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Abstract—We report herein an efficient synthesis of new nucleosides N1, N2, and N3 as extended guanine analogues, derived from
aminobenzimidazole and thymine or 5-substituted uracil. These nucleosides were devised for the recognition of an AÆT inverted base
pair by three hydrogen bonds, in triple helix-based technology.
� 2004 Elsevier Ltd. All rights reserved.
Figure 1. Hydrogen bonding within TÆA·T, CÆG·C+ and AÆT·G
triplets.
It is currently accepted that pyrimidine oligonucleotides
can bind in parallel orientation to a double stranded
DNA (ds-DNA) to form stable local triple-helical struc-
tures. This specific recognition process occurs in the
major groove of ds-DNA by formation of TÆA·T and
CÆG·C+ triplets (i.e., pyrimidine motif) through specific
Hoogsteen hydrogen bonds (Fig. 1).1 Accordingly, tri-
plex forming oligonucleotides (TFOs) have attracted a
considerable interest because of their potential use in
genes recognition-based technologies.2 Unfortunately,
the application of TFO approach in therapeutic and
biotechnology has a major intrinsic limitation since tri-
plex formation is restricted to oligopyrimidineÆoligo-
purine tracts. Thus, a single purineÆpyrimidine (AÆT or
GÆC) interruption in the oligopyrimidineÆoligopurine
ds-DNA is sufficient to induce high triplex destabiliza-
tion.3

Many efforts have been undertaken to extend the recog-
nition pattern of TFOs to polypurine sequences, which
are interrupted by a pyrimidine.4 However, the most re-
ported works in this area were addressed for the recog-
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nition of GÆC rather than AÆT. Indeed, the recognition
of AÆT is highly hampered by the bulky methyl group
of thymine due to steric hindrance and hence, only a
few systems were devised for this purpose.

We have previously reported on the recognition proper-
ties of several non-natural C-nucleosides, designed for
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Figure 2. Proposed recognition model within AÆT·N1 and AÆT·N2(N3) triplets.
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the AÆT inverted base pair recognition on the basis of
molecular modeling studies, when incorporated into py-
rimidine-motif TFOs.5 Among these compounds, we
found that an analogue containing two unfused aro-
matic rings (3-aminophenyl-thiazole) linked to a 2 0-deo-
xyribose unit by an acetamide motif (named S) had
interesting properties. Indeed, it was able to recognize
an AÆT inversion in ds-DNA with a high affinity, very
close to those of canonical triplets (TÆA·T and
CÆG·C+), and a moderate but significant selectivity
for AÆT rather than GÆC inversion.5a,c In continuation
of our studies directed at overcoming the sequence lim-
itations in triple helix strategy,5 we investigated a novel
class of modified nucleobases designed for specific rec-
ognition of AÆT inversion. This study is based on the fact
that the guanine is known to recognize a T interruption
in oligopurine strand through formation of one hydro-
gen bond between the 2-amino group of guanine and
the oxygen O(4) of thymine (Fig. 1).6 Moreover, the
non-canonical AÆT·G triplet was found to be the most
stable triplet combination with natural nucleobases.
However, this stabilizing effect by guanine is insufficient
because it involves only one hydrogen bond. From this
fact, a promising way to increase triplex stability at
the AÆT inverted site should be the use of an extended
guanine analogue that can simultaneously and coopera-
tively bind to all free Hoogsteen sites of both thymine
Scheme 1. Reagents and conditions: (a) H2–Pd/C, THF; (b) 1-thyminyl-pro

CH2Cl2, 50�C; (c) MeONa (3equiv), MeOH; (d) DMTCl (3equiv), Et3N

(2equiv).
and adenine Watson–Crick base pair with increase of
bases stacking.

We report herein the synthesis of novel extended nucle-
osides N1, N2, and N3 designed to contain the comple-
mentary donor–acceptor–donor (dad) binding sites for
the formation of base triplets as shown in Figure 2. In
these nucleobases, the thymine was employed to achieve
adenine recognition in Hoogsteen (N2 and N3) or reverse
Hoogsteen (N1) like configuration, and the 6-amino-
benzimidazole was chosen as a guanine analogue for
NH(6) benzimidazole-O(4) thymine interaction (Fig.
2). N2 and N3 only differ by the nature of their linker
(between aminobenzimidazole and thymine), which is
conformationally restricted in N2 and flexible in N3
(more degrees of freedom).

First, the common starting material 2 0-deoxynucleoside
1 was prepared by simple glycosylation of 5(6)-nitro-
benzimidazole and flash chromatography separation of
the obtained regioisomers.7 Catalytic hydrogenation of
1 provided quantitatively the amine derivative 2, which
was then coupled with 1-thyminyl-propionic acid8 using
Mukaiyama�s reagent (2-chloro-1-methyl-pyridinium
iodide)9 to give the extended nucleoside 3 in 56% non-
optimized yield (Scheme 1). The use of standard
HOBT/EDC or pentafluorophenol activating agents
pionic acid (1.2equiv), Mukaiyama�s reagent (2equiv), Et3N (2equiv),

(3equiv), DMF; (e) (CN(CH2)2O)(iPr2N)PCl (2equiv), Hunig�s base
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was found to be ineffective in such a reaction. The tolu-
oyl protecting groups were then cleaved (MeONa/
MeOH) leading to the free nucleoside 4 in 86% yield.
Successive 5 0-dimethoxytritylation and 3 0-phosphityla-
tion afforded the phosphoramidite derivative 5 in 52%
overall yield (Scheme 1).10

In the case of nucleosides N2 and N3, their incorpora-
tion into oligonucleotides requires the protection of
the reactive N-1 position of pyrimidine base. Hence,
we have selected for our synthesis the trimethylsilyleth-
oxymethyl (SEM) as a protecting group. This group
seems to be a good candidate because it could be easily
introduced and cleaved from oligonucleotides. The syn-
thesis of the targeted phosphoramidites 11 and 13, rela-
tive to N2 and N3, respectively, is outlined in Scheme 2.

We first tried to obtain 7 following Heck coupling of 611

and methylacrylate then saponification (aqNaOH, diox-
ane) but, surprisingly, we observed the removal of SEM
protecting group during NaOH treatment.12 To avoid
the saponification step, transformation of 6 to 7 was
achieved in 62% yield by using acrylic acid in one oper-
ation. However, when 7 was coupled with amine 2, the
Scheme 2. Reagents and conditions: (a) N,O-bis(trimethylsilyl)acetamide (B

50�C; (b) acrylic acid (2.5equiv), Pd(OAc)2 (0.1equiv), PPh3 (0.2equiv), Et

(2equiv), CH2Cl2/DMF; (d) acryloyl chloride (1.5equiv), Et3N (2equiv), CH2

reflux; (f) EtOH, aq NH3; (g) DMTCl (2equiv), Et3N (3equiv), DMF then (C

Pd/C (10% molar), AcOH/THF (1/1, v/v).
desired pyrimidine ended nucleoside 9 was obtained in
36% yield (path A). Alternatively 9 was best obtained
from 2 by simply inverting the reaction sequences (path
B). Thus, treatment of 2 with acryloyl chloride in THF
gave 8 which, after Pd coupling with 6 afforded 9 in
80% overall yield. Compound 9 was then quantitatively
converted to its free analogue 10 by using NH3/EtOH
solution instead of MeONa/MeOH, which induced, as
expected, the cleavage of SEM protecting group. The
5 0-dimethoxytritylation and 3 0-phosphitylation steps on
compound 10 were achieved in 72% overall yield, pro-
viding the fully protected phosphoramidite 11.

In the same way, phosphoramidite building block 13
(i.e., N3), a flexible analogue of N2, was obtained in
good yield from intermediate 10 following (i) catalytic
hydrogenation (Pd/C, THF/AcOH) and (ii) successive
5 0- and 3 0-functionalization (Scheme 2).13

In order to point out the implication of the pyrimidine
ring of N1 and N2 in the proposed recognition process
(Fig. 2), we have efficiently synthesized the phosphoram-
idite guanine analogue 15 containing only one hydrogen
donor site (NH2), as a control. The 6-amino group was
SA) (2.2equiv), SEMCl (1.2equiv), Bu4N
+I� (10% molar), CH2Cl2,

3N (2equiv), DMF, 100�C; (c) Mukaiyama�s reagent (2equiv), Et3N

Cl2; (e) Pd(OAc)2 (0.1equiv), PPh3 (0.2equiv), Et3N (2equiv), dioxane,

N(CH2)2O)(iPr2N)PCl (1.2equiv), Hunig�s base (2equiv), CH2Cl2; (h)



Scheme 3. Reagents and conditions: (a) DMA–DMF, 80�C; (b) MeONa (2.2equiv), MeOH; (c) DMTCl (2equiv), Et3N (3equiv), DMF; (d)

(CN(CH2)2O)(iPr2N)PCl (1.2equiv), Hunig�s base (2equiv), CH2Cl2.
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protected, for oligonucleotides synthesis, using dimeth-
ylformamide dimethylacetal (DMA) in DMF (Scheme
3).14

In summary, we have designed and synthesized new ex-
tended nucleosides holding three specific dad sites for tri-
ple helix mediated recognition of both thymine and
adenine base pair in DNA duplexes having a polypurine
strand interrupted by one or more thymidine. The incor-
poration of the efficiently protected phosphoramidites 5,
11, 13, and 15 into TFO for triple helix hybridization
studies is in progress.
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