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There is high demand for polysaccharide-mimics as enzyme-stable substitutes for polysaccharides for various applications.

DOI: 10.1039/x0xx00000x

Circumventing the problems associated with the solution-phase synthesis of such polymers, we report here the synthesis of

a crystalline polysaccharide-mimic by topochemical polymerization. By crystal engineering, we designed a topochemically

reactive crystal of a glucose-mimicking monomer decorated with azide and alkyne units. In the crystal, the monomers

arrange in head-to-tail fashion with their azide and alkyne groups in a ready-to-react antiparallel geometry, suitable for their

topochemical azide-alkyne cycloaddition (TAAC) reaction. On heating the crystals, these pre-organized monomer molecules

undergo regiospecific TAAC polymerization, yielding 1,4-triazolyl-linked pseudopolysaccharide (pseudostarch) in a single-

crystal-to-single-crystal manner. This crystalline pseudostarch shows better thermal stability than its amorphous form and

many natural polysaccharides.

Introduction

There is a growing interest in synthesizing polymers modeled
after natural polysaccharides in view of their improved
properties, enzymatic stability, etc.! Syntheses of several
pseudopolysaccharides containing monosaccharide units or
their mimics connected by unnatural linkages have been
achieved.1?2 Inositols (hexahydroxy cyclohexanes),® being
structural mimics of hexose sugars, are attractive monomers for
the synthesis of pseudopolysaccharides. However, unlike
monosaccharides, which can homopolymerize in view of their
electrophilic (carbonyl) and nucleophilic (hydroxyl groups)
functionalities, inositols do not have such complementary
reactive groups and require an external linker to form polymers.
The 1,2,3-triazole unit is a robust, unnatural linker that confers
many attractive properties to polymers.> The use of
conventional solution-phase synthesis of triazoles for polymer
synthesis is limited due to the difficult purification of the
polymer from catalysts, reagents and side products.®?
Circumventing these issues, here we report the uncatalyzed,
regiospecific single-crystal-to-single-crystal (SCSC) synthesis of
a starch-like pseudopolysaccharide (Fig. 1) from myo-inositol
via regiospecific topochemical azide-alkyne cycloaddition
(TAAC) polymerization.
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Fig. 1 a-b) Structural similarities of o-D-glucose and myo-inositol & starch and
polyinositol. c) Schematic representation of SCSC synthesis of polyinositol.
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Fig. 2 a) 1D hydrogen-bonded zigzag arrangement in crystal structures of a representative pyranoside derivative possessing diequatorial vicinal diol. b) myo-Inositol derivative

decorated with CRGs at 2- and 5-positions. c) Expected 2D hydrogen-bonded layer in the myo-inositol derivative. d) Proposed head-to-tail arrangement of myo-inositol derivatives

having CRGs at 2- & 5-positions and their topochemical polymerization reaction.

Results and Discussion
Design and synthesis of monomer 1

Topochemical polymerization, lattice-controlled polymerization
reactions driven by proximally placed reactive groups of
monomers in the crystal, offers a solvent-free and catalyst-free
method for making homogeneous, stereoregular crystalline
polymers in high yield.8® The main challenge in the area of
topochemical reactions lies in the engineering of the crystal
packing to position the reacting groups at proximity in an
orientation suitable for their reaction.’® Cyclohexane/
pyranoside derivatives having vicinal anti-diol consisting of two
equatorial hydroxy groups consistently arrange in a zigzag
fashion forming hydrogen-bonded 1D-chains, in their crystals
(Fig. 2a, ESI, Section 271).11 We envisioned that strategically
functionalizing the 2- and 5- positions of myo-inositol with
complementary reactive groups (CRGs) viz. azide and alkyne,
would yield tetrol 1 having two such vicinal diol units on
opposite sides (Fig. 2b). This tetrol would crystallize to form a
two-dimensional hydrogen-bonded layered network and
stacking of such layers along the third dimension would place
the azide and alkyne from adjacent layers at proximity (Fig. 2c-
d). Such an arrangement would facilitate TAAC polymerization,
along the direction perpendicular to the hydrogen-bonded 2D-
layer, to form triazole-linked polyinositol (Fig. 2d).

To test this hypothesis, we have synthesized tetrol 1
(Schemel, ESI, Section 3t). Briefly, myo-inositol (3) was
protected to yield the symmetric ditriflate 5, which on selective
sequential nucleophilysis with azide followed by DMSO resulted

2 | Chem. Sci., 2021, 00, 1-3

in azido-myo-inositol derivative 7.12 Propargylation of the
remaining -OH group, followed by acidic hydrolysis yielded
tetrol 1 as a white solid. We obtained the plate-like crystals (m.
p. 317 °C) of tetrol 1 via slow evaporation of its saturated
solution in acetonitrile.
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Scheme 1 Synthesis of tetrol 1.
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Fig. 3 a) Chemical structure and ORTEP diagram of tetrol 1. The thermal ellipsoids are set at 50% probability. b) Photograph of the tetrol 1 single crystal taken under normal light and
a polarizer. c) Crystal packing of the tetrol 1 in ‘ac’ plane showing a 2D hydrogen-bonded layer. d) Crystal packing viewed along ‘a’ direction. The OH...O hydrogen bonds and the
CH...O hydrogen bonds are shown as blue and orange dotted lines, respectively. Black dotted lines represent the short contacts between the reactive terminals of antiparallelly
arranged azide and alkyne units. The direction of polymer chain growth is along the wavy line (along ‘b’ direction) shown in the background. H-atoms (except OH) are hidden for

clarity.

Single-crystal X-ray diffraction (SCXRD) analysis revealed
that the tetrol 1 crystallizes in P21/n space group with one
molecule in the asymmetric unit (Fig. 3a, Table S1). In the
crystal, the inositol ring adopts the chair conformation. The
hydroxyl groups of each vicinal diol motif make intermolecular
hydrogen bonding forming a hydrogen-bonded 2D-layer in the
‘ac’ plane, as anticipated (Fig. 3c). Such layers stack along ‘b’
direction and molecules in adjacent layers connect through
CH...O0 hydrogen bonds (C9H9...03, Table S2). This stacked
packing places the azide and alkyne groups of molecules in
adjacent layers at proximity (3.37-3.43 A) in a ready-to-react
antiparallel arrangement (Fig. 3d).13 The antiparallel
arrangement suggests the possibility of forming 1,4-triazolyl
linked polyinositol along the stacking direction.

SCSC polymerization of monomer 1

Crystals of tetrol 1 are stable at room temperature but undergo
reaction at higher temperatures (80 °C and above). We have
monitored the progress of the solid-state reaction using time-
dependent 'H NMR spectroscopy. For this, we kept crystals of

This journal is © The Royal Society of Chemistry 2021

the monomer 1 at 80 °C and small portions were withdrawn at
various time intervals and subsequently analyzed by H NMR
(ESI, Section 5t). By the time-dependent 'H NMR spectral
analysis, the start of the reaction was assessed from the
appearance of triazolyl proton signals in the region 7.8-8.0 ppm.
With the progress of time, a gradual decrease in intensity of
peaks corresponding to the monomer and the concomitant
increase in the intensity of peaks corresponding to the product
were observed (Fig. S2). By 140 h, the monomer was completely
consumed and a single sharp triazolyl proton signal at 7.96 ppm
revealed the regiospecificity of the reaction. The IH NMR
and 13C NMR spectra of the polymer 2 were very clear, with
distinct signals for each proton and carbon atom of the
repeating unit, due to the linkage-homogeneity (Fig. 4).
Structural analysis using various NMR techniques revealed the
presence of only 1,4-triazolyl linkages between the inositol
units (ESI, Section 61). Such a regiospecificity in this uncatalyzed
solid-state reaction is possible only under strict lattice-control.
It is to be noted that the uncatalyzed thermal cycloaddition

Chem. Sci., 2021, 00, 1-3 | 3
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reaction (Huisgen reaction) in solution proceeds without any
selectivity and leads to the formation of a heterogeneous
mixture of products (ESI, Section 7%), but Cu(l)-catalyzed (click)
reaction in solution yields a mixture of 1,4-triazolyl-linked cyclic
oligomers. The solid-state reaction followed a sigmoidal kinetics
with a lag phase (0-48 h), followed by an exponential growth
phase (48-120 h) and a plateau phase (Fig. S2).

We have monitored the crystallinity throughout the
reaction by recording PXRD profiles of the crystals withdrawn at
different stages of reaction. Sharp signals were observed at
every stage of the reaction suggesting that the crystallinity is
maintained throughout the reaction. The peaks corresponding
to the monomer crystal gradually disappeared or shifted and
new sharp signals appeared with time (Fig. 4c). From the time-
dependent PXRD data, it is clear that the monomer gradually
converts to the polymer 2 in a crystal-to-crystal fashion. The
morphology of the smaller crystals (length ~ 200 um) was
unaffected even after the complete reaction. Optical polarizing
microscopy of the fully reacted crystals showed a birefringence
pattern suggestive of its single crystalline nature (Fig. 5b).
Though rare, such reactions that occur in a SCSC manner allow
structure determination of the product by SCXRD.4
Structure and properties of polymer 2

We determined the crystal structure of the fully reacted
crystals by SCXRD analysis (monoclinic P2;/c with Z = 4). As
anticipated, TAAC reaction occurred regiospecifically in SCSC
fashion and resulted in the formation of 1,4-triazolyl linked
polymer 2 exclusively (Fig. 5, Table S1). Also, the TAAC reaction
occurred along ‘b’ direction connecting the hydrogen-bonded
layers (Fig. 5c). In the crystal, each polymer chain adopts a wavy
conformation and the adjacent inositol units are cork-screwed
180° as in the case of natural polysaccharides (Fig. 5d).
Intramolecular OH...N hydrogen bonding between the triazole
linker and two inositol units on its either side stabilize this
conformation (Fig. 5d). This is similar to the intra-chain
hydrogen bonding between the adjacent monomers in natural
polysaccharides.'® All the four hydroxyl groups in the repeating
unit are involved in intermolecular (interchain) hydrogen
bonding. Each polymer chain makes OH...O hydrogen bonding
with four neighbouring chains along ‘a’ direction and weak
CH...N hydrogen bonds with two other neighbouring molecules
along ‘c’ direction (Fig. 5e). For the polymerization to occur, it is
necessary that both the azide and alkyne moieties move closer.

4 | Chem. Sci., 2021, 00, 1-3
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Fig. 4 '"H NMR and 3C NMR spectra of a) monomer 1 and b) polymer 2 recorded in DMSO-
de. ¢) Time-dependent PXRD analyses of monomer 1 heated at 80 °C.

A comparison of the arrangement of molecules in the
monomer and polymer crystal structures reveals that upon
polymerization, the distance between the adjacent monomer
units decreased by almost 1 A (Fig. $8-S9). This molecular
motion results in a change in unit-cell dimensions of the
polymer from that of the monomer. Since the reaction occurs
along the ‘b’ direction, the unit cell parameter ‘b’ decreases by
9.2 % and the parameters ‘@’ and ‘c’ increase by 2.1 % and 6.7
% respectively, resulting in an overall decrease in the volume of
the unit cell by 3.1 % (Table S1, Fig. S8).

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 a) Chemical structure and ORTEP diagram of the polymer 2. The thermal ellipsoids are set at 50 % probability. b) Photograph of the polymer single crystal taken under normal
light and a polarizer. c) Packing of polymer chains in ‘bc’ plane showing reaction between the hydrogen-bonded layers (along ‘b’ direction). The blue dotted lines represent OH...O
and CH...O hydrogen bonds and the yellow dotted lines represent intra-chain OH...N hydrogen bonds. d) Comparison of the chain conformations of polymer 2 and a natural
polysaccharide. The intrachain hydrogen bonds are represented in blue lines. e) Packing of polymer chains viewed along ‘b’ direction, showing interchain hydrogen bonds. The
triazole ring is represented in a ball-and-stick model and the H atoms (except OH) are hidden for clarity.

The polymer 2 crystals are soluble in DMSO and N-
methylpyrrolidone. A MALDI-TOF MS analysis of the polymer 2
was carried out, which showed presence of up to 43-mer of the
polyinositol (Fig. 6a). We also found that oligomers up to 8-mer
are soluble in water (ESI, Section 97). Gel permeation
chromatography (GPC) analysis of the fully reacted sample
revealed a unimodal distribution (dispersity, ® ~ 3), a number-
average molar mass of 4.9 kg/mol and the weight-average
molar mass was calculated as 14.2 kg/mol (Fig. 6b, ESI, Section
10t). Evaporation of a DMSO solution of the polymer yields
opaque polymer with a film-like texture (Fig. 6¢c, ESI, Section
11t). PXRD analysis of the film revealed its amorphous nature

This journal is © The Royal Society of Chemistry 2021

(Fig. 6d). We investigated the thermal stabilities of both the
crystalline and amorphous forms of the polymer 2 using
thermogravimetric analysis (TGA). While the crystals of the
polymer are stable up to 344 °C, the amorphous polymer
decomposed at a lower temperature of 312 °C (Fig. 6e). Thus, it
is clear that the crystalline polymer shows higher thermal
stability than its amorphous form. The close and ordered
packing due to hydrogen bonds is responsible for the enhanced
thermal stability of the crystalline polymer. Also, the crystalline
polymer 2 showed better thermal stability than many natural
polysaccharides.16

Chem. Sci., 2021, 00, 1-3 | 5
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Differential scanning calorimetry (DSC) analysis of the
crystalline polymer 2 did not show any glass transition (Fig. 6f)
as anticipated in view of its crystalline nature, similar to
crystalline amylose.l? In contrast, the amorphous polymer 2

6 | Chem. Sci., 2021, 00, 1-3

undergoes a glass transition at 202 °C, comparable . te
gelatinized starch.1® Polymers with suchPRigh-g0384Ptransitidn
temperatures are important in the context of stable plastics
required for several applications.1®

Conclusions

In conclusion, circumventing the problems associated with the
solution-phase polymer synthesis,
adopted a solid-state synthesis for the polymerization of a
cyclitol-derived monomer. By applying crystal-engineering
principles and taking a cue from the unique packing of a class of
pyranose derivatives, we designed a cyclitol monomer that
crystallizes such that its molecules arrange in head-to-tail
fashion with the proximal placement of the azide and alkyne
units of adjacent molecules. Upon heating these crystals, the
monomer undergoes SCSC TAAC polymerization, in a
regiospecific manner, to yield an enzyme-stable, crystalline
pseudopolysaccharide, poly-1,4-triazolyl-myo-inositol. Despite
solvent-free and catalyst-free conditions, due to the
confinement offered by the crystal lattice, the reaction was not
only regiospecific but also yielded linear polymer. This
polycarbasugar shares key characteristics of natural
polysaccharides, including the preservation of stereochemistry,
dense hydroxyl functionality, and rigid backbone, in addition to
being enzyme-stable, possessing higher thermal stability and
higher glass transition temperature, making it a better
candidate for many applications. This is the first successful
synthesis of a polymer of a cyclitol using topochemical
polymerization. This report exemplifies the fidelity of crystal
engineering in designing topochemical reactions in general and
in the synthesis of crystalline polymers. Given the availability of
many structurally diverse carbasugars such as nine inositols,3

conventional we have

conduritols, quercitols, other numerous naturally occurring
cyclitols,? the possibility of extension of TAAC polymerization
approach to make structurally and functionally diverse
pseudopolysaccharides is huge.

Data availability

Crystallographic data for monomer 1 and polymer 2 have been
deposited at the CCDC under accession numbers 2038869 and
2038870, respectively and obtained from
https://www.ccdc.cam.ac.uk.
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