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Abstract: The chemical functionalization at C-5’
position of nucleosides has been significantly less
studied compared to the C-1’, C-2" and C-3’ sugar
positions in spite of its potential important role for
biological activity. We describe here the synthesis of
new carbothioate nucleosides which were then
engaged in a Liebeskind-Srogl reaction with various
boronic acids for the preparation of diversely
modified C-5’-acyl nucleosides. Applied to pyrimidine
nucleosides in the DNA and RNA series, the reaction
showed a broad substrate scope and more than 25
examples were synthesized in good to excellent
isolated yields. This general and efficient Pd-catalyzed
and Cu(l)-mediated cross-coupling represents a
convenient method to prepare a diverse set of 5'-
modified nucleosides and paves the way for further
transformation into a variety of potentially bioactive
compounds via the possible conversion of the C-5'-
ketone.

Derivatives or analogues of nucleosides and
nucleotides have long attracted the attention of the
scientific community for their biological activities. For
several decades these compounds have been notably
modified at the base or sugar level and evaluated for
their antibacterial, [ antiviral® and antitumoral
activities.”® The current pandemic caused by SARS-
CoV-2 infection (COVID-19) has renewed the appeal
and importance of nucleoside analogues and several
recent reviews have discussed the various
modifications that have already been made and
evaluated.” Furthermore, these modified nucleosides
may also be of special interest as building blocks for
the synthesis of therapeutic oligonucleotides.!™
Concerning the modifications of the sugar moiety, the
vast majority of them concerns the C-1’, C-2’, C-3’ and
C-4’ sites. In contrast the C-5’ position has been

significantly less studied despite its potential
importance for biological activity, both at the
nucleos(t)ide!® and oligonucleotide levels.!”! Aside
from the multi-step downstream nucleobase
introduction via Vorbriiggen glycosylation,®! the
introduction of 5’ functional groups usually involves a
5’-aldehyde which is submitted either to an
olefination and subsequently functionalized (Figure
1a)" or to a nucleophilic addition reaction (Figure
1b).[6e: 72,76, 101 The reduction of a C-5’ ketone obtained
from Weinreb amides has also been described with
success (Figure 1c).13% % 11 Nevertheless their
synthesis is hampered by the rather limited functional
group tolerance of the organometallic reagent thus
restraining the chemical space exploration around the
C-5’ site. In the course of our program devoted to the
synthesis of site-specific 5’ modification of
nucleosides,*? we envisioned the development of an
efficient access to C-5’-acylnucleosides by exploring
the potential of the Liebeskind—Srogl cross-coupling
reaction.

Reported for the first time in 2000, this cross-coupling
reaction is characterized by the Pd-catalyzed and
Cu(l)-mediated coupling between thioesters and
boronic acids to form ketones.[*3! As the reaction
conditions do not require a base, it has quickly
become an attractive alternative for C-C bond
formation and has found many applications in organic
and total synthesis.[** By contrast, applications of the
Liebeskind-Srogl| cross-coupling for the formation of C-
acyl-functionalized biomolecules are more scarce!*”
and to the best of our knowledge this reaction has
never been applied to prepare C-5'-acylnucleosides
(Figure 1d). Apart from their intrinsic potential
activities, these derivatives represent versatile
building blocks for bioactive diversification through



olefination,® deoxyfluorination*” or reduction

methods. In the latter case, C-5’-acylnucleosides could

be further transformed as phosphoramidite building
blocks for the synthesis of modified oligonucleotides.
Our strategy toward C-5’-acylnucleosides first
required an efficient access to 4’-thioester pyrimidine
precursors

a) Alkene Functionalization

o} B R, B OH B
H o homologation — 0. functionnalization o
—_— —>_ R,
—_—
RO R, RO Ry RO Ry

b) Weinreb ketone synthesis

O B MeQ, O B O B
HO—< o Me/N—< o RM R2—< o

RO Ry RO R, RO Ry
c) Nucleophilic addition to an aldehyde

o) B OH B
H R,
2 (o) RM 2_< o
RO Ry

RO R,

d) This work : Liebeskind-Srogl Cross-Coupling reaction

HO.__OH
O B O B Fis (o) B
HO o S o R, Ry o
e
RO R RO R, RO Ry

Figure 1. Prior examples and current approach
towards C-5’ functionalization
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Scheme 1. Synthesis of C-5’-thioester pyrimidine
nucleosides. B = Thymine (T), N*-benzoylcytosine (C®)

and Uracil (U).

1 which were easily prepared from
dicyclohexylcarbodiimide (DCC) promoted
condensation of previously described 4’-carboxylic
acid nucleosides!*?® 8 with thiophenol in THF under
microwave irradiation for 45 min (Scheme 1). For the
Liebeskind-Srogl reaction, we next undertook an
optimization study with respect to the solvent, the
concentration of the ligand, Pd(0) catalyst, Cu(l)
cofactor, and the amount of boronic acid. The

reaction of thioester 1a with phenylboronic acid was
selected as a model system (Table 1).

The use of stoichiometric amounts of Cu(l)-
thiophene-2-carboxylate metallic cofactor (CuTC) is a
key element of this reaction.*>** A mixture of
thioester 1a and phenylboronic acid (1.2 equiv) was
first treated with Pd,(dba)s (2.5 mol%), P(OEt)s (10
mol%) and CuTC (1.2 equiv) in THF. The desired
product 2a was produced in 51 % yield under
conventional heating at 60°C (20 h, Table 1, entry 1)
and 60 % by microwave heating at 60°C (1.5 h, Table
1, entry 2). Increasing slightly the amount of all
reactants and catalysts under microwave irradiation
improved the yield of the reaction to 75% but also the
formation of some undesired compounds (Table 1,
Entry 3). By contrast heating at 60°C for 4 h gave the
same satisfactory yield (80%) without by-products,
however full reaction completion was not reached
(Table 1, Entry 4). However, we noticed that longer
reaction times generated rather complex crude
mixtures attributed to the formation of the
homocoupled byproduct and to the oxidation of the
boronic acid

Table 1. Optimization of the Liebeskind-Srogl reaction
conditions
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[a] Isolated yields of pure product 2a after column
chromatography. [b] Microwave irradiation.

to the corresponding phenol.*® Doubling the amount
of boronic acid has resulted in an increase in the
formation of these byproducts. However, by
increasing the amount of P(OEt)s from 12 to 20 mol%
and the number of equivalents of phenyl boronic acid
from 1.4 to 10, allowed the rapid formation and easy
purification of the desired product 2a which was
obtained with 91% yield (Table 1, Entry 5). Following
the same conditions, the scope of the C-5’-acylation
reaction was probed using various boronic acids and
thioesters 1a-e yielding a wide range of C-5'-
substituted ketones in moderate to excellent yields
(Scheme 2).

In general, arylboronic acids containing electron-
withdrawing or electron-donating substituents on the
benzene ring reacted with good to excellent coupling
yields to provide the corresponding C-5’-substituted
ketones both in the DNA and RNA series. Interestingly,
neither the nature of the substituents on the benzene
ring nor its position seem to have a major influence
on the outcome of this transformation as
demonstrated by compatibility of the reaction with
alkyl, OCHs, NO,, F, NH-BOC and CHO functional
groups (2a-h, 2n, 2q, 2r, 2u). The reaction proceeded
equally well with heterocyclic furanyl boronic acids
(2i, 2m, 20, 2s, 2v) although it is noteworthy that
better yields were obtained with 3-furanyl (> 72%)
compared to 2-furanyl boronic acids (52%) (2i vs 2j)
most probably due to the well-known instability of the
latter.?% Interestingly, the reaction of thioester 1a
with ferrocene boronic acid produced modified
thymidine 2k with satisfying yield (50%) thus opening
the way towards using these C-5’ keto derivatives for
electrochemical labelling.?¥ Vinylboronic acids were
also able to react on both deoxy- and ribonucleosides
(21, 2p, 2t, 2w) with high yields (> 80%). The versatility
of the cross-coupling method was further confirmed

by the conversion of the thioester 1e derived from
AZT into the corresponding C-5'-furyl ketone 2m with
91% yield. To demonstrate the possible
implementation of the method to large-scale
processes we ran a reaction on 2.16 mmol of 1a. The
reaction proceeded efficiently, affording 1 g of the
desired product 2c in roughly 83% vyield.

It should be noted that the reactivity of the 2',3'-
isopropylidene protected cytidine differed
significantly from its uridine analog. In fact, when
protected with an isopropylidene group, C-5’-
oxidation of N*-acetyl- or N*-benzoyl cytidine
derivatives led to poor yields and complex mixtures
while the 5‘-carboxylic acid could be obtained with
the protection-free cytosine.[*®! However, this latter
compound could not be thioesterified under our
optimized conditions (data not shown). Although
several amination methods for converting uracil
derivatives to the corresponding cytosine derivatives
have been reported,??! we preferred to protect 2’-OH
and 3’-OH with a t-butyldimethylsilyl (TBDMS) group
in replacement of isopropylidene. To our delight, the
2',3'-O-TBDMS-N*-benzoyl cytidine derivative was
successfully submitted to the
oxidation/thioesterification sequence leading to
thioester 1d which was engaged similarly well in C-5’-
diversification with aromatic, heteroaromatic and
vinyl boronic acids (2u-w). Whether this reactivity
difference comes from either electronic or steric
factors (change in the sugar ring conformation), it
remains to be elucidated.

Finally, to further investigate the versatility of the
method for post-functionalization and labeling, the
coupling of thioester 1a with 4-azidomethylboronic
acid was achieved in good yield (75%) under the
optimized conditions to afford the corresponding C-5’
ketone 2x. This demonstrates that azido groups are
also well tolerated under the reaction conditions. To
illustrate the high value of such azido derivative 2x, it
was then submitted to a Cu(l)-catalyzed 1,3-



Pd(dba)s (2.5 mol% o B

O B
S o HO. . OH P(OEt); (20 mol%) o
@ + 6 CuTC (1.5 equiv)
Ry Ry o

THF, 50 °C Ri Ry
1a-f 2

A. C-5' diversification of 2'-deoxythymidine and 2'-deoxycytidine

¢} (¢}

OTBDMS OTBDMS OTBDMS OTBDMS
2a,91% 2b, 64% 2c, 90% 2d, 59%

OTBDMS OTBDMS
OTBDMS OTBDMS
2e, 70% 2f, 66% 29, 95% 2h, 84%
(o]
Xt
o) N ~O
“ Y o
OTBDMS OTBDMS
2k, 50% 21, 79%
NHBz NHBz
B B
=
o_Jl_ o NAO 0 N’go
o “ Y o
OTBDMS OTBDMS OTBDMS
2m, 91% 2n, 86% 20, 90% 2p, 84%
B. C-5' diversification of uridine and cytidine
o o
NH
(. Cr
A LK
o) N (0]
/\/\/\%\@
O><O
2q, 96% 2r, 68% 2s, 71% 2t, 89%
NHBz NHBz NHBz
X §4
N [¢] N o)
“ Y o
TBDMSO  OTBDMS TBDMSO  OTBDMS TBDMSO  OTBDMS
2u, 93% 2v, 98% 2w, 83%

Scheme 2. C-5’-acyl diversification of A) 2’-deoxyribo pyrimidine and B) ribo pyrimidine nucleosides



(0]

HO. ;. OH
\f(NH Pd,(dba)s, P(OEt);
o) N/&O . CuTC 0
S o
@ THF, 50°C Ns
OTBDMS Ny

1a

2x, 75% ’

Il 0

o]
CO) v
NH
[ K JR
N“ 0 > N=N o]
N
CuSO0Oy, 5 mol% <
OTBDMS
OTBDMS

Na ascorbate 20 mol% O
Dioxane/H,0 (2/1) O

3,83%

Scheme 3. Post-functionalization of C-5’ acyl modified nucleosides

dipolar cycloaddition in the presence of 1-ethynyl
pyrene to provide triazole-containing nucleoside 3 in
83 % yield (Scheme 3).

In summary, we have described a general, efficient
and scalable method for the construction of C-5"-acyl
nucleosides from their corresponding carbothioates
and various boronic acids. The palladium/CuTC co-
catalyzed cross coupling reaction tolerates a wide
range of substrates and functionalities. Easy to
prepare and to post-functionalize, these synthetic
building blocks extend the chemical space around the
C-5’ position and thus their use for biological
applications. The possible conversion of the carbonyl
group into a broad variety of functions and especially
into secondary alcohol provides an entry into the
synthesis of new phosphoramidite building blocks for
DNA/RNA synthesis that we will pursue. The
application of the cross-coupling method for C-5’-
diversification of purine nucleosides is ongoing.
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