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Abstract

Herein we report the site-selective silylation of the ribonucelosides. The method enables a simple
and efficient procedure for accessing suitably protected monomers for automated RNA synthesis.
Switching to the opposite enantiomer of catalyst allows for the selective silylation of the 3′-
hydroxyl, which could be used in the synthesis of unnatural RNA or for the analoging of
ribonucelosides. Lastly, the procedure was extended to ribavirin a potent anti-viral therapeutic.

Site-selective catalysis1 is the ability to differentiate a functional group, when multiple
similar groups are present in the molecule. Over the past several years site-selective
catalysis has emerged as a powerful and efficient means of derivatizing and analoging
natural products.2,3 To achieve site selectivity in the absence of a catalyst, synthetic
chemists either rely on a significant bias in innate reactivity within the substrate (e.g.
functionalizing a primary over a tertiary hydroxyl) or protecting group strategies, which
mask other potential reactive sites. Beyond late stage functionalization, site-selective
catalysis can also be employed in more traditional synthetic streamlining; in particular, it has
been employed in the selective functionalization of monosaccharides.4,5

A significant challenge for site-selective catalysis is the manipulation of sites that are less or
similarly reactive to other positions within the molecule. To this end, we have been pursuing
catalysts that react with specific functional group motifs within complex molecules. To
achieve this goal we have synthesized catalysts that have a catalytic residue appended to a
substrate-binding site (Figure 1). The substrate-binding event occurs through a reversible
covalent bond,6 minimizing the molecular interactions necessary for substrate localization.
Through this design, selectivity and rate acceleration are achieved through proximity
effects.7 This is an ideal mechanism for site-selective catalysis, because acceleration is
directly linked to the structural arrangement of the functional groups. Because proximity
effects can result in orders of magnitude of rate acceleration, differentiation of groups that
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have similar reactivity and even the functionalization of inherently less reactive sites are
possible.8

Most recently we applied scaffolding catalysts to the derivatization of monosaccharides and
natural products.9 In this article we apply the catalyst to the selective functionalization of
ribonucleosides.10 Ribonucleosides are the core building blocks for RNA and also serve as
templates for the development of therapeutics, in particular antiviral agents.11 Beyond
RNA’s traditional role in protein expression (i.e. tRNA and mRNA), RNA has been found to
be critical in gene regulation through riboswitches12 and RNAi.13 These discoveries have
led to an explosion in the use of synthetic RNA as potential therapeutics14 as well as tools
for the biological sciences. Although the expectation would be that RNA and DNA synthesis
would be similar, the additional 2′-hydroxyl adds a layer of complexity to the synthesis of
RNA and derivatives, because this hydroxyl has to be differentiated from the 3′-position.
Current automated methods for RNA synthesis require that the 2′-hydroxyl be protected.
One of the most popular protecting groups used with the RNA monomers is a tert-
butyldimethylsilyl (TBS) group due to its chemical orthogonality. The current synthesis of
these monomers either requires an unselective silylation of the 2′ and 3′ positions followed
by separation of the isomers15 or a multistep protecting group sequence.16 Given the
increasing importance of RNA synthesis, we have devised a simple one-step procedure that
provides the desired monomers in high yield and selectivity for all the natural
ribonucleosides. Moreover, switching to the opposite enantiomer of catalyst enables the
selective protection of the 3′-hydroxyl, which can be potentially be used in the synthesis of
unnatural ribonucleosides.

We initially investigated site-selective functionalization of uridine using TBSCl as the
electrophile.17 As a control reaction, we employed N-methylimidazole (NMI) as the catalyst,
and similar to previous reports15c the product forms in 71:29 ratio of the silylated C2′-
OH:C3′-OH (2a:3a, Table 1 entry 1). Using scaffolding catalyst (−)-4a or (−)-4b18 results in
a dramatic improvement in selectivity to 98:2 with more moderate conversion (~70%, Table
1, entries 2 and 3). To test for the necessecity of covalent bonding to (−)-4b, an additional
control reaction was performed with (−)-5, which lacks a substrate binding site; both the
reactivity and selelctivity (2a:3a = 45:55, Table 1, entry 4) decreased as expected. By both
increasing the number of equivalents of TBSCl and the concentration of the reaction (1.0 M
in substrate), complete conversion was achieved without loss of selectivity (Table 1, entry
5). Moreover, the catalyst loading could be lowered to 10% 4b affording an isolated yield of
93% and a site selectivity of 98:2 (2a:3a, Table 1, entry 6). Lowering the catalyst loading to
5% results in a modest decrease in yield (84%) with no change in selectivity (98:2, Table 1,
entry 7).

With the optimal conditions in hand, we surveyed the remaining naturally-occurring
ribonucleosides. To our delight all the ribonucleosides yielded the desired TBS protected
product in excellent selectivity and yield (Table 2). The most problematic substate was
guanosine which required an increase in the catalyst loading (20 mol %) and a decrease in
substrate concentration (0.5 M) to obtain the optimal selectivity (2d:3d = 97:3) and yield
(75%, Table 2, entry 3).

A way to view the current silylation reaction is as a pseudo-desymmetrization of a cis-1,2-
diol. This would imply that switching to the opposite enantiomer of catalyst would result in
silylation of the C3′-hydroxyl. Initial efforts to TBS protect the 3′ position resulted in poor
yield and low selectivity in the reaction. We have previously reported that for inherently less
reactive positions within molecules it is often necessary to use more reactive electrophiles.
Using chlorotriethylsilane (TESCl) in place of TBSCl allowed for the highly selective
protection of the 3′-hydroxyl of uridine (2′:3′ = 7:93, Table 3, entry 1). With the more
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reactive electrophile the catalyst loading can be reduced to 5 mol % with a reaction time of 4
hours. Moreover, switching to (−)-4b affords the 2′-protected product in excellent yield and
selectivity (Table 3, entry 2). Application of the scaffolding catalysts to the other natural
ribonucleosides allows for switching of the site selectivity through simply changing the
enantiomer of the catalyst. In general either isomer of product can be isolated in >95:5
selectivity and >80% yield using 5% catalyst (Table 3). Guanosine proved to be the most
challenging substrate, but by increasing the catalyst loading to 20 mol % the desired product
was isolated in 78% yield (5:6 = 14:86, Table 3, entry 7).

Unnatural ribonucleosides have been found to be effective anti-viral agents, and so the
selective modification of these compounds is critical to the development of novel
therapeutics. We investigated whether the scaffolding catalysts would also be effective in
the selective protection of ribavirin, which is currently used to treat Hepatitis C virus
(HCV). Using unprotected ribavirin, catalyst (−)-4b silylates the 5′ and 2′ positions with
high selectivity (7:8 = 94:6, Figure 2), leaving the 3′ hydroxyl available for further
manipulation. Switching to catalyst (+)-4a affords the product with the 5′ and 3′ hydroxyls
protected, allowing access to the 2′-hydroxyl (Figure 2).

Using a scaffolding catalyst, site-selective functionalization of ribonucleosides was achieved
enabling an efficient synthesis of appropirately protected monomers for automated RNA
synthesis. Moreover, simply switching the antipode of the catalyst allows for toggling of the
site selectivity to favor protection of the 3′-hydroxyl. We believe that developing catalysts
that recognize specific functional group motifs will provide a practical and predictable
method for manipulating polyfunctional molecules.
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Figure 1.
Design of Scaffolding Catalysts
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Figure 2.
Functionalization of ribavirin
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Table 1

Optimization of D-uridine silylationa

entry catalyst equiv
TBSCl/DIPEA 2a:3a d conversion (%)c

1 20% NMI 1.5/2.0 71:29 100

2 20% (−)-4a 1.5/2.0 98:2 70

3 20% (−)-4b 1.5/2.0 98:2 72

4 20% (−)-5 1.5/2.0 45:55 45

5b 20% (−)-4b 2.0/1.5 98:2 100

6b 10% (−)-4b 2.0/1.5 98:2 100 (93)e

7b 5% (−)-4b 2.0/1.5 98:2 88 (84)e

a
Reactions performed at 0.2 M of 1a with 3 mol % DIPEA-HCl.

b
Reactions run at 1.0 M of 1a.

c
Conversion determined by 1H NMR using trimethoxybenzene as an internal standard.

d
Ratio was determined by 1H NMR.

e
Isolated yield.
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Table 2

Silylation of natural ribonucleosides

entry nucleobase 2:3 d yield (%)e time

1a 95:5 82 24 h

2b 98:2 91 24 h

3c 97:3 75 48 h

a
Reaction condition 0.5 M concentration in substrate

b
Reaction condition 1.0 M concentration in substrate

c
Reaction condition: 20 mol % (−)-4b, 0.5 M concentration in substrate

d
Ratio was determined by 1H NMR.

e
isolated yield
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Table 3

Protection of the C3-hydroxyl of ribonucleosides

nucleobase entry catalyst 5:6 a yield (%)b

U (1a) 1 (+)-4a 7:93 80

2 (−)-4b >98:<2 86

ABz(1b) 3 (+)-4a 4:96 85

4 (−)-4b 98:2 88

CBz(1c) 5 (+)-4b 2:98 86

6 (−)-4b 98:2 86

GIb(1d) 7c (+)-4a 14:86 78

8d (−)-4b 92:8 71

a
Ratio was determined by 1H NMR.

b
isolated yield.

c
20 mol % (+)-4a.

d
10 mol % (−)-4b.
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