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Synthesis and properties of a novel phosphodiester analogue, nucleoside
boranophosphorothioate
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The first boranophosphorothioate [(RO)2P(S)(BH3)2]
mimic of a phosphodiester compound, dithymidine bor-
anophosphorothioate, has been synthesized; while it is water
soluble, this new analogue is more lipophilic and nuclease
resistant than natural nucleoside phosphodiesters
[(RO)2P(O)(O)2] and phosphorothioates [(RO)2P(S)(O)2].

Novel oligonucleotide analogues are currently attracting atten-
tion as probes in biochemistry and molecular biology1 and as
possible therapeutic agents against cancer and viral diseases.2
An impressive variety of these analogues3 have been developed
as potential therapeutic drugs for ‘antisense’ and ‘antigene’
targeting of specific genes to modulate their expression.4 Of
these modified oligonucleotides, the nucleoside phosphoro-
thioates5 and nucleoside boranophosphates6 (Fig. 1) are among
the most promising because they are resistant to nucleases and
support RNase H induced cleavage7 of the complementary
messenger RNA. Nearly a dozen phosphorothioate oligonucleo-
tides are now in clinical trials.8 By structurally combining the
phosphorothioate and boranophosphate backbones, we have
created a new phosphodiester analogue, the boranophosphoro-
thioate, [SNP–BH3]2, wherein the two nonbridging oxygen
atoms of a phosphodiester group are replaced with a sulfur atom
and borane group.

Here, we report the first example of a novel boranophosphoro-
thioate compound, specifically the dithymidine boranophos-
phorothioate, its synthesis and properties.

The general procedure for the synthesis of dinucleoside
boranophosphorothioates is outlined in Scheme 1. 5A-O
Fluorenylmethoxycarbonyl (Fmoc)-thymidine9 was phosphityl-
ated with (Pri

2N)2PCl catalyzed by DMAP to give 1. Phosphite
1 was treated in situ with 3A-O-acetylthymidine and tetrazole in
DMF to give 2. To the above mixture, 4-nitrophenol and
tetrazole in DMF were added to yield 3, which was then treated
with excess BH3·SMe2 complex to afford the phosphite–borane

4 with 31P NMR signal at dP 116.6 (br). Dry 4 was reacted with
Li2S to give 5 (broad 31P NMR signal at dP 161.0) which was
converted to 6 with conc. NH4OH–MeOH (1 : 1) at room
temperature. The crude mixture was purified by ion-exchange
column chromatography on QA-52 (HCO3

2) cellulose to give 6
as the ammonium salt and isolated by HPLC. The overall yield
of dithymidine boranophosphorothioate 6 (TSpBT) was about
28%. Successful separation of the two diastereomers (RP and
SP) of 6 was achieved by reverse-phase HPLC. The first eluted
isomer TSpBT I (6a) and the second eluted isomer TSpBT II (6b)
were characterized by 31P and 1H NMR.10 The Li2S method
used above should be applicable to the synthesis of other
boranophosphorothioates including [35SNP–BH3]2 phospho-
diesters.

In oligodeoxynucleotides (ODN), the replacement of a
nonbridging oxygen atom in the natural phosphodiester linkage
by S2, Me or BH3

2 imparts resistance to nucleases that cleave
DNA.6f,g,11 For instance, the non-ionic methylphosphonates
(Me-ODN) are highly resistant11c to phosphodiesterases;  the

Fig. 1 Structurally and/or electronically similar internucleotide linkages and
their abbreviations: (a) normal phosphate [ONP–O2], (b) boranophosphate
[ONP–BH3

2], (c) boranophosphorothioate [SNP–BH3
2], (d) phosphor-

othioate [ONP–S2], (e) methylphosphonate [ONP–Me], (f) phosphor-
amidate. Placement of the negative charge does not necessarily reflect the
actual spatial location of charge in the molecule. Scheme 1
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anionic phosphorothioates (S2-ODN) can be hydrolyzed by
phosphodiesterase I, but with a much lower rate11d than O2-
ODN. Boranophosphates (BH3

2-ODN) are even more re-
sistant6g to certain phosphodiesterases than S2-ODN. This
nuclease resistance, together with the ability to form stable
duplex structures with DNA or RNA, has led to broad trials of
S2- and Me-ODN as agents for regulating gene expression in
vitro and in vivo.4 By combining aspects of both the charged
[ONP–S]2 and the non-ionic ONP–Me into a [SNP–BH3]2
hybrid phosphodiester linkage, it was anticipated that the
resulting compound may exhibit greater nuclease resistance and
other unique or potentially useful properties. The BH3 moiety in
[SNP–BH3]2 is isoelectronic with oxygen and isosteric with the
Me group in ONP–Me, but imparts a negative charge to the
backbone, like S2 in [ONP–S]2. By virtue of the larger volume
of the BH3 group and its lack of lone pair electrons, we expect
that [SNP–BH3]2 oligonucleotides should be more lipophilic
than [ONP–S]2 oligonucleotides. The new [SNP–BH3]2-ODN,
which is a hybrid backbone of S2-ODN and BH3

2-ODN, has
some special properties summarized in Table 1.

The boranophosphorothioate group is very stable towards
basic or acidic hydrolysis. The diastereomers, TSpBT I and
TSpBT II, were each dissolved in 100 mM AcOH–NH4OH pH
3 or pH 11 buffer and incubated for 24 h at 37 °C. No
hydrolyzed or degraded products were detected via HPLC.

The boranophosphorothioate internucleotide linkage in dimer
6 is quite stable towards cleavage by both snake venom
phosphodiesterase (SVPDE) and bovine spleen phosphodiester-
ase (BSPDE). Under conditions where the natural dithymidine
phosphate (TpT) was > 99% cleaved by SVPDE, both TSpBT I
and TSpBT II were > 99% stable. Similarly, with BSPDE, while
TpT was > 96% cleaved, TSpBT I and TSpBT II were > 98 and
97% stable, respectively.

The [SNP–BH3]2 dimers carry a full negative charge and are
water soluble, yet are intermediate between normal phosphates
and methylphosphonates in lipophilicity. In partitioning experi-
ments,12 TSpBT was 320- and 18-fold more lipophilic than
natural TpT and TpBT (dithymidine boranophosphate) ac-
cordingly.

The [SNP–BH3]2 nucleotidic linkage is the only non-
bridging disubstituted chiral phosphodiester with a negative
charge. This property coupled with ready synthesis of isotopic
[35SNP–BH3]2 compounds from Li2S* (S* = 35S) could make
this linkage very useful for elucidating the stereochemical
course of phosphoryl and nucleotidyl transfer reactions and at
the same time probing whether one or two non-bridging
oxygens are necessary in these reactions.

To summarize, we have synthesized a totally new type of
modified phosphodiester analogue, in which the two non-
bridging oxygen atoms of a phosphodiester group have been
replaced with a sulfur atom and borane group. The analogue has
been placed in a nucleic acid and the resulting dithymidine
boranophosphorothioate diastereomers shown to be stable
under a broad range of pH conditions and highly resistant to
enzymatic cleavage relative to natural DNA. Based on partition-
ing into octanol, the boranophosphorothioates may exhibit a
greater membrane permeability than the O-oligonucleotides, yet
maintain nuclease resistance like the methylphosphonates. The
novel combination of high lipophilicity, reasonable water
solubility and nuclease resistance could be extremely useful for
drug design;13 the [SNP–BH3]2 linkage instead of [ONP–O]2
may enable the compounds to penetrate the plasma membrane
and to enter cells.

Thus, synthesis of the first [SNP–BH3]2 phosphodiester
analogue offers the possibility of preparing an entirely new and

intriguing class of compounds, including modified nucleotides
and nucleic acids. Their similarity to natural nucleic acids and
unique properties such as high lipophilicity and resistance to
enzymatic cleavage, in conjunction with their potential utility as
molecular probes for the study of stereochemical aspects of
enzymatic and nonenzymatic reactions and as carriers of 10B in
boron neutron capture therapy (BNCT)14 for the treatment of
cancer, make the [SNP–BH3]2 linkage a promising candidate
for further mechanistic, diagnostic and therapeutic applica-
tions.
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Table 1 Special properties of [SNP–BH3]2 backbone relative to natural and other phosphodiester backbone analogues

Property [ONP–O]2 [ONP–S]2 ONP–Me [ONP–BH3]2 [SNP–BH3]2

Nuclease resistance — + ++ + ++
Lipophilicity — + +++ + ++
RNase H activity + + — + N.D.
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