the synthesis of5 using this approach is
difficult to reproduce.10 This is due to a competing reaction
of the in situ generated benzyl chloride with TBP. The TBP
is rapidly consumed by reaction with benzyl chloride unless
the benzyl chloride is efficiently removed from the reaction
mixture as it is formed.9 Consequently, these workers
reported an alternative approach to5 by first preparing
selenophosphonate10and then reacting the anion of10with
N,N-dimethylphosphonamidous dichloride, followed by reac-
tion with benzyl alcohol and then oxidation with MCPBA
(Scheme 5). A yield of 37% was reported over these three
steps.2,10
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We initially examined the selenophosphonate route2,10 to
prepare5. However, in our hands, this procedure gave5 in
yields <10%. Consequently, we decided to examine Saady
et al.’s original approach using tribenzyl phosphite and
phosphinate9.9 Using the conditions reported by Saady et
al.9 mentioned earlier only trace amounts of5 were obtained.
Nevertheless, it was found that by reacting9 in the presence
of 6.5 equiv of tribenzyl phosphite at 155°C and 0.05 Torr
for 16 h, a mixture of5, 11, and dibenzyl benzylphosphonate
could be obtained, which was separated by careful chroma-
tography (Scheme 6).11 Phosphinate11 was then reacted

again in a similar manner with 4 equiv of tribenzyl phosphite
to give5 in an overall 52% yield (Scheme 6). Although this
procedure yielded5, it was tedious and the separation of5
from dibenzyl benzylphosphonate and11 required several
columns. Consequently, an alternative route to5 was
developed (Scheme 7). Ethyl derivative13 was readily

prepared in 85% yield by reaction of phosphinate12 with
triethyl phosphite (TEP).12a,bReaction of13 with 7.5 equiv
of TMSBr followed by treatment with MeOH and then
reaction of the resulting crude acid with 10 equiv of
tribenzylorthoformate at 150°C for 3 h gave compound5
in a 70% yield (from compound13).13 Purification by column
chromatography was straightforward and compound5 was
consistently obtained in good yield even on a multigram
scale. The selective removal of a terminal benzyl group in5
was first attempted with the conditions described by Saady
et al. (1.0 equiv of DABCO or quinuclidine in toluene, reflux
2 h).8 However, in our hands, this gave a complex mixture

of products. After some experimentation, we found that a
mixture of4 and6 in a 4:1 ratio could be obtained in a 67%
yield by reacting5 with 1.0 equiv of DABCO in benzene at
60 °C for 6 h. We also attempted the selective removal of
one of the terminal benzyl groups using a variety of
nucleophiles (NaI, LiBr, thiols, amines) in a variety of
solvents; however, all of these procedures gave inseparable
mixtures of4 and6, which is consistent with the results of
Brossette et al. and Klein et al.5,6 Consequently, we decided
to prepare unsymmetrical BMT7.

Our approach to7 was by sequential Michaelis-Arbuzov
reactions on ethyl bis(halomethyl)phosphinates (Scheme 8).

Compound15 was easily prepared in a 54% yield with the
procedure of Medved et al., which involved reacting12with
1.8 equiv of TEP at 175°C for 7 h.14 However, attempts to
produce unsymmetrical BMT7 by reaction of 15 with
refluxing excess trimethyl phosphite (TMP) were not suc-
cessful due to the low reactivity of15 at this temperature.15

Therefore, bromo and iodo derivatives16 and 18 were
prepared anticipating that these would be more reactive than
15. Iodo phosphinate18 was prepared in 59% yield by
reacting ester12with KI in DMF at 105°C for 3 h.16 Bromo
derivative16 has never before been reported. However, it
was easily prepared by reacting1417 with thionyl bromide
in refluxing CHCl3 for 6-7 h and then reacting the crude
phosphinyl bromide with ethanol in the presence of triethyl-
amine (61% yield, 2 steps). Reaction of16 with 1.8 equiv
of TEP at 150°C for 2 h gave bromo derivative17 in 56%
yield while reaction of18 with 5 equiv of TEP at 150°C
for 75 min gave iodo derivative19 in 52% yield. Reaction
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of iodo derivative19 with excess TMP at 125°C gave
compound7 in a 72% yield. However, this reaction was
tedious to perform since the methyl iodide produced in the
reaction rapidly converted all of the TMP to dimethyl
methylphosphonate well before the reaction was complete.
Addition of more TMP resulted in an increase in byproducts.
To obtain reasonable yields, the reaction had to be monitored
by 31P NMR and when the TMP was consumed the reaction
was cooled to room temperature and the dimethyl meth-
ylphosphonate removed by high vacuum rotary evaporation.
More TMP was then added and the reaction continued and
this process was repeated until all of19 was consumed. The
reaction of bromo derivative17 with excess TMP at 130°C
gave a similar yield of compound7. However, dimethyl
methylphosphonate was produced at a much lower rate and
the reaction was much easier to perform. Selective depro-
tection of7 was achieved by reaction with 1.0 equiv of KCN
in DMF at 70 °C for 5 h followed by conversion of the
potassium salt to the free acid by passage through a Dowex
H+ ion exchange column. This gave acid8 in 90% yield.
Alternatively, 8 could be obtained in a 90% yield as its
triethylammonium salt (8a) by reacting7 with 1.2 equiv of
PhSH and 3 equiv of Et3N in THF at room temperature for
24 h.

To determine if compound8 or 8a could be used in the
synthesis of BMT’s of biomolecules,8 was coupled to 2′,3′-
O,N3-tribenzoyluridine (20) via a Mitsunobu reaction to give
compound22 in a 79% yield (Scheme 9). Surprisingly, we
failed to obtain coupled product23 when reacting8 with
2′,3′-O,N4-tribenzoylcytidine (21) under the same conditions.
However, employing the triethylammonium salt8aand using
modified Mitsunobu conditions18 the desired coupled product
23 was obtained in 61% yield. Complete deprotection of22
and23 was achieved by subjecting them to TMSBr for 24 h
followed by treatment with aq NH4OH-MeOH.19 The nega-
tive electrospray mass spectra of the crude deprotected

products suggested that some cleavage of the BMT moiety
from the nucleoside had occurred, most likely during the
TMSBr reaction. Nevertheless, after purification by RP-
HPLC and conversion to their sodium salts with a Dowex
Na+ ion-exchange resin, pure uridine and cytidine BMT’s
24and25were obtained in 62% and 50% yield, respectively.

In summary, straightforward syntheses of the symmetrical
BMT 5 and unsymmetrical BMT7 were developed. A
selective monodeprotection could not be accomplished with
5 but was readily achieved in high yield with7. The resulting
monodeprotected compounds8 and8a were used to effect
the first syntheses of the BMT analogues of UTP (24) and
CTP (25). This approach should be readily applicable to the
synthesis of other BMT derivatives of biological interest.
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