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a b s t r a c t

General methods for the synthesis of new purine and pyrimidine nucleosides modified with borane
clusters and metallacarborane complexes are presented. They include: (1) attachment of carborane mod-
ification at 20 position of nucleoside via formacetal linkage formation, (2) tethering of the metallacarbo-
rane group at nucleobase part of the nucleoside via dioxane ring opening in oxonium metallacarborane,
carborane or dodecaborate derivatives, and (3) ‘‘click” chemistry approach based on Huisgen 1,3-dipolar
cycloaddition. Proposed methodologies extend the range of nucleoside–boron cluster conjugates avail-
able and open new areas for their applications.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Due to their essential role in virtually all cellular processes
nucleosides are one of the most important small biomolecules.
They are basic building blocks of ribonucleic acid (RNA) and deoxy-
ribonucleic acid (DNA), play many important functions as them-
selves, in phosphorylated form (nucleotides) or in conjugation
with other biomolecules [1]. Because their crucial role in many
metabolic pathways and interactions with other biomolecules,
nucleosides, their derivatives and analogues are widely used as
chemotherapeutics, mainly as antiviral and anticancer agents [2,3].

Boron containing nucleosides were originally designed as po-
tential boron carriers for boron neutron capture therapy (BNCT)
of tumors [4,5]. As boron rich donors in boron carrying molecules
dicarba-closo-dodecaboranes (C2B10H12) are frequently used due
to their chemical and biological stability and physicochemical ver-
satility [6]. The rationale for the synthesis and study of nucleoside
derivatives as boron carriers for BNCT is that nucleoside–boron
cluster conjugates may be selectively accumulated in rapidly mul-
tiplying tumor cells, and following their phosphorylation con-
verted to the corresponding nucleotide, trapped within the cell
or ideally, incorporated into nuclear DNA of tumors [7,8].

Another major class of nucleoside–boron cluster conjugates are
nucleoside based antivirals [6]. E.g., the superior antiviral profiles
of (�)-b-L-20,30-dideoxy-30-thiacytidine (3TC) and (�)-b-L-20,30-
All rights reserved.
dideoxy-5-fluoro-30-thiacytidine (FTC) encouraged introduction of
oxathialane heterocycle to the carborane-containing nucleosides
[9,10]. Since 20-fluoronucleosides exhibited broad anti-herpes and
anti-hepadnaviruses activity, 20-deoxy-20-fluoroarabinose nucleo-
sides containing carboranyl group such as 5-ortho-carboranyl-1-
(2-deoxy-2-fluoro-b-D-arabinosyl)uracil (CFAU) were synthesized
[11]. Demonstrated by b-D-20,30-didehydro-20,30-dideoxythymidine
(D4T) and b-D-20,30-didehydro-20,30-dideoxy-5-fluorocytidine (D-
D4FC) potent antiviral activity against HIV and HBV prompted syn-
thesis of series of 20,30-didehydro-20,30-dideoxy-nucleosides (D4N)
containing carborane such as 5-ortho-carboranyl-20,30-didehydro-
20,30-dideoxyuridine (D4CU: b-D, a-D, b-L, and a-L) [12].

It should be pointed out that in both cases of nucleoside–boron
cluster conjugate applications: as boron carriers for BNCT and as
boron containing antivirals, the nucleoside being a part of the con-
jugate belongs to the pyrimidine series of nucleosides. Despite the
fact that purine nucleosides such as adenosine and guanosine play
an important role in cellular metabolism this class of carborane
modified nucleosides focused less attention. This limitation can
be explained by: (1) result of focus on modified nucleoside’s phos-
phorylation, considered as prerequisite of expected biological
activity, (2) lack of methods for synthesis of purine nucleoside–
boron cluster conjugates. The first factor can be rationalized by
higher abundance of kinase activities involved in pyrimidine nucle-
oside phosphorylation in human cells as compared to kinases
specific for purine nucleosides [13]; the second factor is self-
explanatory since till recently synthesis of purine nucleoside–bor-
on cluster conjugates, with few exceptions, was neglected. For
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example, synthesis of a carborane-containing purine nucleoside
inosine was attempted, but the 2-ortho-carboranyl-inosine precur-
sor could not be deprotected [14].

Other, general factor limiting applications of nucleoside–boron
cluster conjugates involves lack of variety among the boron clus-
ters used for nucleoside modification. By far most approaches uti-
lized the ortho-carborane cage and neglected potential of the
metallacarboranes and dodecaborates as modifying units for
nucleosides [15]. The need for new, efficient methods of prepara-
tion of various nucleoside–boron cluster conjugates is additionally
prompted by emerging new applications of these compounds. The
boron clusters tethered to nucleosides are used as modifying enti-
ties for DNA-oligonucleotides potentially useful as antisense
agents for antisense oligonucleotide therapy (AOT), as molecular
probes for molecular diagnostics based on hybridization technol-
ogy [16,17], as lipophilic pharmacophors [18–20], electrochemical
[21,22] and infrared labels [23], and others [24].

Recent approaches to bypass above limitations and expand the
number of methods for nucleoside–boron cluster conjugates syn-
thesis will be discussed.

2. Modification of nucleosides with carborane cluster at 20

position via formacetal linkage formation

The method for the synthesis of nucleosides bearing carborane
cluster at 20 position [25] is based on the formacetal linkage forma-
tion described by Matteucci et al. [26] and modified by Sawada and
Ito [27]. It utilizes nucleophilic substitution of the activated
methylthiomethyl group in fully protected 30,50-O,O-(tetra-
isopropyldisiloxane-1,3-diyl)-20-O-methylthiomethylnucleosides
(2a–d) with a suitable alcohol bearing carborane cage (Scheme 1).
Target compounds 3a–d are obtained from intermediate 2a–d
in a three-step procedure without isolation and purification of
the intermediate products. First, compounds 2a–d are reacted
with 1-(3-hydroxypropyl)-para-carborane (1) [28] yielding
fully protected 30,50-O,O-(tetraisopropyldisiloxane-1,3-diyl)-20-O-
[(para-carboran-1-yl)propyleneoxymethyl]-nucleosides, then the
disiloxane protection is removed using a solution of TBAF in THF
i, ii, iii
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Scheme 1. General method for the synthesis of nucle
yielding N-protected 20-O-[(para-carboran-1-yl)propyleneoxym-
ethyl]nucleoside. The acyl protections in 2b–d is then removed
with concentrated aqueous ammonia solution providing carborane
containing conjugates, derivatives of all four canonical ribonucleo-
sides: uridine (U), cytidine (C), adenosine (A) and guanosine (G),
3a–d.

3. Nucleoside–metallacarborane conjugates

Metallacarboranes are presently focusing renewed attention for
their anti-viral [29] and anti-tumor activities [30,31]. It is feasible
that also conjugates of nucleosides and metallacarboranes could
exhibit useful biological characteristics. Another advantage of
nucleoside–metallacarboranes is their application as versatile syn-
thons for synthesis of metal bearing DNA-oligomers for various
applications.

Metallacarboranes can potentially function as electrochemical
and photo luminescent labels for nucleic acids [21], infrared labels
[23], radioactive metal isotope carriers, active centers of DNA-di-
rected artificial chemical nucleases, metal bearing components in
construction of probes for DNA-mediated electron transfer, and
others [32].

We proposed a general approach to the synthesis of nucleoside
conjugates, derivatives of all four canonical deoxynucleosides: thy-
midine (T), 20-deoxycytidine (dC), 20-deoxyadenosine (dA) and 20-
deoxyguanosine (dG), containing metallacarborane complex [33].
Nucleoside–metallacarborane conjugates derivatives have been
prepared in the reaction of ring opening in dioxane–metallacarbo-
rane adduct [34] by base activated 30,50-protected nucleoside.

The target nucleoside–metallacarborane conjugates were ob-
tained in a simple, three-step procedure (Scheme 2). First, 50- and
30-hydroxyl functions of the nucleosides were protected with
tert-butyldimethylsilyl group [35]. In the second step, each of
30,50-protected nucleosides 5a–d was activated with an excess of
sodium hydride then treated with dioxane–metallacarborane ad-
duct 4 in anhydrous toluene as reaction medium. In the third step,
the tert-butyldimethylsilyl protections were removed with TBAF
in THF providing nucleoside–metallacarborane conjugates 6a–d
OCH2O(CH2)3
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Scheme 2. General method for the synthesis of nucleosides modified with metallacarborane at nucleobase.
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containing 5-[3-cobalt bis (1,2-dicarbollide)-8-yl]-3-oxa-pentoxy-
modification at different locations within the nucleic acid base.

The proposed approach provides a route to nucleoside conju-
gates modified with metallacarboranes bearing not only cobalt as
shown above but also different metals and different types of carbo-
rane cages as long as suitable adducts of the cyclic ether and boron
cluster is available. Indeed, nucleoside-metallacarborane conju-
gates bearing iron [36,37], chromium [38] or rhenium [15] have
been also obtained.

4. ‘‘Click’’-chemistry – A general and versatile method for
modification of nucleosides with boron clusters

The Cu(I)-catalyzed 1,3-dipolar cycloaddition of azide and al-
kyne to form a triazole, termed click chemistry, has been recently
established as an important tool for chemical modification of bio-
molecules [39]. The 1,2,3-triazole functions are rigid linking unit
that can mimic the atom placement and electronic properties of
a peptide bond without the same susceptibility to hydrolytic cleav-
age. The reactants, alkyne and azide, are convenient to introduce
independently, stable, and do not react with common organic re-
agents or functional groups in biomolecules (are orthogonal). All
these factors allow broad application of click chemistry approaches
in chemical synthesis of various classes of compounds. Recently we
proposed a new and versatile approach based on Huisgen type
cycloaddition [40] for modification pyrimidine as well as purine
nucleosides with various boron clusters [41].

The target nucleoside–boron cluster conjugates 11a–c and
13a–c were obtained in a simple, one-step procedure (Scheme 3).
The reaction was performed under standard click chemistry ver-
sion of Huisgen azide-alkyne cycloaddition [42]. Suitable nucleo-
side acceptor with a spacer of different type and length
terminated with ethyne or azide group (not shown) was dissolved
in a mixture of tert-butanol and water, together with equimolar
amount of boron cluster donor equipped with a 3-oxa-pentoxy-
spacer terminated with azido or 2-propyn-1-oxy- or 4-pentyn-1-
oxy-substituent (not shown). To the obtained solution a catalytic
amount of CuSO4 and potassium ascorbate solutions were added.
Reactions were performed at room temperature during 8–50 h
(usually 24 h) with a TLC control. After reaction completion the sol-
vents were evaporated and the crude product was purified by silica
gel column chromatography. The yield of purified product ranged
usually from 30% to 65% [43,44].

5. Dodecaborate-containing nucleoside conjugates

The high hydrophobicity of carborane unit often used for nucle-
oside modification causes low solubility of nucleoside–boron clus-
ter conjugates in water and requires further derivatization of these
molecules to improve their hydrophilicity. Therefore, it may be
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surprising that in spite of high boron contents important for BNCT
and good water solubility due to the presence of two negative
charges dodecaborates (B12H12

2�) were not utilized so far for
nucleoside modification. Recently, we reported the first synthesis
of this type of novel nucleoside conjugate [45]. Two methods were
proposed: (1) the nucleophilic cleavage of oxonium derivative of
closo-dodecaborate by 30,50-bis (t-butyldimethylsilyl)-thymidine
and (2) click reaction between B12-based azide and 3N-(4-pen-
tyn-1-yl)thymidine (vide infra). Both methods appeared as conve-
nient approaches towards the synthesis of this new class of
boron cluster-containing nucleoside derivatives. The target nucleo-
sides 16 and 19 were obtained using methods described in Sections
3 and 5, with some modifications (Scheme 4). The yield of purified
products was 70–80% [45].

6. Summary

Factors limiting applications of nucleoside–boron cluster conju-
gates include among others: (1) lack of variety among the boron
clusters that are accessible to the medicinal chemists – by far most
approaches utilized the ortho-carborane cage, (2) confinement of
the nucleoside part of the conjugate to the pyrimidine nucleosides
series – with very few exceptions only thymidine or uridine deriv-
atives modified with boron unit were synthesized and studied till
now, and (3) neglecting of the potential of metallacarboranes as
modifying units for nucleosides.

Availability of new methodologies such as described above
helps to bypass these limitations expanding the range of boron
cluster bearing bioconjugates and make possible study of broad
spectrum of pyrimidine as well as purine nucleoside derivatives
in search for new biological activities and technical applications.
Further approaches in particular directions are needed to facilitate
exploration of a great potential of this fascinating class of bioor-
ganic–inorganic conjugates.
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