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Abstract—A novel C4-linked imidazole ribonucleoside phosphoramidite was designed and successfully synthesized starting from
tribenzylribofuranosylimidazole. This phosphoramidite product enables incorporation of the imidazole moiety into an RNA
sequence and hence allows study of its role in the general acid and base catalysis of ribozymes. Pivaloyloxymethyl (POM) was first
introduced as an N-protecting group for the imidazole ribonucleoside that can be readily removed under mild basic condition.
� 2004 Elsevier Ltd. All rights reserved.
The study of ribozyme is important because it allows
insight into how a simple RNA molecule can catalyze a
reaction with a low repertoire of chemical groups com-
pared to protein. The VS ribozyme,1 encoded in the
RNA transcribed from the Varkud satellite DNA of
Neurospora mitochondria, catalyzes the site-specific
cleavage of a phosphodiester linkage to generate prod-
ucts containing 20,30-cyclic phosphate and 50-OH ter-
mini. Recently, in an extensive mutagenesis study, we
have identified a critical nucleotide (A756) that is very
likely a key residue in the active site of the VS ribo-
zyme.2 Further experiments by replacing adenosine with
various analogues3 indicate that the scissile phosphate of
the substrate is in close proximity to A756 and, there-
fore, A756 may play a role in general acid and base
catalysis. Unlike HDV ribozyme where cleavage activity
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of the uracil-substituted mutant of the antigenomic
ribozyme aC76U can be restored by free imidazole in a
buffer,4 the secondary structure of the VS ribozyme may
prevent free imidazole from entering the active site and
thereby may terminate its function. Other potential
places such as G8 and A39 of the Hairpin ribozyme,
where mutagenesis and chemical substitution indicate
they are critical for catalysis,5 may also participate in
general acid and base catalysis. Given that imidazole
with a pKa of 7.1 is both a good donor and acceptor of
proton, the synthesis of an imidazole C-nucleoside will
allow incorporation at the desired position to probe
general acid and base catalysis. We herein describe the
synthesis of novel C4-linked imidazole ribonucleoside
phosphoramidite 1, which enables the insertion of an
imidazole base into RNA sequence (Fig. 1). In this
N O C
O

(POM)
O

O
NHN

O OH
P
O

O-O

RNA
synthesizer

l: harusawa@gly.oups.ac.jp

mail to: harusawa@gly.oups.ac.jp


2658 L. Araki et al. / Tetrahedron Letters 45 (2004) 2657–2661
synthetic study, pivaloyloxymethyl (POM) was used as a
unique N-protecting group for the imidazole ribonu-
cleoside.

We previously reported an efficient and stereoselective
synthesis of 4(5)-(b-DD-ribofuranosyl)imidazole (3a), its
N-ethoxy carbonylated compound (3b), and 4(5)-2,3,5-
tri-O-benzyl-b-DD-ribofuranosylimidazole (2), which was
provided from 2,3,5-tri-O-benzyl-DD-ribose in three steps
in 87% overall yield (Scheme 3).6 We first aimed at a
synthesis of the ribonucleoside phosphoramidite from
the unsubstituted imidazole 3a or 3b protected imidaz-
ole-N by an ethoxycarbonyl group, which could be
easily removed by aqueous ammonia (Table 1, entry 1).
However, the dimethoxytritylation of 3a or 3b failed in
spite of many trials due to instability of 50-O-dimeth-
oxytrityl (DMT) products (Scheme 1). We next sought a
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RCl (1 - 1.5 eq.)
base, rt

28 % aq.NH3 / MeOH
(1 : 3, v / v), rt, 3 h

Entry Reaction condition (equiv, h) 4 (%) 2 (%)

1 EtOCOCl (1.0), pyridine,

cat DMAP, 1.5

4b,a 96 96

2 Cl3CCH2OCOCl (1.1),

DMAP, benzene, 4

4c,b 89 89

3 p-CH3OC6H4COCl (1.0),

pyridine, 1.5

4d,b 74 73

4 (CH3)3CCOOCH2Cl (1.5),

NaH, THF, 5

4e,c 91 92

aRef. 6.
bRef. 13.
c See text.
more suitable protecting group of imidazole-N, which
might not only contribute to the stability of the synthetic
intermediates, but also should be compatible with RNA
deprotection condition at the end of the synthesis by the
phosphoramidite approach.7 It is further required to be
tolerated under the debenzylation-condition of N-pro-
tected C-nucleosides 4.

Bergstrom et al.8 previously reported the synthesis of 20-
deoxy-b-ribofuranosylimidazoles with p-nitrophenyl-
ethyl (PNPE)9 at imidazole-N, in which they suggested
that PNPE could be removed by treatment of DBU. We
thus examined whether the PNPE group at the N of the
imidazole ring could be easily removed by DBU using
PNPE protected imidazole C-ribonucleosides 4a, which
is an 8:1 isomeric mixture, but the Nim-position of PNPE
group for a major isomer remained undetermined
(Scheme 2). Treatment of 4a with DBU (5 equiv) did not
give deprotected 2 in acetonitrile at room temperature
(rt) for 3.5 h, but prolonged heating of the reaction
afforded 2 in only 22% yield [DBU (5 equiv), 20 h, and in
refluxing acetonitrile]. These results indicated that the
PNPE group was not appropriate for protection of
imidazole-N in the RNA synthesis.

On the other hand, 2,2,2-trichloroethoxycarbonyl
(Troc),10 p-anisoyl (An),11 and the POM groups12 were
easily introduced into the imidazole of 2 via the corre-
sponding chlorides to give 4c–e (Table 1) as single iso-
mers.9 The location of the protecting groups was
tentatively assigned to be nitrogen because N-acylation
of the imidazole ring occurs regioselectively on the less-
hindered s-nitrogen.13 They could be removed by
aqueous ammonia–MeOH (1:3, v/v) at rt after 3 h in
high yields.14 We next evaluated 4c–e under catalytic
debenzylation as shown in Table 2. Hydrogenolysis of
4c or 4d over Pd–C cleaved Troc or An groups as well as
benzyl groups to give a nonprotected imidazole C-
nucleoside 3a (R1, R2, R3 ¼H, quant) (Table 2, entries 1
and 2). Interestingly, 4e maintained the POM group
under the reduction conditions to give partial debenzyl-
ated products 5 and 6 (Table 2, entry 3). Further,
treatment of 4e with Pd(OH)2–C/cyclohexene in reflux-
ing ethanol produced N-POM-imidazole C-nucleoside
715 in quantitative yield. The POM group of 7 was
determined to be at the s nitrogen by a convenient NMR
method using 1H–15N HMBC, which was very recently
reported by Zaramella et al.16: a 1H (C10)/15N (p) cross-
peak could clearly be seen in 1H–15N HMBC signals [d
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3a, 5 - 7
Entry Conditions Product Yield (%)

1 4c (Troc), 3a Quant

H2/5% Pd–C (R1, R2, R3 ¼H)

(1 kg/cm2), 6 h

2 4d (An), 3a Quant

H2/5% Pd–C

(3 kg/cm2), 16 h

3 4e (POM), 5 22

H2/10% Pd–C (R1 ¼POM, R2, R3 ¼Bn)

(3 kg/cm2), 16 h 6

(R1 ¼POM, R2 ¼H, R3 ¼Bn) 32a

or (R1 ¼POM, R2 ¼Bn, R3 ¼H)

4 4e (POM), 7 Quant

20% Pd (OH)2–C, cyclohexene, (R1 ¼POM, R2, R3 ¼H)

reflux, 4 h

aYield as a mixture of two isomers.
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(ppm) 15N (s) 176.1, 15N (p) 247.1, and 1H (C10) 4.66]
(Scheme 3).17

The utility of the POM group may be further pointed
out in RNA synthesis: (1) In the capping step, unreacted
50-hydroxy group is acetylated with acetic anhydride to
prevent the growing oligonucleotide chain with a base
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Scheme 3. Reagents and conditions: (a) Table 1, run 4; (b) Table 2, run 4;

overnight; (d) TBDMSOTf (1.1 equiv), py., MS4A, )40 �C, 5min; (e) 2-cyano

(1.2 equiv· 2), ClCH2CH2Cl, 40 �C, 62 h; 1) Arrows indicate interactions be
deletion,7 whereas activated Nim-carbonyl groups (as in
4b–d) may be susceptible to potential exchange-reactions
at this stage, leading to complexities. (2) Base-protecting
groups are conventionally removed in the final step of
RNA synthesis by ammonia and ethanol mixture [28%
aq NH3–EtOH (3:1, v/v)] at 60 �C for 16 h. As the
POM group can be removed under faster and milder
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(c) DMTCl (1.5 equiv), Et3N (1.5 equiv), DMAP (0.025 equiv), py., rt,

ethyl N,N,N0,N0-tetraisopropylphosphodiamidite (2.5 equiv· 2), DIPT

tween sets of two protons in NOESY experiments.



2660 L. Araki et al. / Tetrahedron Letters 45 (2004) 2657–2661
conditions, it is particularly attractive to sensitive RNA
such as Cy5 labeled RNA where deprotection is rec-
ommended at room temperature to minimize the
destruction of cyanine dye. (3) In addition, the POM
group has not been employed as a protecting group for
imidazoles to date.12 Hence, the N-POM group is the
most suitable and practical protecting group for the
imidazole ribonucleosides.

DM-tritylation of 7 thus obtained successfully afforded
50-O-DMT-derivative 8 in 80% yield. Therefore,
synthesis of 50-O-DMT-20-O-tert-butyldimethylsilyl
(TBDMS)-30-O-cyanoethyldiisopropylphosphoramidite 1
was carried out via the N-POM-imidazole 7 (Scheme 3).

Selective protection of the 20-hydroxy group of 8 using
TBDMSCl did not proceed in the presence of AgNO3

and pyridine in THF,18 but treatment of 8 with
TBDMSOTf in pyridine led to an inseparable 1:1 mix-
ture 9ab (52%) of 20-O-TBDMS and 30-O-TBDMS iso-
mers 9a and 9b, together with a 20,30-bis-O-substituted
derivative 10 (17%). As compound 9a could not be
isolated owing to easy isomerizaton between 9a and
9b,19 the mixture 9ab was subjected to phosphitylation.
Treatment of 9ab with 2-cyanoethyl tetra-
isopropylphosphodiamidite in the presence of diisopro-
pylammonium tetrazolide (DIPT) in dichloromethane at
rt yielded 30- and 20-phosphoramidites 1 and 11, but the
yields were variable and less than satisfactory. The
problem was resolved by use of 1,2-dichloroethane as
the solvent at 40 �C to provide 120 (31%) and unstable 11
(25%). The structure of 1 was assigned by NOESY
experiments of the respective phosphoramidites 1 and
11, as illustrated in Scheme 3. It was further confirmed
by observation of a 31P–1H (C30) coupling constant
[3JP–H ðC30Þ ¼ 13.4Hz] with the aid of 31P-decoupled 1H
NMR spectrum of 1 [31P NMR: d 148.9 ppm
(CD3CN) as a singlet-like peak for two P-diastereoiso-
mers].

Further work on application of 1 is under way and will
be published in due course.
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