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Deoxyfluorination tunes the aggregation of
cellulose and chitin oligosaccharides and
highlights the role of specific hydroxyl groups in
the crystallization process+t
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Cellulose and chitin are abundant structural polysaccharides exploited by nature in a large number of
applications thanks to their crystallinity. Chemical modifications are commonly employed to tune polysac-
charide physical and mechanical properties, but generate heterogeneous mixtures. Thus, the effect of
such modifications is not well understood at the molecular level. In this work, we examined how
deoxyfluorination (site and pattern) impact the solubility and aggregation of well-defined cellulose and
chitin oligomers. While deoxyfluorination increased solubility in water and lowered the crystallinity of
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cellulose oligomers, chitin was much less affected by the modification. The OH/F substitution also high-
lighted the role of specific hydroxyl groups in the crystallization process. This work provides guidelines for
the design of cellulose- and chitin-based materials. A similar approach can be imagined to prepare
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Introduction

Cellulose® and chitin® are naturally abundant structural poly-
saccharides. Plants, fungi, crustaceans, and insects rely on
these polysaccharides for generating mechanically stable cell
walls and bacteria exploit the fibrous nature of cellulose for
creating dense and impenetrable biofilms.>* Cellulose and
chitin are based on a similar backbone consisting of f$-1,4
linked glucose (Glc) or N-acetyl glucosamine (GlcNAc) mono-
saccharide units, respectively (Fig. 1A). A dense network of
inter- and intramolecular hydrogen bonds are responsible for
the high crystallinity and insolubility of these two
polysaccharides.>® Both polymers share the key intramolecular
hydrogen bond between the OH-3 and O-5' of the following
residue. Additionally, cellulose crystal structures display intra-
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cellulose and chitin analogues capable of withstanding enzymatic degradation.

and inter-molecular hydrogen bond between OH-6’ and
OH-2,>”® while in chitin the NHAc carbonyl group provides
further inter-chain stabilization.>*'® Beside hydrogen bonds,
additional stabilization is gained from hydrophobic inter-
actions between the C-H rich faces of the monosaccharides.""

The crystalline character of cellulose and chitin is key in
many applications. For example, cellulose and chitin nanocrys-
tals, CNCs and ChNCs respectively, have raised interest for the
fabrication of optical materials."*® While many aspects of cell-
ulose and chitin crystals are established, details on the crystalli-
zation process and the precise role of each hydroxyl group is
often a matter of debate.®>° Furthermore, not all cellulose and
chitin allomorphs have yet been described in detail.'”'® Top-
down approaches rely on extraction from natural sources and do
not grant access to polysaccharides with uniform dispersity, lim-
iting our understanding of crystallization. Moreover, chemical
modification protocols, aiming to tune cellulose and chitin crys-
tallinity, lack control over the modification pattern.’®*° In con-
trast, bottom-up approaches guarantee precise saccharide
sequences and patterns of modification, important determi-
nants of the materials and biological properties.>' >

Perturbing the primary sequence of an oligosaccharide with
non-natural residues offers a strategy to systematically tune the
macroscopic properties of a material. In addition, this
approach provides indirect information on the role of the
replaced unit (or functional group). In this regard, fluorination

This journal is © The Royal Society of Chemistry 2022
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Fig. 1
of deoxyfluorinated cellulose and chitin backbones.

of monosaccharides has drawn considerable attention.>®
Fluorination is widely explored in medicinal and material
chemistry,>”* owing to the unique features of the F atom.
Fluorine is a small, highly electronegative atom that can
replace C-OH, C-H, and C=0 bonds with the chemically inert
C-F bond.?®?° Despite the high polarization of the C-F bond,
hydrogen bonds involving the fluorine atom are rare. Thus,
deoxyfluorination offers a strategy to tune hydrogen bonding
and interactions with water molecules with impact on confor-
mation, aggregation propensity, and interactions with
proteins.>**® To date, most studies are focused on simple
monosaccharides;***® limited attention has been given to the
construction of more complex fluorinated oligosaccharides
which require multistep syntheses, stereo-control, and harsh
conditions.’”*°

Fluorinated cellulose*® and chitin*' oligomers, prepared by
enzymatic synthesis, suggested that deoxyfluorination affects
their crystallinity. Still, enzymatic synthesis does not allow for
precise control over the pattern of substitution, degree of
polymerization, and have a limited substrate scope.*> Here, we
report the Automated Glycan Assembly (AGA) of a collection of
cellulose and chitin oligomers incorporating deoxyfluorinated
monosaccharides with precise pattern and site of modification
(Fig. 1B and C). Molecular dynamics (MD) simulations served as
a tool to interpret and rationalize the systematic characterization
of these compounds performed by powder X-ray diffraction (XRD)
and NMR spectroscopy. These insights will provide guidance for
the future design of cellulose and chitin based materials.

Results and discussion
Building blocks synthesis

We targeted the synthesis of deoxyfluorinated cellulose and
chitin oligomers as model compounds to understand the role
of each hydroxyl group in the crystallization process. We pre-

This journal is © The Royal Society of Chemistry 2022

(A) Hydrogen bond pattern of cellulose and chitin. (B) Deoxyfluorinated analogues studied in this work. (C) Building blocks used for the AGA

viously reported that the 3F modification imparts higher flexi-
bility to single cellulose oligomers by disrupting hydrogen
bonds and preventing formation of crystalline domains.”**?
Here, we extend the study to new patterns and site of modifi-
cation. BB1-5 were employed to construct the p-1,4 cellulose
and chitin backbone using AGA (Fig. 1C). BB1 and BB4 were
chosen to install the non-modified Glc and GlcNAc units,
respectively, while BB2, BB3, and BB5 were synthesized to
introduce the deoxyfluorinated residues. Each BB was
equipped with a reactive anomeric leaving group, either a
thioether or a dibutyl phosphate, permanent protecting groups
(Bn, Bz, or TCA), and a temporary protecting group (Fmoc) to
guarantee the regioselective step-wise elongation of
B-1,4 glycosidic linkages. p-Stereoselectivity was ensured by
participation of the C-2 Bz or N-TCA protecting groups. The
synthesis of BB2 was performed following previously reported
procedures.>” Deoxyfluorinated Glc and GlcNAc BBs (BB3 and
BB5) were synthesized from commercially available starting
materials, minimizing the number of synthetic steps.

The installation of a fluorine atom at the C-6 position of
Glc was envisioned through the regioselective deoxyfluorina-
tion of compound 1, readily accessible in four steps from a
commercially available intermediate (see the ESIY).
Regioselective tosylation of 1,** followed by the nucleophilic
substitution with CsF on intermediate 2, yielded only trace
amounts of desired product 3a and a significant amount of
the elimination side-product 3b (Fig. 2 and Table S1, entries 1
and 27). The direct regioselective deoxyfluorination of 1 using
DAST in the presence of pyridine resulted in the decompo-
sition of the starting material (Table S1, entries 3 and 4%).*
When the reaction was performed in the absence of base, com-
pound 3a was formed as a major product in modest 34% yield
(Fig. 2 and Table S1, entries 5 and 67). Increasing the reaction
temperature only led to complex mixtures which complicated
isolation (Table S1, entry 71). The modest yield of the DAST-
mediated deoxyfluorination of thioglycoside 1 were ascribed to
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Fig. 2 Synthesis of BB3.

the several side-reactions. Elimination, to give 3b, is a com-
monly observed side-reaction in nucleophilic substitution
using the basic fluoride ion.*® A migration of the anomeric SEt
moiety’” can generate 3¢ (observed as anomeric fluoride at ca.
130-140 ppm in "F NMR). Lastly, DAST-mediated thioglyco-
side activation®®*™® can produce reactive species capable of
undergoing glycosylation with the nucleophiles present in
solution or promote starting material decomposition, as
observed when the reaction was performed at higher tempera-
ture. After the deoxyfluorination step, installation of Fmoc on
3a completed the synthesis of BB3 (Fig. 2).

For the synthesis of the 6F-GlcNAc BB (BB5), different deoxy-
fluorination strategies were explored (Fig. 3). Regioselective
deoxyfluorination using DAST on intermediate 4, bearing three
hydroxyl groups, gave a complex mixture of products with only
trace amounts of 5 (Fig. 3).”' Thus, triol 4 was converted into
intermediate 6 in two steps, because an efficient deoxyfluori-
nation procedure was reported for an analogous thioglycoside
intermediate.*" The subsequent DAST-mediated deoxyfluorina-
tion of 6 yielded a complex mixture of side-products (Fig. 3).
Next, inspired by the successful deoxyfluorination of the 3-O-
Bn Glc intermediate 1, triol 4 was converted into diol 9 in
three steps (Fig. 3). DAST-mediated deoxyfluorination, per-
formed in a mixture of DCM and 1,4-dioxane, afforded the
desired product 10 together with a complex mixture of side-
products that complicated purification (Table S1, entry 17).
Furthermore, anomerization*®*>° was observed (Table S2, entry
11). To simplify purification and characterization, the reaction
was performed in ACN as solvent. These conditions yielded the
target compound 10 in 23% yield and minimized anomeriza-
tion®? (Table S2, entry 21). To complete the synthesis of BB5,
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Fig. 3 Synthesis of BB5.

Fmoc was installed and the thioether leaving group replaced
by dibutyl phosphate (Fig. 3). The latter step aimed to increase
the donor reactivity that could be beneficial when working
with unreactive acceptors such as the GlcNAc-OH-4.°>3
During the installation of the dibutyl phosphate anomeric
group, a trichloro oxazoline was also formed® (Scheme S1t),
but it could be easily converted into the desired BB5, adapting
a reported procedure.*

In both synthetic routes, the success of the C-6 deoxyfluori-
nation of the thioglycoside intermediates proved highly depen-
dent on the protecting group pattern, potentially modulating
the rate of the multiple side reactions that can occur.*™*?
While the implementation of a more stable anomeric group

This journal is © The Royal Society of Chemistry 2022
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(e.g. O-based glycoside) could overcome the synthetic hurdles
associated to the thioether leaving group, this operation would
imply additional protecting group manipulations that might
result in comparable overall yields. Thus, other routes were not
explored.

Automated glycan assembly of F-cellulose and F-chitin

Fluorinated cellulose and chitin hexasaccharides were pre-
pared by AGA, following cycles of glycosylation and Fmoc de-
protection on solid supports L1 or L2 (Fig. 4). Solid-phase
methanolysis of Bz esters (Module F, only for cellulose oligo-
mers) was followed by cleavage from the solid support
(Module G1) and hydrogenolysis of the Bn and TCA protecting
groups (Module H1 or H2). A single final purification step
afforded a collection of fluorinated cellulose and chitin oligo-
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mers (Module I). For details on the AGA modules we refer to
the ESL.}

The cellulose analogues were assembled including either
the 3F- or the 6F-Glc units, indicated with a capital F and non-
capital f, respectively. For both analogues, different substi-
tution patterns were explored: alternating (FAFAFA), “random”
(AFAAFA and AfAAfA), block (FFFAAA, and fffAAA), and fully
substituted (FFFFFF and ffffff) (Fig. 4). Two 6F-chitin ana-
logues with “random” (NN'NNN'N) and block (N'N'N'NNN)
substitution  patterns  were  synthesized  (Fig.  4).
Deoxyfluorination did not significantly affect the reactivity of
the BB donors. The low reactivity of the OH-4>® of the
6F-GIlcNAc acceptors bound to the solid support was circum-
vented with a double cycle of glycosylation to minimize del-
etion sequences.
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Fig. 4 AGA of fluorinated cellulose and chitin oligomers. Yields of isolated products after AGA, deprotection, and purification are reported in par-
entheses (see the ESI{). The oligomers Ag, N, AFAAFA and FAFAFA were synthesized according to previously reported protocols.?? The oligosacchar-
ides are represented following the Symbol Nomenclature For Glycans (SNFG).5¢
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F-cellulose

To analyze the impact of the 3F- and 6F-Glc modifications on
the macroscopic properties such as crystallinity, we relied on
MD simulations and powder XRD. We previously observed that
the 3F-Glc modification disrupted the intramolecular
OH-3---O-5' hydrogen bond in AFAAFA, enhancing the flexi-
bility of the single molecule and disrupting the crystallinity
typical of cellulose.”*** The systematic analysis of all oligo-
mers with different substitution patterns revealed that, while
all analogues were more soluble in water (>1 mg mL™") than
the unmodified AAAAAA, the hexasaccharide with a block
pattern (FFFAAA) displayed a cellulose II-type XRD profile,
despite the high degree of substitution (Fig. 5A). In contrast,
when the pattern was alternating (FAFAFA) an amorphous
XRD profile was obtained. A very different behavior was
observed for the hexasaccharide with a block pattern of 6F-Glc
residues (fffAAA), which displayed again an amorphous XRD.
These data indicate that the substitution site (6F versus 3F) is
a key parameter in the aggregation process (Fig. 5A). This
result is consistent with that observed in the Ramachandran
plots extracted from single molecule atomistic MD simu-
lations (Fig. 5B); while FFFAAA resembled AAAAAA, fffAAA
showed a broader distribution, with a wider range of ¥ di-
hedral values populated (Fig. 5B, top). The radius of gyration
plots confirmed the higher overall single molecule flexibility
for the 6F substituted analogue fffAAA, exploring extended
geometries as well as more compact conformations (Fig. 5B,
bottom). This trend was observed for all the 3F and 6F ana-
logues (see ESI, Section 4.31). At high degree of substitution,
both 3F and 6F oligomers resulted in amorphous XRDs
(Fig. 5A).

The introduction of fluorine into the oligosaccharides enabled
the use of the '°F NMR channel to perform structural studies.>*>”
The "°F NMR spectrum of FFFAAA in deuterium oxide (D,0) indi-
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cated a different chemical environment surrounding the 3F
moiety (i.e. internal versus external units, ca. 2.5 ppm difference),
potentially due to significantly different interactions with solvent
molecules (Fig. 6A). In contrast, fffAAA displayed a smaller chemi-
cal shift difference between internal and external residues (ca.
1 ppm, Fig. 6C). For the 6F substituted analogues, '’F NMR
allowed for a qualitative analysis®® of the populations of the @ di-
hedral angle, using the calculated values for the three @ rotamers
as reference®® (Fig. 6B). We measured the *Jys_pg values for
external (27.2 Hz) and internal (25.8 Hz) residues (Fig. 6C),
suggesting a lower populated gg rotamer in the external residue
compared to internal ones. A complete estimation of the gg, gt,
and tg populations required an additional experimental value (i.e.
*Ju6-1s) Which could not be extracted due to severe spectral
overlap in the "H NMR. MD simulations supported this experi-
mental observation, showing a similar trend of less populated gg
conformations for external residues, both for AAAAAA (Fig. 6D,
top) and for fffAAA (Fig. 6D, bottom). Furthermore, fluorine at
the C-6 showed across all simulated structures a small rise of the
tg rotamer (see the ESI, Section 4.67), that could not be detected
by NMR. This is surprising because the electronegative fluorine
substituent should favor the gg rotamer due to the gauche
effect.®" We speculate that these populations could be the results
of the fluorine atom disrupting the organization of the surround-
ing water molecules® (see the ESIf) or an artifact of the force
field.

Overall, these data suggest that the 6F substitution has a
bigger impact than the 3F substitution on the crystallization of
cellulose oligomers. This implies that the OH-6 plays a more
important role than OH-3 in the crystallization process, poten-
tially due to its higher exposure to solvent molecules, as indi-
cated by NMR analysis of the 3F and 6F analogues. The higher
exposure to water also suggest the prominent role of OH-6 in
the formation of intermolecular hydrogen bonds, triggering
aggregation.
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and ¥ = C104C4H4 (further details are reported in Fig. S3 in the ESI¥).
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F-chitin

In contrast to 6F-cellulose, the two 6F-chitin oligomers with
‘random’ (NN'NNNN) and block (N'N'N'NNN) pattern were
less soluble in water (<2 mg mL™") than NNNNNN (13-17 mg
mL™" (ref. 22)). Both analogues retained the a-chitin-type XRD
profile and the conformational behavior observed for the
natural counterpart (NNNNNN)>* (Fig. 7A). High similarity in
the Ramachandran and radius of gyration plots indicated com-
parable molecular conformations, with tendency to adopt an
extended shape (Fig. 7B). We qualitatively analyzed the o di-
hedral angle by measuring the *Jy5_pe coupling constants for
N'N'N'NNN. The smaller 3Jas_re for external residues was inter-
preted as a less populated gg rotamer compared to internal
ones, as observed for the 6F-cellulose analogues (Fig. S6A and
S6BY).

From these results, it appears that chitin is more tolerant
than cellulose to C-6 modifications, supporting the hypothesis
that chitin crystallization is driven by other functionalities (e.g.

This journal is © The Royal Society of Chemistry 2022

the amide group that stabilizes inter-sheet hydrogen bonds'®)
rather than the OH-6. In the crystal structure of a-chitin the
C-6 side chain can adopt a variety of orientations,>'® support-
ing the observed high tolerance of chitin for
C-6 modifications.

Conclusions

Seven new fluorinated oligomers of cellulose and chitin were
assembled by AGA using non-natural 3F-Glc, 6F-Glc and
6F-GIcNAc BBs, granting precise control over the oligomer
length and fluorination pattern. Their conformational behav-
ior and macroscopic properties were studied by XRD analysis,
NMR spectroscopy, and MD simulations. While, in general,
deoxyfluorination of cellulose results in higher water solubility
and lower crystallinity, we found that the pattern (block versus
alternated) and site of modification (3F versus 6F) can be
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exploited to tune the sample crystallinity. In cellulose, the 6F
modification impacted the molecular conformation more than
the 3F substitution. In contrast, chitin conformation was
much less affected by the 6F modification, with all the F-chitin
retaining the native crystallinity.

This work highlights deoxyfluorination as a valuable mean
to tune the solubility and aggregation of cellulose and chitin
as well as to pinpoint the importance of the replaced hydroxyl
group in the crystallization process. In the future, deoxyfluori-
nation can be imagined to increase the stability towards enzy-
matic degradation of cellulose or chitin-based materials.
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