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Efficient Buchwald-Hartwig-Migita cross-coupling for DNA

thioglycoconjugation

Nicolas Probst,@ Rémy Lartia,” Océane Théry,”! Mouadd Alami,® Eric Defrancq*® and Samir

Messaoudi*[@

Abstract: An efficient method for the thioglycoconjugation of
iodinated oligonucleotides by Buchwald-Hartwig-Migita cross-
coupling under mild conditions is reported. The method enables
divergent synthesis of many different functionalized thioglycosylated
ODNSs in good yields, without affecting the integrity of the other A, C
and G nucleobases.

Synthetic oligonucleotides are currently investigated for various
applications in medical research (e.g. control of gene
expression),l!  molecular  diagnostic (e.g. DNA-based
biosensors)®? as well as in biotechnology (e.g. catalysts)® and
nanotechnology (e.g. origami DNA for nanomaterials)®.
Tremendous efforts have been made to improve the intrinsic
properties of oligonucleotides by either incorporating chemical
modifications in their structure (e.g phosphorothioate, 2'-
methoxyethoxy, locked nucleic acids...) or by covalently
anchoring reporter groups with relevant properties to them. The
conjugation with a reporter group is of great interest because it
can be used not only to improve the existing oligonucleotide
properties but also to impart it entirely new properties. !

In this context several approaches including the incorporation of
modified phosphoramidites, step-wise (in-line) solid-phase
synthesis, on-support fragment coupling, and solution-phase
coupling, have been developed so far.l!l Whereas on-support
conjugation is convenient for the incorporation of a variety of
reporters due to commercially available building blocks, it shows
some limitations including the need for the synthesis of
appropriate phosphoramidite building blocks for the introduction
of non-commercially available modifications and the stability of
the desired reporter during automated DNA synthesis and
subsequent deprotection, the latter being carried out in drastic
basic conditions. Furthermore the incorporation of bulky building
block could hamper the efficiency of the phosphoramidite
coupling reaction. Enzymatic incorporation of modified bases
can circumvent those stability issues but polymerase-catalyzed
synthesis of modified DNA could be sensitive to the incorporated
reporter groups and site-selective incorporation of a single
modified base is difficult to achieve.[”]

Post-synthetic approaches can overcome these limitations and
are the most extensively used for oligonucleotide conjugation.
For this purpose, a number of chemical linkages have been
developed by introducing a reactive moiety onto nucleic acid for
subsequent coupling reaction with reporter bearing
complementary reactive group. In this context, -efficient
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strategies involving oximel® and thiol-maleimide’® conjugations,
Cu-catalyzed!' (or Cu-free)l'"! azide-alkyne cycloaddition,
Staudinger ligation!'?! as well as Diels-Alder reactions!'® have
been reported. Another elegant method to conjugate
oligonucleotides is the late stage diversification from a common
halogenated oligonucleotide precursor under palladium
catalysis.[" The first post-functionalization has been reported by
Manderville who described Suzuki-Miyaura cross-coupling
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Scheme 1. Seminal examples of post functionalization of ODNs through Pd-
catalyzed C-C cross-coupling reactions, (8-Br-dG =  8-bromo-2'-
deoxyguanosine, 5-1dU = 5-iodo-2'-deoxyuridine).

reaction at C-8 position of a guanine nucleobase from an
oligonucleotide containing a single 8-bromo-2'-deoxyguanosine
residue (Scheme 1).I'1 Extend to Stille coupling reaction has
been next achieved by Jaschke who reported the efficient
reaction of triorganotin compounds with iodine functionalized
oligonucleotides and nucleotide triphosphates.l'®! Challenging
substrates, like hindered boronic acids, have been incorporated
by Suzuki-Miyaura cross-coupling reaction for designing photo-
switchable nucleotides inside a duplex DNA.I' Interestingly,
sensitive and useful functional groups were successfully
incorporated by Davis using Suzuki-Miyaura cross-coupling
reaction to 5-iodouridine under mild conditions.['® The high-
value of Pd-catalyzed bond formation is just beginning to reveal
useful applications in biological systems as emphasized by
recent results.[' However, to date, only C-C cross-coupling
reactions (Suzuki, Stille and Sonogashira) of halogenated
oligonucleotides have been reported and further development of
these methodologies for the introduction of other useful groups
such as sugars is of great interest. Carbohydrates are indeed
involved in many biological events and play crucial roles in
various cellular recognition processes.?” A better understanding
of their interactions with proteins is a major issue for the
development of new therapies. Recently, Winssinger?'! reported
a dynamic cooperative glycan assembly of PNA-fucose
conjugates and the biomolecular interaction between glucose
and nucleobase has been demonstrated by Morales?? showing



the benefits of carbohydrate incorporation on oligomeric
structures. Several strategies for coupling carbohydrates to
oligonucleotides are reported in the literature,?3land in all cases
the sugar moiety is attached to the oligonucleotide through an
adapted linker (platform). To the best of our knowledge there is
no report concerning the direct coupling of carbohydrates on the
nucleobase, that has motivated our study for the post-
functionalization of halogenated oligonucleotides with thiosugars
under Pd-catalysis.

In our efforts to functionalize sugars under transition-metal
catalysis,’?* our group recently reported an efficient protocol for
the palladium-catalyzed coupling of aryl and alkenyl halides with
various a- and B-glycosyl thiols.?®! The C-S bond-forming
reaction was rapidly achieved (5 min) at room temperature by
using Gz-XantPhos palladacycle pre-catalyst?®! (1 mol%), in the
presence of EtsN (1.0 equiv) in THF. We envisioned in the
present study whether 5-iodo 2'-deoxyuridine (5-1dU) moiety
could be utilized as building blocks for the synthesis of a range
of thioglyco-oligonucleotides (Scheme 1). We demonstrate
herein that the palladium-catalyzed thioglyconjugation is
compatible with DNA and is applicable to a wide variety of
oligonucleotides (i.e. with different lengths and containing
purines and pyrimidines nucleobases) and carbohydrates
derivatives.

To establish the appropriate conditions for the coupling reaction,
tetra-O-acetylated 1-thio-3-D-glucopyranose 1a and unprotected
5-iodouridine 2 were initially selected as coupling model

substrates (for the optimization of the reaction conditions see SI).

A full conversion and 95% yield of isolated product 3a was
obtained using 0.1 equiv of Gs-XantPhos catalyst (Scheme 2).
Importantly, the slow addition of thiosugar (for ~ 1 h) proved
efficient and limited the formation of thiosugar dimer by-
product.?”l Motivated by this result, we next explored the scope
of the
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Scheme 2. Palladium-catalyzed thioglycoconjugation of 5-iodouridine 2.
Reaction conditions: thiosaccharide (1.2 equiv) in THF (0.7 mL) added over 1
hour via a syringe pump to a solution of 5-iodouridine (0.07 mmol, 1 equiv),
Gs-XantPhos (10 mol-%), TEA (1.3 equiv) in H2O/THF (0.7 mL/0.1 mL) at
60 °C. @ yield of isolated product. ®direct addition of the thiosugar.

reaction by coupling on nucleoside 2, structurally diverse B-
mono-, di- and poly-thiosugar derivatives 1a-g (Scheme 2).
Gratifyingly, all the coupling reactions proceeded in good yields
and without epimerisation at anomeric position (J12= 9 Hz). O-
acetylated  1-thio-B-D-glucopyranose 1a, N-Ac-1-thio-B-D-
glucopyranose 1b, 1-thio-B-D-galactopyranose 1c and 1-thio-3-
D-mannopyranose 1d were efficiently coupled with 2 to give
corresponding thioglycoconjugates 3a-d. Moreover, the reaction
is not limited to monosaccharides, but can be applied to more
complex di- and trisaccharide derivatives. Thus, O-acetylated 1-
thio-p-D-cellobiose 1f and 1-thio-B-D-maltotriose 1g were
reacted with 5-iodouridine 2 to give corresponding
glycoconjugates 3f and 3g in 55% and 35% vyield, respectively. It
is noteworthy that fully deprotected sugars can be also used: as
an example, the reaction of 2 with 1-thio-B-D-glucose afforded
product 3e in satisfactory 46% yield.

These results with nucleoside 2 prompted us to explore the
coupling of iodine containing oligonucleotides with various
thiosugars. 5-iodo-2'-deoxyuridine modification was incorporated
into oligonucleotides by using the commercially available C5-
iodo-dU phosphoramidite and the final deprotection of the
nucleobases was achieved in 28% ammonia at room
temperature for 24h as recommended (see Sl for HPLC profiles
and ESMS analysis of iodine containing oligonucleotides). 7-mer
ODN T3XTs (in which X represents 5-iodo-2'-deoxyuridine
moiety) and 1-hexanethiol were first chose as model substrates
to identify the best conditions for the coupling reaction (Table 1).
The reactions were monitored by RP-HPLC and the rate of
conversion was estimated from HPLC analysis.

Table 1. Optimization of the coupling reaction of T3-X-Ts with 1-hexanethiol.l?!

NH
N
o} Pd G3 XantPhos (xx equiv) N’<\
o Et3N (xx equiv) o] o
R EE—
H S~~~ SH L

NSO O 3 N
5 W 10 equiv. o OW
T4-5-1dU-T, (1 mM) T, XTs

Entry Pd-cat Et;N Yield (%)
(xx equiv) (xx equiv)
1 25 40 <05
2 5 40 <10
3 10 40 50
4 20 40 >90
5 20 10 <30
6 20 20 <50
Fig. A 7 TXT, Fig.B
| MS, 0.5-3.4min#22-159
e 5
| 49557 4
g 619.50
ﬁ' B826.33
' | b=z

(Fig. A) RP-HPLC chromatogram of crude reaction mixture of T;XT, with 1-
hexanethiol of entry 4. (Fig. B) ESI mass spectrum of T,XT,

el See the supporting information for the experimental procedure. P! The rate
of conversion was estimated from HPLC profile by comparison of the surface
of the peak corresponding to the oligonucleotide conjugate with the surfaces of
the other minor peaks.

It was found that the quantity of G3-XantPhos reagent is crucial
as the addition of almost 20 equivalents was required to obtain



the complete conversion of the starting material (Table 1, entry 4.

See also RP-HPLC on Figure A, ESI mass in B and SI: Figure
S23 for HPLC profiles). Likewise the quantity of triethylamine
must be adjusted to 40 equivalents: addition of less quantity led
to incomplete conversion of the starting oligonucleotide (Table 1,
entry 4-6, Figure S24 for HPLC profiles). The effect of the
temperature was also investigated and revealed a slightly impact
on the coupling reaction (data not shown): nevertheless the
temperature was kept at 60°C as the room temperature
reactions showed some by-products formation. Finally the
quantity of 1-hexanethiol must be maintained at almost 10
equivalents. These optimized conditions were applied for
conjugation of oligonucleotides T3XATa4, TsXCT4 and T3XGT4 to
consider the stability of A, C and G nucleobases during the
coupling reaction (Scheme 3). The iodine containing
oligonucleotides T3XATa, T3XCTs and T3XGTas were efficiently
converted to the corresponding conjugates thus demonstrating
that Pd catalyst do not affect the integrity of A, C and G
nucleobases (Figures S35-S37 for HPLC profiles). The coupling
reaction was then performed with hetero-oligonucleotides
TTAGGACAXGCT and GCTXCCACA as well as with the longer
T10XTs oligonucleotide and revealed to be very efficient to afford
the corresponding conjugates (Figures S38, S39 and S34,
respectively for HPLC profiles). The reaction was also achieved
for the incorporation of two reporter moieties by using bis-
modified oligonucleotide T3XT3XTs. Again, the conversion to the
corresponding conjugate was very efficient to afford the bis-
conjugate (Figure S40 for HPLC profile). All the conjugation
products with 1-hexanethiol were purified by reverse-phase
HPLC and then characterized by ESMS analysis (Table S2 and
Figures S63-S70).

The optimized conditions were then applied for the conjugation
of various oligonucleotides sequences with O-acetylated
thiocarbohydrates derivatives 1a-g (Scheme 3). The reactions
were monitored by RP-HPLC. For all the conjugation reactions,
the HPLC profiles of the crude mixtures showed the
disappearance of the starting material with the formation of the
corresponding thioglyco-oligonucleotide as the major product
(Scheme 3B as an example and Figures S41-S54). The rate of
conversion for all the conjugation reactions was estimated by
HPLC analysis to be superior to 90% except for bis-conjugation
of TsXT3XTs (73%). Then thoroughly purifications including
EDTA treatment and centrifugation to separate the palladium
containing solid followed by size-exclusion chromatography and
next RP-HPLC were performed to remove the traces of Pd (see
supporting information page 34). The different corresponding
carbohydrate oligonucleotide conjugates were obtained in nearly
80% isolated yields. They were characterized by means of
ESMS mass spectrometry analysis that showed a good
agreement between the experimentally determined molecular
weights and the calculated values (Table S2 and Figures S71-
S84).129 |t is noteworthy that the use of unprotected thio-sugars
for the coupling reaction was discarded because of purification
problems: indeed the RP-HPLC analyses showed quite similar
retention times for both starting materials and conjugates.
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(B)Example of HPLC profile for the coupling reaction: T,XT, with Glu(OAc),-S5H 1a
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Scheme 3. A/ Palladium-catalyzed thioglycoconjugation of 5-iodo-2'-
deoxyuridine containing oligonucleotides. Reaction conditions: thiol derivatives
(400 nmol) in THF is added to a solution of oligonucleotide (40 nmol), G3-
Xantphos Pd (800 nmol), TEA (1600 nmol) in H2O/THF (7/1, v/v) and heated
at 60 °C for 20 min. ¥ Rate of conversion estimated from HPLC. B/ Example of
HPLC profile for the coupling reaction: RP-HPLC chromatogram of crude
reaction mixture (on left) of Ta3XTs4 with Glu(OAc)s-SH 1a and corresponding
purified conjugate (on right).

In conclusion, we have demonstrated that the palladacycle
precatalyst G3-XantPhos displays a high activity for
thioglycoconjugation of an array of oligonucleotides. The mild
reaction conditions allow direct access to a range of
glycoconjugates that are otherwise not easily accessible. We
expect this simple and general protocol to be of broad utility for
the synthesis and development of new oligoglycoconjugates of
interest. In particular, efforts are in progress to incorporate up to
four carbohydrate moieties through this strategy to diverse
structural DNA architectures such as G-quadruplex or i-motif
and to study the recognition of those biomolecular systems with
lectins.
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