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lonic polysaccharides are part of many biological events, but lack
structural characterisation due to challenging purifications and
complex synthesis. Four monosaccharides bearing modifications
not found in nature are used for the automated synthesis of a
collection of ionic oligosaccharides. Structural analysis reveals
how the charge pattern affects glycan conformation.

Polysaccharides bearing charged functional groups are ubiqui-
tous in Nature, including chitosan, pectin, and glycosamino-
glycans (GAGs)." These polysaccharides play important roles in
plant and bacteria cell-wall formation,>* cellular interactions,*
and signaling.” Due to their unique gelation properties and
tendency to bind metals® and/or proteins,” they are useful bio-
materials for drug delivery and tissue engineering.>”° Little
is known on how a particular charge pattern can affect the
material properties,"* ™" partially due to the lack of pure
samples with well-defined structures. Polysaccharides, gener-
ally extracted from natural sources as heterogeneous mixtures,
limit definitive structure-property correlations. A better under-
standing of how the charge pattern affects carbohydrate con-
formation and aggregation is necessary for the design of func-
tional carbohydrate materials, as already demonstrated for soft
materials based on peptides and proteins."*"’

Automated Glycan Assembly (AGA) is a powerful method
for the quick production of well-defined natural and unnatural
oligosaccharides.'®™® Many natural ionic oligosaccharides
have been prepared by AGA,"*">* however several complications
make the synthesis of these glycans challenging.>* Uronic acid
building blocks (BBs) suffer from low reactivity during
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glycosylation.'>**** Glycosylation of natural 2-amino-2-deoxy-
sugars often require tedious protecting group manipula-
tions.””*® Regioselective sulfation is challenging and the
poor stability of sulfated moieties can be troublesome due
to migration and/or cleavage during further synthetic
manipulations.’”*® An alternative approach to access glycans
with a well-defined charge pattern relies on the insertion of
unnatural charged sugar units, that are much easier to handle
during the glycan synthesis.

Here, we describe four unnatural BBs based on a carboxylic
acid masked as methyl ester and an amine masked as azide.
All BBs are prepared in gram scale from commercially available
precursors and show good reactivity and stability upon
storage. The AGA of a collection of oligosaccharides with well-
defined charge patterns illustrates the utility of these BBs.
Cellulose-like structures were prepared, due to the importance
of cellulose and its ionic derivatives, such as carboxymethyl
cellulose.?”*® Deprotection methods on solid support, such as
methanolysis and Staudinger reduction, were optimised to
provide the desired compounds in good yields.*>*° Molecular
dynamics (MD) simulations indicate the importance of the
charge pattern for the oligosaccharide conformation.

The insertion of unnatural functionalities in defined position
of the cellulose backbone is a powerful approach to manipulate
the hydrogen-bonding and modulate the aggregation of cell-
ulose.”® To gain a better understanding of the roles played by
the charged moieties for oligosaccharide conformation, four
glucose BBs were synthesised (BB-1-4, Scheme 1). Unnatural BBs
bearing a methyl carboxylate or an azide were designed to reveal
negative or a positive charge, upon global deprotection. The
different position of the substituent on the glucose ring (posi-
tion 3 vs. 6) permits to further manipulate the H-bond network.

The BB design follows AGA considerations.'® Thioglycosides
are stable to prolonged storage and show good reactivity
during glycosylations.>® Benzoyl groups (Bz) were used as
participant protecting groups to direct the formation of the
B-(1-4) linkage. The fluorenylmethoxycarbonyl (Fmoc) was
selected as a temporary protecting group that can be easily
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Scheme 1 Strategies for the synthesis of four unnatural BBs bearing masked charged functionalities.

removed in the deprotection cycle, before chain elongation.
The remaining positions were selectively functionalised with
either methyl carboxylate, azides or benzyl ethers (Bn).

All BBs can be prepared following a similar strategy based
on the selective protection of position 4 and 6 with cyclic
acetals, regioselective functionalisation of positions 2 and 3,
and selective acetal opening (Scheme 1). The azido-functiona-
lised compound 1, obtained in seven steps starting from
glucose diacetone (see ESIt), served for the synthesis of BB-1.
Peracetylated ethyl B-p-thioglucopyranoside (2) allowed for the
synthesis of BB2-4. Methanolysis of the acetyl groups, followed
by 4,6-O-benzylidene protection using benzaldehyde dimethyl
acetal catalysed by camphorsulfonic acid, afforded compounds
3-4.% Alternatively, the 4,6-O-naphthylmethylene acetal was
introduced using 2-naphthaldehyde catalysed by camphorsul-
fonic acid and trimethyl orthoformate, yielding compound 5.*

2-0O-Benzoyl protected 6 was obtained readily upon treat-
ment with benzoyl chloride and pyridine. Treatment with di-
butyltin oxide, followed by addition of the desired alkyl
bromide in the presence of cesium fluoride (CsF), permitted
the regioselective functionalisation of compounds 4-5.°*3°
The addition of CsF to the stanylidene acetal facilitated the
nucleophilic substitution with the relatively unreactive, but
sterically not very demanding, bromomethyl acetate.
Benzoylation afforded compounds 7-9.

Selective opening of the 4,6-O-acetal liberated the desired
hydroxyl groups for further chemical modification.*®
Compound 8 was subjected to reductive ring opening con-
ditions, in the presence of triethylsilane and trifluoroacetic
acid (TFA), to reveal the 4-hydroxyl group. Similar conditions
were not compatible with compound 6, resulting in an
additional azide reduction. Treatment with sodium cyanoboro-
hydride and iodine afforded the target product (BB-1 precur-
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Scheme 2 AGA of tailor-made charged cellulose-like oligosaccharides.
Yields of isolated products after AGA, deprotection, and purification are
reported.
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sor). Cleavage of the 4,6-O-benzylidene using TFA-water, fol-
lowed by regioselective functionalisation of the primary
alcohol with 4-toluenesulfonyl chloride (TsCl) permitted the
introduction of the azide group in position 6 (BB-2 precursor).
Compound 9 was reacted with borane-tetrahydrofuran
(BH3-THF) complex and trimethylsilyl trifluoromethanesulfo-
nate (TMSOTT) to liberate the 6-hydroxyl group, that was sub-
sequently subjected to etherification, using bromomethyl
acetate and NaH (BB-4 precursor). The introduction of Fmoc
completed all BBs syntheses.

BB1-4 were used to prepare a collection of charged oligocel-
lulose analogues by AGA (Scheme 2). Merrifield resin bearing
the photolabile linker (S0) was selected as solid support.’”
Unmodified glucose units were introduced using the commer-
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cially available BB-0. A Staudinger reduction on solid phase
was developed, adapting the conditions from a previously
reported method.*® The resin was suspended in THF-water
and ammonia and triethylphosphine were added, liberating
the desired amino group in 24 h. Methanolysis on solid
phase® to hydrolyse the benzoyl groups was performed with
trace amounts of water, permitting the simultaneous hydro-
lysis of the methyl esters. UV cleavage released the partially
protected oligosaccharides that, upon hydrogenation catalysed
by Pd/C, afforded the target compounds.

Twelve analogues with different charge patterns were pre-
pared (Scheme 2). All four unnatural BBs showed good reac-
tivity during glycosylation and stability during post AGA
manipulation. The modified BBs were successfully positioned
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Fig. 1

Dihedral analysis (v, ¥ and @) obtained by MD simulations and representative snapshots of the oligomers showing specific intramolecular

interactions (highlighted with circles) due to the modifications. The effect of the modification on the w torsion angles is highlighted with arrows (top
graphs). The most affected ¥ and @ dihedrals are marked by red or blue boxes. For (AdA), the two blue lines serve as guide to the eye for comparing
different minima. The residues are numbered from the non-reducing end (R1) to the reducing end (R6).
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at the non-reducing end of the glycan (e.g. DA; and GAs) or
internally (e.g. (AGA),). Multiple substitutions were also
tolerated without any significant loss in yield (e.g. (ADA),).
Zwitterionic compounds (e.g. AGA,DA) were prepared,
suggesting the possibility of using such BBs for the prepa-
ration of GAG analogues.

These compounds are important substrates to evaluate the
effect of the charge pattern on the oligosaccharide structure.
MD simulations were performed to systematically examine the
effect of each modification on glycan conformation (Fig. 1).
Four analogues with the same sequence were compared (i.e.
(AXA),). All the modifications resulted in more flexible struc-
tures when compared to the unsubstituted analogue A4 (see
ESIT). Specific intramolecular hydrogen bonds stabilise par-
ticular conformations that can trigger the formation of different
materials. The substitution at position 6 (g and d) produces a
drastic effect on the  torsion angles, much less affected by the
modification at position 3 (G and D). The interaction between
the NH;'(6) and the OH(3) of the adjacent sugar (R + 1) stabil-
ises the gt rotamers (red and yellow plots, Fig. 1).

This also affects the glycosidic bond geometry with a high
population at negative degrees (—172°) for ¥;, ¥, ((AgA), red
boxes). The opposite trend is observed when position 6 is sub-
stituted with COO™ (d). Due to sterics, the gg conformation is
preferred, with a small percentage of tg stabilised by a
COO™---OH(2) interaction (Fig. 1). This interaction also affects
the dihedrals of the adjacent glycosidic bond ((AdA), blue
boxes). The substitutions in position 3 influence predomi-
nantly the glycosidic bond geometry. The interaction between
the NH;'(3) and the O(5) of the previous residue (R-1) pre-
served a cellulose-like character ((AGA), red boxes). In contrast,
the carboxylate at position 3 can engage in additional
H-bonds, as observed between COO™ and OH(2) of the same
residue as well as the OH(6) of the previous sugar (R-1), result-
ing in remarkable changes of the @ and ¥ dihedrals ((ADA),
blue boxes).

Conclusions

Four monosaccharide BBs bearing masked carboxylic acid or
amino groups are synthesised. Their good reactivity and stabi-
lity make them useful BBs for creation of ionic oligosacchar-
ides. Twelve well-defined ionic cellulose analogues were pre-
pared by AGA. Multiply charged oligosaccharides as well as
zwitterionic compounds are accessible. MD simulations
demonstrate how the nature and the position of the modifi-
cation (3 vs. 6) plays a major role for the flexibility and confor-
mation of such oligosaccharides. These differences could play
a major role in the formation of supramolecular assembly
based on charged polysaccharides.
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