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’ INTRODUCTION

Among various oligonucleotide conjugates, the 20-conjugates
have received special interest for the reason that upon formation
of an A- or B-type duplex, the conjugate group is accommodated
in the minor or major grooves, respectively, and hence, the
duplex is not markedly destabilized.1,2 Introduction of reactive
functionalities in the 20-position of nucleosides, incorporation of
the resulting monomers into oligonucleotides, and their subse-
quent reactions with appropriately functionalized conjugate
groups has been rather recently reviewed.3 Somewhat surpris-
ingly, such a stepwise protocol has only once been utilized for
solid phase-synthesis of 20-glycoconjugates, potentially useful for
the delivery and targeting of therapeutic oligonucleotides,4�8

although several procedures for the derivatization of other
intrachain positions, including the C40-position,9,10 internucleo-
sidic phosphoramidate linkage,11,12 or intrachain non-nucleosi-
dic units,13�18 have been described. Very recently,19 saccharide
ligands have been conjugated by Cu(I) promoted click reaction20,21

to 20-O-(2-propynyl) groups on-support. Otherwise 20-glycoconju-
gates have been obtained by converting prefabricated 20-O-glycosyl
nucleosides with all four natural heterocyclic bases22 into phosphor-
amidite building blocks and introducing them into oligonucleotides
on a solid-support.23�26 The cis diol of the 20-O-glycosyl group,
when oxidized to dialdehyde with sodium periodate, has been
shown to allow affinity labeling of different enzymes.27�29

We now report on a solid-supported conjugation method that
enables the attachment of two different carbohydrate ligands to the
20-position at desired sites within the chain. For this purpose, two
building blocks, viz. 20-O-[(2-bromoethoxy)methyl]-50-O-(4,40-
dimethoxytrityl)cytidine 30-(2-cyanoethyl-N,N-diisopropylpho-
phoramidite) (1) and 20-O-[(2-azidoethoxy)methyl]-50-O-(4,40-
dimethoxytrityl)cytidine 30-(H-phosphonate) (2) monomers,

were prepared and incorporated into 20-O-methyl oligoribonu-
cleotides. The azido group of the nucleoside units 2 was first
subjected to a click reaction,20,21 with a propynyl functionalized
monosaccharide on-support. The bromo substituent of unit 1 was
then displaced with azide ion on-support, as shown previously by
Pourceau et al.,14 and another click reaction was carried out. The
hybridization efficiency of the conjugates with cDNA- and 20-O-
Me-RNA-oligonucleotides was assessed by UV-melting studies
and compared to the hybridization of the corresponding unmo-
dified sequence.

’EXPERIMENTAL PROCEDURES

General Remarks. Synthetic reactions were monitored by
TLC (Merck DC Kieselgel 60F254), using UV light, iodine
vapors, or heating with 10% H2SO4 (aq) for detection. Column
chromatography was performed on Silica gel 60 (Fluka, 0.040�
0.063mm). TheNMR spectra were recorded at 400 or 500MHz.
Chemical shifts are given in parts per million (ppm) andmeasured
relative to the solvent signals (1H and 13C). Appropriate 2DNMR
methods (COSY and HSQC) were used for peak assignment.
Solvents were driedwith 4 Åmolecular sieves (DCM, pyridine and
MeCN) or by distillation and storage over CaH2 (Et3N). The
mass spectra were recorded using ESI ionization methods. RP
HPLC analysis of the oligonucleotide conjugates was performed
on a ThermoODSHypersil C18 (250� 4.6mm, 5 μm) analytical
column, applying a gradient elution from 0 to 50% MeCN in
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ABSTRACT: 20-O-[(2-Bromoethoxy)methyl]cytidine and 20-
O-[(2-azidoethoxy)methyl]cytidine have been prepared and
introduced as appropriately protected 30-phosphoramidite (1)
and 30-(H-phosphonate) (2) building blocks, respectively, into
20-O-methyl oligoribonucleotides. The support-bound oligonu-
cleotides were subjected to two consecutive conjugations with
alkynyl-functionalized monosaccharides. The first saccharide
was introduced by a Cu(I) promoted click reaction with 2 and
the second by azidation of the 2-bromoethoxy group of 1
followed by the click reaction. The influence of the 20-glycoconjugations on hybridization with DNA and 20-O-methyl RNA
targets was studied. Two saccharide units within a 15-mer oligonucleotide had a barely noticeable effect on the duplex stability, while
introduction of a third one moderately decreased the melting temperature.
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0.1 mol L�1 TEAA (aq, Et3NHOAc) buffer over 60 min, at a flow
rate of 1 mL min�1, and detection at 260 nm.
20-O-(2-Bromoethoxymethyl)-N4-benzoylcytidine (4a).

Nucleoside 3a (1.30 g, 1.79 mmol), prepared as described earlier,30

was dissolved in Bu4NF trihydrate in THF (0.25 mol L
�1; 4.8 mL),

kept for 10 min at 20 �C, evaporated to dryness, coevaporated
with chloroform (2 � 10 mL), and applied onto a column with
silica gel (25 g). The column was washed with DCM (100 mL),
DCM-EtOH (97:3, v/v), and then eluted with DCM-EtOH
(95:5) to obtain 4a (490 mg, 57%) as a white amorphous foam
(Scheme 1). 1H NMR [400 MHz, CDCl3/CD3OD (9:1)] δppm
8.47 (d, 1H, J = 7.5 Hz, H-6), 7.98�7.40 (m, 6H, Bz, H-5), 5.88
(d, 1H, J = 2.2Hz, H-10), 5.02 (d, 1H, J = 6.5Hz, OCHHO), 4.92
(d, 1H, J = 6.5 Hz, OCHHO), 4.33 (dd, 1H, J20 ,30 = 5.0Hz, H-20),
4.26 (dd, 1H, J30 ,40 = 7.5 Hz, H-30), 4.07 (dt, 1H, J40 ,50a = J40 ,50b =
2.2 Hz, H-40), 3.99 (dd, 1H, J50a,50b = 12.8 Hz, H-50a), 3.89 (dd,
2H, J = 6.2 Hz, 5.9 Hz, OCH2CH2Br), 3.81 (dd, 1H, H-50b),
3.44 (dd, 2H, OCH2CH2Br).

13C NMR (CDCl3/CD3OD
(9:1)) δppm 167.1 (CdO), 163.1 (C-4), 146.0 (C-6), 133.3,
129.0, 128.0 (Ph), 97.3 (C-5), 95.3 (OCH2O), 90.9 (C-10), 84.7
(C-40), 79.9 (C-20), 68.8 (C-30), 68.0 (OCH2CH2Br), 60.1 (C-
50), 30.5 (OCH2CH2Br).
20-O-(2-Azidoethoxymethyl)-N4-benzoylcytidine (4b).

Analogous to the preparation of 4a, the desilylation of 3b
(1.12 mg, 1.63 mmol) yielded 4b (683 mg, 94%) as a white
amorphous foam. 1H NMR (400 MHz, CDCl3) δppm 8.48 (d,
1H, J = 7.5 Hz, H-6), 8.00�7.40 (m, 6H, Bz, H-5), 5.88 (d, 1H,
J = 2.5 Hz, H-10), 5.03 (d, 1H, J = 6.5 Hz, OCHHO), 4.93 (d, 1H,
OCHHO), 4.48 (dd, 1H, J= 5.3Hz,H-20), 4.41 (dd, 1H, J= 6.5Hz,
H-30), 4.16 (ddd, 1H, J40 ,50a = 1.9 Hz, J40 ,50b = 1.5 Hz, H-40), 4.08
(dd, 1H, J50a,50b = 12.5 Hz, H-50a), 3.92 (dd, 1H, H-50b),
3.82�3.71 (m, 2H, OCH2CH2N3), 3.46�3.37 (m, 2H,
OCH2CH2N3).

13C NMR (MHz, CDCl3) δppm 167.2 (CdO),

163.1 (C-4), 155.4 (C-2), 146.2 (C-6), 133.3, 129.0, 128.0 (Bz),
97.3 (C-5), 95.5 (OCH2O), 91.2 (C-10), 84.9 (C-40), 79.9 (C-
20), 68.2 (C-30), 67.4 (OCH2CH2N3), 60.4 (C-50), 50.9
(OCH2CH2N3).
20-O-(2-Bromoethoxymethyl)-50-O-(4,40-dimethoxytrityl)-

N4-benzoylcytidine (5a). Nucleoside 4a (357 mg, 0.74 mmol)
was dried by coevaporation with pyridine (2 � 20 mL). The
residue was dissolved in dry pyridine (10 mL), 4,40-dimethoxy-
trityl chloride (351 mg, 1.04 mmol) was added, and the resulted
solution was kept in the dark for 16 h at 20 �C. MeOH (1 mL)
was added and after 30min, themixture was concentrated in vacuo
to near dryness. The residue was dissolved in DCM (50 mL) and
washed with a 10% aqueous solution of sodium bicarbonate
(20 mL) and water (2 � 20 mL). The organic layer was dried
over anhydrous Na2SO4, the solvent was removed in vacuo,
and the residue was coevaporated with toluene (2 � 10 mL)
and purified by column chromatography on silica gel (20 g).
The column was washed with a mixture of DCM, hexane, and
Et3N (75:23:2, v/v/v, 200 mL), followed by DCM, and the
product was eluted with a mixture of DCM and Et3N (98:2, v/v)
to give 5a (412 mg, 71%) as a foam. 1H NMR (500 MHz,
CD3CN) δppm 9.63 (br s, 1H, NH), 8.53 (d, 1H, J = 7.5 Hz, H-6),
8.00�7.94 (m, 2H, Bz), 7.60 (m, 1H, Bz), 7.52�7.46 (m, 4H, Bz,
DMTr), 7.41�7.32 (m, 6H, DMTr), 7.29�7.22 (m, 2H, DMTr,
H-5), 6.94�6.88 (m, 4H, DMTr), 5.92 (s, 1H, H-10), 5.17 (d,
1H, J = 6.5 Hz, OCHHO), 4.95 (d, 1H, J = 6.5 Hz, OCHHO),
4.58 (m, 1H, H-30), 4.38 (d, 1H, J = 5.0 Hz, H-20), 4.15 (m, 1H,
H-40), 4.00�3.89 (m, 2H, OCH2CH2Br), 3.78 (s, 6H, DMTr-
OMe), 3.56�3.46 (m, 4H, OCH2CH2Br, H-50).

13C NMR
(125 MHz, CD3CN) δppm 167.2 (Bz-CdO), 163.0 (C-4),
158.8, 158.8 (DMTr), 154.9 (C-2), 144.9 (C-6), 144.5, 136.0,
135.6 (DMTr), 133.5, 132.9 (Bz), 130.2, 130.0 (DMTr), 128.7,
128.3, 128.1, 128.1 (DMTr, Bz), 127.1, 113.3 (DMTr), 96.5 (C-5),

Scheme 1a

aReagents: (i) Bu4NF, THF; (ii) DMTrCl, pyridine; (iii) 2-cyanoethyl N,N-diisopropylphosphoramidochloridite, Et3N, DCM; (iv) diphenyl H-
phosphonate, pyridine; (v) Et3N, H2O.
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94.3 (OCH2O), 89.8 (C-10), 86.8 (DMTr-Cq), 82.6 (C-40), 78.9 (C-
20), 68.3 (OCH2CH2Br), 68.0 (C-30), 61.2 (C-50), 55.0 (DMTr-
OMe), 31.5 (OCH2CH2Br). HRMS(ESI): [MH]þ C40H41Br-
N3O9 requires 786.2021, found 786.2019.
20-O-(2-Azidoethoxymethyl)-50-O-(4,40-dimethoxytrityl)-

β-D-N4-benzoylcytidine (5b). Analogous to the preparation of
5a, the tritylation of nucleoside 4b (778 mg, 1.74 mmol) yielded
5b (940mg, 72%) as a foam. 1HNMR (500MHz, CD3CN) δppm
9.29 (br s, 1H, NH), 8.48 (d, 1H, J = 7.5 Hz, H-6), 8.00�7.95 (m,
2H, Bz), 7.66 (m, 1H, Bz), 7.57�7.52 (m, 2H, Bz), 7.51�7.48
(m, 2H, DMTr), 7.41�7.35 (m, 6H, DMTr), 7.30 (m, 1H,
DMTr), 7.18 (br d, 1H, J = 6.5 Hz, H-5), 6.96�6.91 (m, 4H,
DMTr), 5.91 (d, 1H, J = 1.0 Hz, H-10), 5.16 (d, 1H, J = 7.0 Hz,
OCHHO), 4.94 (d, 1H, J = 6.5 Hz, OCHHO), 4.52 (m, 1H,
H-30), 4.32 (d, 1H, J = 5.0 Hz, H-20), 4.11 (ddd, 1H, J = 9.0 Hz,
2.5 Hz, 2.5 Hz, H-40), 3.88�3.76 (m, 8H, DMTr-OMe,
OCH2CH2N3), 3.53�3.37 (m, 5H, H-50, OCH2CH2N3,
30�OH). 13C NMR (125 MHz, CD3CN) δppm 167.2 (Bz-
CdO), 162.9 (C-4), 158.8, 158.8 (DMTr), 154.8 (C-2), 144.9
(C-6), 144.5, 136.0, 135.6 (DMTr), 133.5, 132.9 (Bz), 130.2,
130.0 (DMTr), 128.7 (Bz), 128.2, 128.1, 128.1 (DMTr, Bz),
127.1, 113.3 (DMTr), 96.3 (C-5), 94.4 (OCH2O), 89.8 (C-10),
86.7 (DMTr-Cq), 82.6 (C-40), 79.0 (C-20), 68.0 (C-30), 66.9
(OCH2CH2N3), 61.2 (C-50), 55.0 (DMTr-OMe), 50.7 (OCH2-
CH2N3). HRMS(ESI): [MH]þ C40H41N6O9 requires 749.2930;
found, 749.2935.
20-O-(2-Bromoethoxymethyl)-50-O-(4,40-dimethoxytrityl)-

β-N4-benzoylcytidine 30-(2-cyanoethyl-N,N-diisopropylpho-
sphoramidite) (1). Compound 5a (0.29 g, 0.37 mmol) was
predried over P2O5 in a vacuum desiccator and dissolved in
DCM (5mL). Et3N (260 μL, 1.85mmol) and 2-cyanoethylN,N-
diisopropylphosphoramidochloridite (99 μL, 0.44 mmol) were
added under nitrogen. After 2 h, the mixture was filtered through
a short dried silica gel column (60�70% EtOAc in hexane and
0.1% Et3N). The mixture of phosphoramidite 1 RP- and SP-
diastereomers (0.26 g, 71%) was obtained as a colorless oil. 1H
NMR (500 MHz, CD3CN) δppm 9.22 (br, 1H, NH), 8.50 [d,
0.5H, J = 7.5 Hz, H-6 (diast. I)], 8.45 [d, 0.5H, J = 7.0 Hz, H-6
(diast. II)], 8.00�7.94 (m, 2H, Bz), 7.66 (m, 1H, Bz), 7.58�7.48
(m, 4H, Bz, DMTr), 7.43�7.34 (m, 6H, DMTr), 7.31 (m, 1H,
DMTr), 7.11 [br, 0.5H, H-5 (diast. I)], 7.04 [br, 0.5H, H-5 (diast.
II)], 6.96�6.90 (m, 4H, DMTr), 5.99 (br s, 1H, H-10), 5.09 [d,
0.5H, J = 6.5 Hz, OCHHO (diast. I)], 5.06 [d, 0.5H, J = 6.5 Hz,
OCHHO (diast. II)], 5.01 [d, 0.5H, J = 6.5 Hz, OCHHO (diast.
II)], 4.96 [d, 0.5H, J = 6.5 Hz, OCHHO (diast. I)], 4.60 (m, 1H,
H-30), 4.47 [m, 0.5H, H-20 (diast. I)], 4.41 [m, 0.5H, H-20 (diast.
II)], 4.28 [m, 0.5H, H-40 (diast. I)], 4.23 [m, 0.5H, H-40 (diast.
II)], 4.05�3.85 [m, 2.5H, OCH2CH2Br, OCHHCH2CN (0.5H
diast. II)], 3.84�3.46 [m, 13.5H, DMTr-OMe, OCH2CH2CN
(2� 0.5H diast. I), OCHHCH2CN (0.5H diast. II), NCH(CH3)2,
OCH2CH2Br, H-50], 2.71�2.67 [m, 2 � 0.5H, OCH2CH2CN
(diast. II)], 2.58�2.53 [m, 2 � 0.5H, OCH2CH2CN (diast. I)],
1.21�1.12 [m, 12 � 0.5H (diast. I), 6 � 0.5H (diast. II),
NCH(CH3)2], 1.06 [d, 6 � 0.5H, J = 7.0 Hz, NCH(CH3)2
(diast. II)]. 31P NMR (200 MHz, CD3CN) δppm 148.6 (diast. I),
150.5 (diast. II). HRMS(ESI): [MH]þ C49H58BrN5O10P re-
quires 986.3099; found, 986.3078.
20-O-(2-Azidoethoxymethyl)-50-O-(4,40-dimethoxytrityl)-

N4-benzoylcytidine 30-(H-phosphonate) Triethylammonium
Salt (2). Compound 5b (0.37 g, 0.5 mmol) was dissolved in
dry pyridine (2 mL), and diphenyl H-phosphonate (0.7 mL,
3.6 mmol) was added. After 45 min, water (0.6 mL) and Et3N

(0.6 mL) were added, and the reaction mixture was stirred for an
additional 15 min. After evaporation, the residue was partitioned
between DCM (20 mL) and 5% aq NaHCO3 (20 mL). The
organic layer was dried with Na2SO4, evaporated, and purified by
silica gel chromatography (5�10% MeOH in DCM þ 0.1%
Et3N), yielding product 2 (0.39 g, 86%) as a white foam. 1H
NMR (500 MHz, CDCl3/CD3OD (1:1)) δppm 8.53 (m, 1H,
H-6), 7.99�7.94 (m, 2H, Bz), 7.61 (m, 1H, Bz), 7.55�7.49 (m,
2H, Bz), 7.47�7.40 (m, 2H, DMTr), 7.37�7.14 (m, 8.5H,
DMTr, H-5, PH (0.5H)), 6.92�6.85 (m, 4H, DMTr), 6.19
(br, 0.5H, PH), 6.09 (s, 1H, H-10), 5.05 (d, 1H, J = 7.0 Hz,
OCHHO), 4.97 (d, 1H, J = 7.0 Hz, OCHHO), 4.92 (m, 1H,
H-30), 4.52 (m, 1H, H-20), 4.35 (d, 1H, J = 7.0 Hz, H-40),
3.87�3.76 (m, 8H, DMTr-OMe, OCH2CH2N3), 3.64 (d, 1H,
J = 11.0 Hz, H-50a), 3.52 (d, 1H, J = 11.0Hz, H-50b), 3.43 (m, 2H,
OCH2CH2N3), 3.13 (br q, 6H, J = 6.5 Hz, CH2 of Et3N), 1.31
(t, 9H, J = 7.3 Hz, CH3 of Et3N).

13C NMR (125 MHz, CDCl3/
CD3OD, 1:1) δppm 167.3 (Bz-CdO), 163.3 (C-4), 158.8 (DMTr),
156.2 (C-2), 144.8 (C-6), 143.9, 135.4, 135.1 (DMTr), 133.1, 133.0
(Bz), 130.2, 130.1 (DMTr), 128.7 (Bz), 128.3, 127.9, 127.9
(DMTr, Bz), 127.1, 113.2 (DMTr), 97.6 (C-5), 94.9 (OCH2O),
89.4 (C-10), 87.2 (DMTr-Cq), 82.0 (C-40), 78.5 (C-20), 70.1 (C-
30), 67.1 (OCH2CH2N3), 60.9 (C-50), 54.9 (DMTr-OMe), 50.7
(OCH2CH2N3), 46.3 (CH2 of Et3N), 8.3 (CH3 of Et3N).

31P
NMR (200 MHz, CDCl3/CD3OD, 1:1) δppm 2.53. HRMS(ESI):
[M]� C40H40N6O11P requires 811.2498; found, 811.2488.
Synthesis of 20-O-Me-oligoribonucleotides. Oligonucleo-

tides incorporating 1 and 2 were synthesized in a 1.0 μmol scale
using commercial 500 Å CPG-succinyl-20-O-Me-adenosine sup-
port. For the synthesizer, a protocol including both the phosphor-
amidite/tetrazole andH-phosphonate/pivaloyl chloride couplings
was generated. For the coupling of phosphoramidite block 1 (0.13
mol L�1 solution in dry MeCN) and the commercial 20-O-Me-
nucleoside phosphoramidites, standard RNA phosphoramidite
protocol was applied, with the exception of an extra detritylation
step for monomer 1. For the H-phosphonate monomer 2 [35
mmol L�1 solution in dry MeCN/pyrine (1:1, v/v)], a previously
generated protocol was utilized.9 Accordingly, the coupling time
was 570 s on using pivaloyl chloride at a concentration of 100
mmol L�1 in dry MeCN/pyrine (1:1, v/v). An additional
detritylation step was used also for monomer 2. After the
oligonucleotide assembly, the support-bound material was re-
moved from the synthesizer, oxidized with iodine (0.1 mol L�1)
in wet pyridine (98:2, v/v) at rt for 1 h, washed with pyridine/
MeCN/MeOH, and dried in vacuum. The oligonucleotides were
released from the support and deprotected with concentrated
ammonia (33% aqueous NH3) at 55 �C overnight.
On-Support Click Conjugation. Alkynyl-functionalized li-

gands 69 and 731 (Chart 1) were conjugated to the azido groups
of the support-bound oligonucleotides as follows. The ligands in
MeOH (50 mmol L�1, 15 equiv/azido group) were added onto
the support. After that, CuSO4 and tris[(1-benzyl-1,2,3-triazol-4-
yl)methyl]amine (TBTA-ligand) were added as a 25 mmol L�1

Chart 1
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solution in a 12:3:1 (v/v/v) mixture of water, DMSO, and
2-butanol (7.5 equiv/azido group). Finally, sodium ascorbate
(15 equiv/azido group) as a 0.1 mol L�1 aqueous solution was
added. The mixture was shaken at room temperature for 5 h. The
support was collected by filtration and washed first with water,
DMF, andMeOH. To remove the copper salt and TBTA ligand as
quantitatively as possible, the support was then treated for 10 min
with aqueous EDTA solution (0.1 mol L�1), washed with water,
and then for another 10minwith an aqueous solution of neomycin
trisulfate (0.1 mol L�1). Finally, the support was washed with
water, DMF, DCM, MeOH, and MeCN.
On-Support Azidation. The support-bound oligonucleotides

(0.5 μmol) were treated with a solution of tetramethylguanidinium
azide (TMGA, 15.8mg, 200 equiv) andNaI (15.0mg, 200 equiv) in
dry DMF (500 μL) for 1.5 h at 65 �C.13 The support was collected
by filtration and washed with DMF, DCM, water, and MeOH.
Characterization of the Conjugates. The identity of the

sugar conjugates 10 and 11 was verified by ESI-MS. Observed
masses are calculated from [(M-4H)/4]. ON10 requires an
isotopic mass of 5527.08; found, 5527.15. ON11 requires an
isotopic mass of 5830.19; found, 5830.18.
MeltingTemperature Studies.Themelting curves (absorbance

versus temperature) were measured at 260 nm on a Perkin-Elmer
Lambda 35 UV�vis spectrometer equipped with a multiple cell
holder and a Peltier temperature controller. The temperature was
changed at a rate of 0.5 �C/min (from 15 to 90 �C). The
measurements were performed in 10 mmol L�1 potassium phos-
phate buffer (pH 7) containing 0.1 mol L�1 or 1.0 mol L�1 NaCl.
The oligonucleotide conjugates and their cDNA or 20-O-methyl
RNA targets were used at a concentration of 2 μmol L�1.Tm values
were determined as the maximum of the first derivate of the
melting curve.

’RESULTS AND DISCUSSION

Synthesis of Monomeric Building Blocks. An O-glycosyla-
tion approach30,32 was applied to the preparation of the 20-O-(2-
bromoethoxy)methyl (3a) and 20-O-(2-azidoethoxy)methyl (3b)
substituted cytidine monomers. Accordingly, 30,50-O-(1,1,3,3-
tetraisopropyldisiloxane-1,3-diyl)-N4-benzoylcytidine33,34 was
treated with (2-bromoethoxy)methyl acetate in the presence of
tin tetrachloride at�12 �C.30 Nucleoside 3a was isolated in 88%
yield, and conversion to the corresponding 20-O-(2-azidoethoxy)
methyl derivative (3b) by displacement of the bromo substituent
with NaN3 in DMF was virtually quantitative. The 30,50-cyclic
silyl protecting group was removed from 3a and 3b with Bu4NF
in THF, and the 50-OH of the deprotected nucleosides (4a,b)
was protected with a 4,40-dimethoxytrityl group to obtain 5a,b.
Finally, 5a and 5b were converted to 30-(2-cyanoethyl-N,N-
diisopropylphosphoramidite) (1) and 30-(H-phosphonate) (2),
respectively. Owing to the presence of the azido group, 5b
undergoes a Staudinger reaction upon phosphitylation, which
prevents its conversion to a phosphoramidite reagent.9,35

The alkynyl-derivatized monosaccharide ligands, viz. propar-
gyl 2,3,4,6-tetra-O-acetyl-R-D-mannopyranoside (6) and propar-
gyl 2,3,4,6-tetra-O-acetyl-β-D-galactopyranose (7), used in the
click conjugation were prepared from peracetylated R-D-manno-
pyranose and β-D-galactopyranose by boron trifluoride etherate
promoted glycosidation with propargyl alcohol. The compounds
exhibited 1H and 13C NMR chemical shifts identical to those
reported earlier.9,31

Oligonucleotide Synthesis and Click Conjugation. The
appropriately protected phosphoramidite (1) and H-phospho-
nate (2) building blocks were incorporated into 15-mer 20-O-
methyl oligoribonucleotides: 50-(CAU C2UG GUU C1UA

Figure 1. Solid-supported introduction of two different sugar ligands into 20-positions within a 20-O-Me-oligoribonucleotide (10).

http://pubs.acs.org/action/showImage?doi=10.1021/bc200097g&iName=master.img-003.jpg&w=350&h=288
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CGA)-30 (8) and 50-(CAU C1UG GUU C2UA C1GA)-30 (9)
(C1 and C2 refer to nucleosidic units derived from 1 and 2,
respectively). The oligomers were assembled by phosphorami-
dite chemistry, with the exception of the insertion of 2, which was
carried out by pivaloyl chloride promoted H-phosphonate cou-
pling. As also shown previously, the presence of an azido group in
the growing solid-supported oligonucleotide chain does not
disturb the phosphoramidite coupling of subsequent monomers.9

The coupling yield of building block 1 was ∼99%, but the H-
phosphonate block 2 was coupled in only 85% yield.
After completion of the chain assembly, oligonucleotides 8

and 9 were conjugated with the two alkynyl-functionalized
monosaccharide ligands (6 and 7) (Figure 1). The azido group
of monomeric unit 2 was first subjected to Cu(I) promoted click
reaction with propargyl R-D-mannopyanoside tetraacetate (6),
using a mixture of CuSO4 and sodium arcorbate in the presense
of tris[(1-benzyl-1,2,3-triazol-4-yl)methyl]amine (TBTA-
ligand) as the source of Cu(I) ion (5 h, r.t.). The bromo
substituent of monomeric unit 1 was then displaced with an
azide ion, as reported previously by Pourceau et al.13,14 Both
tetramethylguanidinium azide36 (TMGA/NaI/DMF, 65 �C)
and less soluble NaN3 (NaN3/NaI/DMF, 65 �C) were used as

a source of azide ions. The second click reaction was then
performed using propargyl β-D-galactopyranoside tetraacetate
(7) as the alkyne component. The oligonucleotide conjugates
obtained (10 and 11) were deprotected and released from the
support by standard ammonolysis (33% aq NH3, 55 �C, over-
night). The crude products were purified by RP-HPLC, and their
identity was verified by ESI-MS. Figure 2 shows the HPLC traces
of the crude conjugates and the homogeneity of the products
after purification.
Melting Temperature Studies. It has been shown previously

that oligonucleotides bearing a β-D-ribofuranosyl group at an
intrachain 20-O form stable complexes with RNA (ΔTm = 0 �C)
and maintain A-type helical geometry with the additional 20-O-
ribose moiety located in the minor groove.2,24 Consistent with
these findings, the sugar ligands attached in the present study to
20-O via a [2-(4-hydroxymethyl-1H-1,2,3-triazol-1-yl)ethoxy]-
methyl linker only slightly destabilize the duplex. Table 1 records
the melting temperatures (Tm) for the duplexes of oligonucleo-
tide conjugates 10 and 11 with the full cDNA and 20-O-methyl
RNA sequences at pH 7.
The saccharide ligands accommodated quite well in the duplex

structure. Oligonucleotide 10 bearing two saccharide units in an

Figure 2. RP HPLC traces of the crude and purified oligonucleotide glycoconjugates 10 and 11, respectively. For the chromatographic conditions, see
the Experimental Procedures Section.

Table 1. Melting Temperatures for the Duplexes of Oligonucleotide Conjugates 10 and 11 with Their Complementary DNA and
20-O-Methyl-RNA Sequencesa

compl. DNA Tm/�C and (Δ Tm/�C) compl. 20-O-methyl RNA Tm/�C and (Δ Tm/�C)

0.1 mol L�1 NaCl 1.0 mol L�1 NaCl 0.1 mol L�1 NaCl

50-CAU CUG GUU CUA CGA 50.1 61.7 72.0

50-CAU XUG GUU YUA CGA (10) 50.6 (þ0.5) 60.6 (�1.1) 71.5 (�0.5)

50-CAU YUG GUU XUA YGA (11) 47.0 (�3.1) 60.2 (�1.5) 68.2 (�3.8)
aX = monomer C2 conjugated with 6; Y = monomer C1 conjugated with 7.

http://pubs.acs.org/action/showImage?doi=10.1021/bc200097g&iName=master.img-004.png&w=360&h=262
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intrachain position exhibited even a slight stabilization of the
duplex with the DNA target at a low ionic strength (ΔTm =
þ0.5 �C) and a slight destabilization at a high ionic strength
(ΔTm =�1.1 �C). Addition of a third saccharide ligand to obtain
conjugate 11 resulted in a moderate destabilization even at a
low ionic strength (ΔTm = �3.1). At high ionic strength, the
destabilization was less prominent (ΔTm = �1.5 �C). With the
20-O-Me RNA target, two saccharide ligands within conjugate 10
were similarly well tolerated (ΔTm = �0.5 �C), but with 11,
containing three saccharides, Tm again dropped significantly
(ΔTm = �3.8 �C). A tentative explanation for the marked
destabilizing influence of the third saccharide, especially at low
ionic strength, is that two of the sugars are rather close to each
other within conjugate 11, viz. in positions 10 and 13.

’CONCLUSIONS

A convenient and reliable method for solid-phase introduction
of two different types of saccharide ligands in desired positions of
an oligonucleotide has been developed. The underlying principle
is regiospecific introduction of azido- and bromo-functionalized
building blocks into the oligonucleotide upon chain assembly
and their subsequent derivatization on the support. A propynyl-
functionalized saccharide is first attached to the azido groups
by Cu(I) promoted 1,3-dipolar cycloaddition, and the same
reaction is utilized to conjugate the second propynyl saccharide
after conversion of the bromo substituents to azido groups by
displacement with the azide ion. For the chain assembly, con-
ventional phosphoramidite chemistry may be applied, except for
the introduction of the azido functionalized building blocks that
have to be coupled as H-phosphonates. The saccharide ligands
are quite well accommodated to the duplexes formed with both
DNA and 20-O-Me RNA targets
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