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A procedure is presented for copper(I)-catalyzed [3+2]
cycloaddition of nucleosides and nucleotides in near-
quantitative yield. Azido-alkyne cycloaddition was applied
for the preparation of a range of adenosine dimers and
derivatives with versatile functionality, as well as for the
smooth condensation of two oligonucleotide strands. The
described technology may find valuable application in the
synthesis of oligonucleotide dimers and conjugates.

Synthetic oligonucleotides have proven to be highly valuable
as antisense structures for the selective silencing of specific
genes.1,2 However, clinical use of oligonucleotides is still limited
to a single example, i.e., fomivirsen (Vitravene),3 due to
drawbacks regarding potency, delivery, and duration of action.4

Second-generation involving 2′-O-modification, morpholino, or
locked nucleic acid (LNA)-based structures4 shows promise but
a remaining hurdle involves the poor cell internalization (∼1-
2%) of oligonucleotides.5 A promising solution to the inefficient
delivery of oligonucleotides lies in conjugation, e.g., with
cholesterol or polycationic groups for improvement of cellular
association.6 Alternatively, conjugates with peptides or carbo-

hydrates lead to recognition by receptors on the surface of
designated cells.7 Consequently, a large number of antisense
conjugates have been prepared over the years, mostly involving
5′-conjugation due to the fact that 3′-modification is much less
straightforward. The alternative conjugation via a nucleobase
is more synthetically accessible but may interfere with Watson-
Crick base pairing and thus hybridization. Finally, a variety of
2′-substituted AONs has been described, in particular zwitte-
rionic derivatives, but no 2′-AON conjugates.

Apart from antisense application, oligonucleotide conjugation
is also suitable for helical structure stabilization, e.g., with
intercalators or minor groove binders, or covalent attachment
of reporter groups, e.g., fluorescent, electrochemical, or spin
labels.8

We here wish to report the synthesis of 2′-azide or 2′-
acetylene modified adenosines as versatile building blocks for
application in the mild and efficient synthesis of a variety of
oligonucleotide hetero- and homoconjugates.

From the onset, a suitable technology for nucleotide conjuga-
tion appeared to be the Cu(I)-catalyzed Huisgen [3+2] cycload-
dition,9 a technique mild enough for bioconjugation of virus
capsid proteins,10 cell-surface labeling ofE. coli,11 and protein
based profiling in living cells.12 On the basis of acetylene-
azide cycloaddition, triazole isosteres have been prepared of
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biopolymers such as proteins,13 sugars,14 and combinations
thereof.15 Triazole derivatives of nucleotides have also been
reported, attached at the nucleobase16 or at the 5′-position.17

We recognized that, with a single exception,17f in all cases
acetylene modified nucleosides were applied, forming a limiting
factor in the design of the conjugation partner. Moreover, for
application in antisense conjugates, nucleobase modification will
in most cases be unfavorable for hybridization, whereas 5′-
conjugation is clearly of interest but only of marginal improve-
ment with respect to known protocols.

In contrast, substitution at 2′-OH, a known strategy to lock
ribose in a 3′-endoconformation, allows the introduction of
either an acetylene or an azide. Moreover, a 2′-modification
can be tolerated at any ribose of the oligonucleotide backbone,
including multiple modifications. Thus, we decided to prepare
2′-O-(3-azidopropyl) and 2′-O-(4-pentynyl) modified adenosine,
with reduced steric interaction in comparison to the shorter 2′-
O-(2-azidoethyl)18 and 2′-O-propargyl,19 and a potential positive
effect on hybridization.20 To avoid the common lengthy routes
to 2′-modified nucleobases, direct 4-pentynylation or 3-azi-
dopropylation of adenosine 2′-OH was investigated.21 Gratify-
ingly, it was found that treatment of a solution of adenosine
(1) in DMF with sodium hydride and an alkyl chloride at 5°C,
followed by stirring for 3 days at 55°C, led to a mixture of 2′-
and 3′-O-alkylated isomers (ratio∼5:1), of which the desired
2′-O-isomer2 could be readily fractionated by column chro-
matography and selective crystallization from ethanol.

With the requisite adenosyl acetylene (2a) and azide (2b) at
hand, Cu(I) catalyzed [3+2] cycloaddition of2a with benzyl
azide was explored. Initial attempts on Huisgen cycloaddition
catalyzed by Cu(OAc)2 and sodium ascorbate in a mixture of

water/tBuOH or water/DMSO at room temperature or at elevated
temperature led to poor conversion and significant green
coloring of the solution, an effect presumably caused by
complexation of copper(II) to the free adenine. A more
rewarding result was obtained by stirring a stoichiometric
mixture of2a and benzyl azide in the presence of copper wire
in a 9:1 mixture of CH3CN and H2O at 35°C, leading to the
formation of the desired triazole in excellent yield (Table 1,
entry 1). It was found that removal of the copper wire after 1
h avoided the undesired green coloring. Much to our satisfaction,
brief stirring in the presence of copper wire led to successful
[3+2] cycloaddition for a range of different azides, as sum-
marized in Table 1. For example, adenosine derivative2a was
conjugated to a fluorescent coumarin label (entry 3), three
different azidonucleosides (entries 4-6), as well as a nitroxyl
spin label, leading to the desired triazole products in near-
quantitative yields in all cases.

Similar to the acetylene modified adenosine2a, the 2′-O-
azide functionalized adenosine2b (Table 2) underwent smooth
Huisgen cycloaddition with a diverse set of reaction partners,
including a propargylated coumarin (entry 3) and a fluorescence
quencher (entry 5). The latter compound may be of particular
interest for the application of FRET studies of antisense strand
labeled with fluorescent probes.

Having access to a range of functionalized adenosine
monomers, the remaining key question to be addressed con-
cerned the applicability of the building blocks2a and 2b for
incorporation into an oligonucleotide strand. We were also
intrigued if such a high level of efficiency in cycloaddition
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SCHEME 1. Adenosine 2′-O-Alkylation and Processing to
Phosphoramidite Building Blocks 4a and 4b

TABLE 1. Copper(I)-Catalyzed [3+2] Cycloaddition of 2a with
Various Azides
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would be obtained in the conjugation of two oligonucleotide
strands. RNA chimeras find use, for example, in the selective
delivery of siRNA to prostate cancer cells,22 but so far such
chimeras have not been prepared via azide-acetylene condensa-
tion. Some Cu(I)-catalyzed cycloadditions of acetylene charged
nucleotides and azides are known, but require excess azide17a

or microwave conditions.17e,f Thus, to prepare the requisite
oligonucleotides, the 2′-modified nucleosides2a and2b were
converted into the corresponding 5′-O-DMT-3′-O-phosphora-
midite derivatives4a and4b with use of standard protocols. It
was noticed that, whereas the conversion of3a into 4aproceeded
without incidence, the high instability of4b necessitated rapid
synthesis (40 min), workup, purification on silica gel (5 min),
and concentration. At this stage, the suitability of phosphora-
midites 4a/b for either 3′- or 5′-incorporation into an oligo-
nucleotide (DNA) strand was investigated by automated solid-
phase synthesis on universal CPG (Scheme 2). Gratifyingly,
attachment of the acetylene-modified phosphoramidite4a to the
resin, as well as repetitive coupling with standard 2′-deoxyri-
bonucleoside phosphoramidites, proceeded smoothly to give the
16-mer chain 3′-rA[(CH2)3(CtCH)d(GCGAGTATTGACCTA)-
5′ (5) in excellent yield and purity after cleavage from the resin.
The azido-containing phosphoramidite4b, on the other hand,
failedtoincorporateintothenucleotide3′-(dTCATAACTGGATCGC)-
rA[(CH2)3N3]-5′, giving solely the truncated 15-mer. Apparently,
the azido function negatively influenced the coupling behavior
of the 3′-O-phosphoramidite, presumably due to iminophos-
phorane formation by Staudinger reaction, as reported for
2-azidoadenosine.23 Indeed, simply dissolving4b in acetonitrile
led to spontaneous degradation, as judged by31P NMR, with

near-complete disappearance of starting material after two
weeks. Consequently, an alternative approach was conceptual-
ized involving the introduction of azido functionality after
oligonucleotide assembly. To this end, anN-MMT protected
phosphoramidite was attached at the 5′-terminus of the 15-mer
oligonucleotide, followed by deprotection and azidoacetylation
to give, after base cleavage, compound6.

Finally, [3+2] cycloaddition of fragments5 and 6 was
attempted. First of all, a template-directed cycloaddition of the
two complementary sequences was attempted.24 It was found
that no reaction took place in the absence of copper, but
treatment of the two strands5 and6 in an CH3CN/H2O mixture
(1:9) with copper wire led to rapid disappearance of both
nucleotides and the formation of a single new compound as
judged by HPLC. The resulting product was unambiguously
identified as the triazole-linked conjugate7 by MALDI-TOF
mass spectrometry.

In conclusion, a fast and practical procedure for the 2′-O-
alkylation of adenosine was developed for introduction of azido
or acetylene functionality, which could be converted into a range
of conjugates including other nucleosides, spin-labels, and
fluorescent probes. Conversion of the acetylene containing
compound4a into the corresponding phosphoramidite proceeded
smoothly, but not for azide4b, necessitating azide introduction
at a late stage. Conjugation of the oligonucleotides by 1,3-dipolar
cycloaddition readily occurred in the presence of copper wire,
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TABLE 2. Copper(I)-Catalyzed [3+2] Cycloaddition of 2b with
Various Acetylenes

SCHEME 2. Solid-Phase Synthesis of 2′-O-Modified
Oligonucleotides 5 and 6 and [3+2] Cycloaddition
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thus paving the way for the synthesis of unique, spacer-linked
oligonucleotide chimeras.

Experimental Section

Synthesis of 2′-O-(1-Pentyn-5-yl)adenosine (2a).Adenosine (5
g, 18.72 mmol) was dissolved in hot anhydrous DMF (250 mL)
under an inert atmosphere. The solution was cooled to 5°C, and
NaH (1 g, 25 mmol, 60% dispersion in mineral oil) was subse-
quently added, followed by the addition of TBAI (1.5 g, 4.06 mmol)
and 5-chloro-1-pentyne (2.5 mL, 23.84 mmol). The reaction mixture
was allowed to stir for 3 days at 55°C. Evaporation of the solvent
under reduced pressure resulted in a suspension, which was
absorbed on silica gel. Flash chromatography (CH2Cl2/MeOH, 95:
5) gave a mixture of 2′-O- and 3′-O-alkynylated products. Selective
crystallization from anhydrous ethanol provided the title compound
1 (2.5 g, 40%) as colorless needles.1H NMR (300 MHz, DMSO)
δ 8.36 (s, 1H), 8.12 (s, 1H), 7.33 (br s, 2H), 6.00 (d,J ) 6 Hz,
1H), 5.39 (m, 1H), 5.17 (d,J ) 5.4 Hz, 1H), 4.46 (m, 1H), 4.29
(m, 1H), 3.97 (m, 1H), 3.64-3.32 (m, 4H), 2.64 (m, 1H), 2.08 (m,
2H), 1.58 (m, 2H);13C NMR (75 MHz, DMSO)δ 156.1, 152.5,
149.0, 139.7, 119.3, 86.3, 86.0, 83.9, 81.0, 71.1, 69.0, 68.3, 61.4,
28.1, 14.3; HRMS calcd for C15H19N5O4 (M + Na+) 356.1335,
found 356.1308.

The same procedure with 3-azido-1-chloropropane instead of
5-chloro-1-pentyne provided compound2b. 1H NMR (300 MHz,
DMSO) δ 8.36 (s, 1H), 8.12 (s, 1H), 7.32 (br s, 2H), 6.00 (d,J )
6 Hz, 1H), 5.38 (m, 1H), 5.20 (d,J ) 5.4 Hz, 1H), 4.46 (m, 1H),
4.29 (m, 1H), 3.97 (m, 1H), 3.64-3.43 (m, 4H), 3.27 (m, 2H),
1.67 (m, 2H);13C NMR (75 MHz, DMSO)δ 156.1, 152.5, 149.0,
139.6, 119.3, 86.3, 86.0, 81.0, 68.0, 66.7, 61.4, 47.6, 28.5; HRMS
calcd for C13H18N8O4 (M + Na+) 351.1529, found 351.1525.

General Procedure for Copper(I)-Catalyzed Azido-Alkyne
Cycloaddition (CuAAC). 2′-O-Pentynyladenosine2a (67 mg, 0.2
mmol) and 1 equiv of an azido compound were dissolved in a
mixture of acetonitrile (2 mL) and water (0.2 mL). The reaction
mixture was stirred at 35°C in the presence of a Cu-wired stirring
bar. After 1 h, the stirring bar was removed and stirring was
prolonged until all starting material was consumed. Concentration
in vacuo and purification by flash chromatography (CH2Cl2/MeOH,
95:5) furnished the triazole-functionalized nucleosides. The same
procedure was applied to azidopropyladenosine2b by stirring with
an acetylene reaction partner.

Analytical Data for the CuAAC-Adduct of 2a and 5′-Azido-
5′-deoxyadenosine (entry 5 of Table 1).1H NMR (300 MHz
DMSO) δ 8.37, 8.17, 8.13.(s,1H), 8.11 (s, 1H), 7.60 (s, 1H), 7.32
(s, 2H), 5.98 (d,J ) 6.0 Hz, 2H), 5.97 (d,J ) 5.1 Hz), 5.79-5.29
(br s, 4H), 4.66-4.65 (m , 3H), 4.46 (t,J ) 7.2 Hz, 1H), 4.31 (br
s, 1H), 4.21 (br s, 2H), 3.97 (d,J ) 3 Hz), 3.67-3.64 (m, 3H),
1.72-1.61 (m, 2H);13C NMR (75 MHz DMSO)δ 156.1, 156.0,
152.7, 152.5, 149.2, 149.0, 146.2, 139.8, 122.6, 119.3, 119.2, 87.7,
86.3, 86.0, 82.3, 80.8, 72.6, 70.9, 68.9, 68.7, 61.5, 60.6, 51.2, 28.9,
21,23; HRMS calcd for C25H31N13O7 (M + Na+) 648.2367, found
648.2326.
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