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The derivatisation of p-xylose with potassium thiocyanate is presented as a versatile synthetic handle
towards functional synthetic carbohydrate polymers. The reactivity of the resulting 1,3-oxazolidine-2-
thione (OZT) group with alkyl bromides is ubiquitous and, herein, has been exploited to synthesise seven
bio-derived monomers with different pendant functionalities. These monomers were polymerised with
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dithiols to yield functional poly(ester-thioethers) with a broad spectrum of properties. From a single non-
functionalised OZT-polymer, a variety of post-polymerisation modification approaches are possible to
functionalise the materials with different pendant groups. These results present a novel simple method-
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Introduction

The ubiquitous nature of petroleum-derived plastics in
modern society has prompted major concerns over their end-
of-life options and the depletion of finite fossil fuel resources.
Therefore, shifting towards more sustainable polymers pre-
pared from renewable carbon feedstocks and with intrinsic
degradability (e.g., through cleavable linkages) is a key step
towards solving the plastic problem and achieving a circular
economy.' Amongst the various renewable resources used as
alternatives to petrochemicals in polymer synthesis, carbo-
hydrates stand out owing to their low cost, high natural abun-
dance, and low toxicity. Furthermore, their diverse chemical
structure allows for great functionalisation potential to tailor
the properties of polymers towards a range of different
applications.””” Monosaccharide p-xylose can for example be
readily obtained from hemicellulose, a major component of
lignocellulosic biomass, which has been identified as a key
sustainable alternative to petrochemical feedstocks. Therefore,
our group, amongst others,® ' has been particularly interested
in the use of xylose as a sustainable building block for the
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ology to tailor the properties of synthetic carbohydrate polymers to different applications.

13719 and functional

preparation of bio-derived polymers
materials.”*>*

Post-polymerisation modification of an existing reactive
polymer is an attractive strategy to prepare materials with
diverse functionalities and architectures.>®> A common strategy
to derivatise renewable polymers relies on post-polymerisation
thiol-ene reactions, between a pendant alkene group and a
thiol. For example, Greiner and co-workers have demonstrated
the potential of poly(limonene carbonate), derived from citrus
peels and CO,, as a platform to prepare a library of functional
materials.>® However, the availability of thiols can limit the
breadth of materials possible. Additionally, sugar-based poly-
mers offer an alternative pathway towards bio-based functional
materials via functionalisation of their multiple hydroxy moi-
eties, including through the formation of ketals. However, the
availability of functional ketones is limited, decreasing the
number of potential structures. Developing a versatile syn-
thetic handle towards the functionalisation, pre- or post-poly-
merisation, of sugar-derived polymers was therefore targeted
as highly beneficial to the field of sustainable polymers. We
identified organohalides as widely available and diverse com-
pounds, which could react via nucleophilic substitution with
the hydroxy groups of carbohydrates. However, the reactivity of
vicinal secondary alcohols is limited, including by steric
effects. Due to the greater nucleophilicity of thiols, the deriva-
tisation of monosaccharide monomers containing sulphur was
thus targeted (Fig. 1).

The groups of Rollin and Tatibouét have pioneered method-
ologies to anchor 1,3-oxazolidine-2-thione (OZT) moieties onto
various carbohydrate scaffolds including p-arabinose, p-ribose,
and p-xylose under mild conditions and using non-toxic
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Fig. 1 (Left) Common strategies for the functionalisation of renewable

polymers; (right) thionocarbamate strategy employed here on xylose-
derived monomers and polymers.

reagents.”>*® This interesting structural motif provides two

nucleophilic sites for functionalisation reactions at either the
nitrogen or sulphur atoms.”” The synthetic versatility of the
cyclic thionocarbamate moiety can allow for a range of trans-
formations with carbohydrate-anchored OZTs being studied
for alkylation,?® arylation,?® vinylation,* and palladium cata-
lysed cross-coupling reactions.*'*

Structures bearing OZT moieties have been shown to
exhibit biological activity’>° and therefore, have been investi-
gated as precursors for the synthesis of compounds for
biological®®*®?*” and agricultural applications.*® Additionally,
from a synthetic perspective, OZTs find application as chiral
auxiliaries in asymmetric synthesis.*>*® We hypothesised that
sugar derived OZT compounds could further prove to be a
promising building block for the synthesis of sustainable func-
tional polymers and materials. There have been a few studies
reporting the use of OZT containing compounds in polymer
synthesis.**™** Endo and co-workers have reported the con-
trolled cationic ring-opening polymerisation (CROP) of an OZT
derived from the amino acid i-serine using methyl trifluoro-
methanesulfonate (TfOMe), trifluoromethanesulfonic acid
(TfOH), and boron trifluoride etherate (BF;-OEt,) to yield poly-
thiourethanes.*" However, to the best of our knowledge there
have been no reports of polymers that retain the OZT struc-
tural motif which could provide a useful synthetic toolbox for
post-polymerisation functionalisation and allow for tuning of
polymer properties.

Herein, we describe two a,0-diene monomers derived from
the sugar p-xylose, which incorporate an OZT synthetic handle
for facile functionalisation reactions pre- or post-polymeris-
ation. This functionality was exploited to prepare seven mono-
mers featuring a variety of pendant functional groups. All
monomers could be polymerised with dithiols via photo-
initiated thiol-ene polymerisation. The presence of non-func-
tionalised OZT moieties within the structure of some of the
polymers ensured that these materials were further amenable
to post-polymerisation reactions with alkyl halides. Overall,
the OZT handle allowed for the introduction of functionality
and modulation of properties of a renewable polymer back-
bone through several distinct approaches including concurrent
and stepwise post-polymerisation modification or via co-poly-
merisation of different monomers.
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Results and discussion
Synthesis of monomers

The OZT a,w-diene monomers 1a and 2a could be prepared in
a simple two-step synthesis from naturally occurring p-xylose
(Scheme 1). OZT functionality can be introduced into the
structure of carbohydrates through two different approaches.
The more common synthetic route involves the condensation
reaction of a thiocarbonyl source, e.g., thiophosgene*>*® or
carbon disulfide (CS,),"” with amino sugars under basic con-
ditions. Alternatively, a condensation reaction between thiocya-
nic acid, generated in situ from the reaction of potassium thio-
cyanate and the native sugar scaffold can be employed.>*>?%3¢
This latter methodology is attractive as it gives access to OZT
sugars using mild conditions and non-toxic reagents.

Following an adapted procedure from Tatibouét and co-
workers,>® the OZT moiety could be directly installed onto
p-xylose via reaction of the sugar with potassium thiocyanate
in acidic conditions at 55 °C (Scheme 1). Purification by silica
gel column chromatography yielded the OZT-xylose sugar as a
white solid in a 78% yield. Characterisation by "H and *C{'H}
NMR spectroscopy, agreed with the literature, and revealed dis-
tinctive signals at 10.72 ppm in the "H NMR spectrum and
188.4 ppm in the “*C{"H} spectrum corresponding to the N-H
and C=S bonds of the OZT functional group, respectively.

From this functional p-xylose core, a,»-dienes were then
prepared according to literature procedures.'*'® Unsaturated
fatty acid anhydrides, 10-undecenoic acid anhydride (10-UAA)
and 4-pentenoic acid anhydride (4-PAA), were synthesised by
reaction of the respective acid and acetic anhydride under
reflux.*® The esterification reaction of the OZT diol with either
10-UAA or 4-PAA proceeded rapidly using a combination of tri-
ethylamine and a catalytic quantity of 4-dimethylaminopyridine
(DMAP) in N,N-dimethylformamide (DMF), to produce the
corresponding C;; and Cs; OZT a,0-dienes within 30 minutes.
Isolation by silica gel column chromatography yielded the Cy4
compound as a waxy solid and the Cs product as a colourless oil
in 67% and 66% yields, respectively (Scheme 1).

Owing to the soft nucleophilic character of the sulphur
atom, the OZT dienes were hypothesised to be capable of
undergoing S-alkylation reactions with a variety of alkyl
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Scheme 1 Synthesis of OZT «,w-dienes derived from p-xylose, 1a and
2a.
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halides. To demonstrate these functionalisation capabilities,
monomer 1a was subjected to a series of reactions with benzyl
bromide under different conditions (Table S2t). After optimi-
sation of the reaction conditions, near quantitative conversion
of the OZT groups was observed by "H NMR spectroscopy.
When functionalised, a downfield shift of the anomeric proton
signal of 1a is observed from 5.89 ppm to 6.13 ppm. Moreover,
no evidence of N-alkylation under these conditions was
observed by NMR analysis, with complete disappearance of the
C=S signal at 188.2 ppm in the ">C{'"H} NMR spectrum, and
appearance of a new signal at 170.3 ppm corresponding to the
C-S bond, indicating the formation of the desired 2-oxazoline
compound. Isolation of monomer 1b as a colourless oil was
achieved by silica gel column chromatography. Next, to
demonstrate the versatility of the method, we prepared a
diverse range of novel a,0-diene monomers. Reactions of 1a
with various alkyl bromide compounds generated monomers
1b-1h (Scheme 2) with a diverse range of pendant functional-
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Scheme 2 Synthesis of functionalised o,0-dienes (1b—h) from 1a.
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ities, including hydrophobic (1b, 1f), hydrophilic (1g-h) and
reactive groups (1c-e).

Thiol-ene polymerisation and polymer characterisation

Previously our group has polymerised sugar-derived a,o-diene
monomers via acyclic diene metathesis (ADMET) polymeris-
ation using Grubbs 2" generation catalyst (G-II) to produce
polyester and polyether materials.'* However, neither 1a or 2a
could be polymerised by ADMET under the wide range of con-
ditions tested, likely due to inhibition of the catalyst through
coordination of the free N-H bond of the OZT group.
Coordinating monomers, in particular those with unprotected
amines, have been shown to have detrimental effects on the
activity of Ru-based olefin metathesis catalysts.***° This
hypothesis was validated by the fact that functionalised
monomer 1b could be polymerised by ADMET (Fig. S1047).

An alternative method of polymerising o,0-dienes is via
polymerisation with dithiols using thiol-ene chemistry, with
recent examples reported by the groups of Becker,>* Dove,>*>?
and Reineke.>® In addition, thiol-ene polymerisation avoids
the use of expensive ruthenium-based catalysts and high temp-
eratures required for ADMET. To synthesise polymers with
OZT groups amenable to post-polymerisation reactions, mono-
mers 1a and 2a were polymerised via a photo-initiated thiol-
ene reaction with either 2,2-(ethylenedioxy)diethanethiol
(EDT) or 1,8-octanedithiol (ODT) in air under ambient con-
ditions (Scheme 3; Table 1, entries 1-4). Quantitative conver-
sion (>99%) of monomer to polymer was confirmed by 'H
NMR spectroscopy from the disappearance of the olefin
signals between 5.83-5.73 ppm and 5.03-4.89 ppm.
Furthermore, new triplet signals at 2.57 and 2.72 ppm corres-
ponding to methylene protons of the newly formed thioether
bonds further confirmed the formation of the poly(ester-
thioethers). After precipitation from cold methanol (—18 °C),
the polymers were isolated as viscous yellow materials or
rubbery yellow solids.

SEC analysis revealed number average molar masses (M,)
up to 15000 g mol™" with high dispersities (Py;) characteristic
of step-growth polymerisation processes. Whilst this reaction
offers little control over molar mass, the use of high purity

X = O - Poly(1a-EDT), Poly(2a-EDT)
X = CH, - Poly(1a-ODT), Poly(2a-ODT)

o Poly(1b-EDT), Poly(1d-EDT), Poly(1f-EDT),
>: Poly(1g-EDT), Poly(1h-EDT)

Scheme 3 The thiol-ene polymerisation of OZT-xylose derived unsaturated o,w-dienes with dithiols.

This journal is © The Royal Society of Chemistry 2024
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Table 1 Selected polymerisation data for the alternating thiol—ene polymerisation of OZT «,o-dienes with dithiols

Entry” Monomer Dithiol Polymer nomenclature M, sec b /g mol™* Dy Ty djoc Tm ¢/°C Ta, 5°/°C
1 1a EDT Poly(1a-EDT) 15000 2.89 —22 n.ds 239
2 la oDT POly(la-ODT) 11000 3.33 —-14 38 236
3 2a EDT Poly(2a-EDT) 5900 2.05 -7 n.d. 188
4 2a oDT POly(Za-ODT) 9500 3.84 -9 n.d. 226
5 1b EDT Poly(lb-EDT) 4200 1.94 —-41 -13 228
6 1d EDT POly(ld-EDT) 8900 1.95 -16 n.d. 226
7 1f EDT Poly(1£-EDT) 7600 2.01 -21 n.d. 251
8 1g EDT Poly(1g-EDT) 9400 1.84 -28 n.d. 250
9 1h EDT POly(lh—EDT) 6400 2.12 =37 -9 231
10/ 1b +1d EDT POly(lb—ld-EDT) 6000 4.85 -34 -10 237

“?Reaction conditions unless otherwise stated: 1.00 equiv. monomer, 1.00 equiv. dithiol, 0.10 equiv. 1G819, CHCI; ([a,o-diene] = 0.5 mol L"), UV
irradiation (A = 365 nm, 3 h). ”Calculated by SEC relative to polystyrene standards in THF eluent. Py = M,/M, as calculated by SEC.
?Determined from the second heating and cooling cycle between —60 and 150 °C in the DSC thermogram. ¢ Determined from the 5% mass loss
level by thermogravimetric analysis (TGA). 0.50 equiv. 1b and 0.50 equiv. 1d. € Observed in the first heating and cooling cycle (T, = 45 °C), a
degree of crystallinity could be promoted by -NH interactions from the OZT functionality.

monomers should allow for increased molar mass by ensuring
there is little deviation from the ideal 1: 1 stoichiometric ratio.
Whilst efforts were made to ensure high monomer purity, it is
possible that impurities resulted in a stoichiometric imbalance
limiting the molar masses achieved. Polymerisation using dis-
tilled EDT did not result in the expected rise in molar mass.
Additionally, increasing irradiation time appeared to have little
effect on molar masses (Table S37).

Satisfyingly, NMR analysis of the materials confirmed the
OZT functionality was retained in the structure of the polymers
with signals in the “C{'H} NMR spectrum appearing at
188.9 ppm indicative of the thiocarbonyl bond. FT-IR analysis
of the polymers revealed distinctive bands around 3364 cm™,
1734 ecm™!, and 1480 cm™ indicative of the N-H, C=0 and
C-N bonds, respectively. Thermal properties of the polymers
were assessed by differential scanning calorimetry (DSC) and
thermogravimetric analysis (TGA) (Table 1). The ether-contain-
ing EDT polymers, poly(1a-EDT) and poly(2a-EDT), were found
to be amorphous materials with single glass transition temp-
eratures (T,) at —22 °C and -7 °C, respectively.

Polymers containing aliphatic ODT were found to be either
semi-crystalline, with a melting temperature (T},) at 38 °C and
low a T, value of —14 °C (poly(1a-ODT)), or amorphous with a
Ty at —9 °C (poly(2a-ODT)). Predictably, the materials based on
Cy; diene monomer 1a displayed lower T, values in compari-
son to the Cs analogues, due to the increased chain flexibility
of the longer fatty acid units. These values are lower than
other bio-derived poly(ester-thioethers) reported in the litera-
ture by Reineke and co-workers.>* TGA analysis of the C;; poly-
mers, poly(1a-EDT) and poly(1a-ODT) showed that both
materials exhibited good thermal stability with Ty, s¢, greater
than 230 °C. The C;s polymer poly(2a-EDT) displayed a lower
T4, s of 188 °C possibly due to the lower M,, achieved.

Selected functionalised monomers (Table 1, entries 5-9)
were polymerised with EDT to produce functional polymers
with M, values up to 9400 g mol ™. The effect of the different
pendant groups on the thermal properties of the EDT poly-
mers was assessed by DSC (Fig. 2A). Introduction of the flex-
ible pendant diethylene glycol monomethyl ether (poly(1g-

3152 | Polym. Chem., 2024, 15, 3149-3156
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Fig. 2 Thermal properties of OZT-derived thiol-ene polymers. (A): DSC
thermograms depicting the second heating cycle between -50 and
150 °C of Cy; and Cs EDT and ODT polymers. (B) DSC thermograms
depicting the second heating cycle between —50 and 100 °C of functio-
nalised thiol—ene polymers.

EDT)) chain led to an expected plasticising effect with a
reduction in Ty from —22 °C to —37 °C whilst bulkier pendant
tert-butyl acetate (poly(1d-EDT)) units caused an increase in T,

This journal is © The Royal Society of Chemistry 2024
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to —16 °C. Interestingly, the polymers possessing benzyl and
diethylene glycol monomethyl ether functionality showed a
degree of crystallinity with melting temperatures observed at
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Fig. 3 (A) Stacked DSC thermograms showing the 2" heating and
cooling cycles of poly(1b-EDT) and a 91% benzylated sample of poly(la-
EDT). (B) Stacked FT-IR spectra of poly(la-EDT) and a 91% benzylated
sample of poly(1la-EDT).
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—13 °C and -9 °C, respectively (Fig. 2B). Pendant functionality
did not appear to have a significant effect on the thermal stabi-
lity of the materials with all functionalised polymers display-
ing good thermal stability, greater than 220 °C (Fig. S97-1027).
Finally, to demonstrate the capability of using this monomer
platform to prepare materials variable functionality a random
co-polymer was synthesised by polymerising a stoichiometric
ratio of monomers 1b and 1d with EDT. The isolated sticky
material was confirmed to be a single polymeric species by 'H
diffusion ordered NMR spectroscopy (DOSY NMR) with all
proton signals diffusing at the same rate (4.67 x 107" cm” s7)
in solution (Fig. S371). DSC analysis of this co-polymer, poly
(1b-1d-EDT) revealed that the material displayed two thermal
events in the second heating cycle; a T, was observed at —34 °C
whilst a T, was found at —10 °C, likely caused by the benzyl
functionalised units in the co-polymer (as for poly(1b-EDT)).

Post-polymerisation functionalisation

Retention of the OZT functional group in the backbone of
polymers of 1a and 2a (Table 1, entries 1-4) offers a synthetic
handle for simple post-polymerisation functionalisation reac-
tions. Fig. 4 represents the different post-polymerisation func-
tionalisation approaches we undertook in this work. To investi-
gate the post-polymerisation capabilities of the polymers, the
S-benzylation of the 1a-EDT polymers was conducted using an
analogous procedure to the synthesis of 1b (Table 2). Up to
91% of OZT moieties in the polymer could be benzylated after
24 hours, as determined by relative integration of the anome-
ric proton signals of unfunctionalised and functionalised OZT
sugars. Analysis by "*C{"H} NMR spectroscopy supported suc-
cessful functionalisation of the polymer with complete dis-
appearance of the C=S signal at 188.9 ppm. SEC analysis
revealed the benzylated material to remain polymeric albeit
with a slight increase of dispersity observed after functionalisa-
tion. FT-IR analysis of the functionalised material corroborated
that benzylation was successful with complete disappearance

- o hf - o -

Fig. 4 Schematic representation of possible post-polymerisation functionalisation strategies of OZT containing polymers.

This journal is © The Royal Society of Chemistry 2024
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Table 2 Selected post-polymerisation functionalisation data of poly(1a-EDT)

NEt;/ [Polymer]/ OZT Initial My, (sgc)/ M, (Sch/
Entry” R-Br identity R-Br/equiv. equiv. mol L™* conv.?/% g mol ™! [Dy]? g mol ™! [Dy]? OZT:Bn: tBuAc’
1 BnBr 2.00 4.00 0.50 91 10500 [2.15] 10 800 [2.40] —
2 BnBr 2.00 4.00 0.10 68 13200 [3.02] 18 800 [2.87] —
3 BnBr 1.00 2.00 0.50 43 13200 [3.02] 16200 [3.12] —
4 BnBr 0.50 1.00 0.50 42 13200 [3.02] 16 800 [2.87] —
5 BnBr 1.00 2.00 0.10 35 15000 [2.89] 19300 [2.91] —
6 BnBr 2.00 1.00 0.10 34 15000 [2.89] 18100 [2.93] —
7/ BnBr + tBuBrAc 0.50 + 0.50 2.00 0.50 85 9100 [2.87] 7700 [3.43] 10:25:65
8/ BnBr + tBuBrAc 0.25+0.75 2.00 0.50 92 9100 [2.87] 11900 [2.67] 8:10:82
of BnBr + tBuBrAc 0.75 + 0.25 2.00 0.50 89 9100 [2.87] 10100 [2.82] 11:50:40
10¢ tBuBrAc 2.00 4.00 0.50 100 16200 [3.12] 14500 [1.95] 0:43:57

“ General reaction conditions: polymer (1.00 equiv.), THF, 0 °C to r.t., 24 hours. ? Determined by the relative integration of anomeric protons of
poly(1a-EDT) (5.89 ppm) and functionalised polymer (6.10-6.15 ppm) from an aliquot of the reaction mixture. ¢ Calculated by SEC relative to poly-
styrene standards in THF eluent. YDy = M,/M, as calculated by SEC. °Calculated by relative integration of anomeric protons (5.89 ppm,
6.10 ppm, 6.15 ppm). One-pot concurrent functionalisation reaction. & Step-wise functionalisation reaction starting from a 43% benzylated

polymer (from Table 2, Entry 3).

of the broad signal at 3364 cm™" corresponding to the N-H

bond of the OZT moiety and appearance of new strong bands
at 1599 cm™" and 699 cm™' indicative of the formation of
C=N and C-S bonds, respectively (Fig. 3B). Interestingly,
unlike poly(1b-EDT) which showed a degree of crystallinity, the
benzylated OZT polymer was found to be completely amorphous
with low T, of —37 °C (Fig. 3A). Varying the reaction conditions
also allowed for different degrees of functionalisation to be
achieved, 68% and 43% (Table 2, entries 2 and 3). Next, we aimed
to demonstrate that we could functionalise OZT-polymers with
different substituents using a concurrent post-polymerisation
approach (Table 2, entries 7-9). Reaction of poly(1a-EDT) with an
equimolar ratio of benzyl bromide and ter¢t-butylbromoacetate
resulted in a polymer functionalised with both pendant groups,
confirmed by the presence of signals between 7.38-7.27 ppm and
a large singlet at 1.47 ppm in the "H NMR spectrum. Two new
anomeric protons were also observed at 6.10 and 6.15 ppm, and
the relative integration of anomeric signals revealed a 10:25:65
ratio of OZT:Bn:fBuAc units in the functionalised polymer
(Fig. S103t). Varying further the ratio of alkyl halide compounds
allowed for varying degrees of functionalisation to be achieved
(Fig. S1031).

Finally, we investigated whether the remaining OZT moi-
eties in a partially functionalised polymer would be amenable
to reaction with a different alkyl halide (Table 2, entry 10).
Further reaction of a 43% benzylated polymer with tert-butyl
bromoacetate resulted in the remaining OZT functionality
being converted to the corresponding functionalised 2-oxazo-
line units, indicated by complete disappearance of the anome-
ric OZT proton signal. These results demonstrate how the OZT
moiety could act as a synthetic handle to tailor polymer pro-
perties towards different applications.

Conclusions

In summary, to address the functionalisation limitations of
oxygenated renewable polymers, we have synthesised a bio-

3154 | Polym. Chem., 2024, 15, 3149-3156

derived monomer platform from p-xylose that incorporates an
easily functionalisable thionocarbamate moiety. The nucleo-
philic nature of this synthetic handle has been exploited to
prepare seven novel a,0-dienes with varying pendant func-
tional groups and their subsequent polymerisation with
dithiols has been reported. Polymers containing some unfunc-
tionalised OZT moieties in their backbone were also amenable
to facile post-polymerisation functionalisation reactions with
alkyl bromides, via a range of approaches including single,
concurrent, and stepwise strategies. These results present a
novel simple methodology to tailor the properties of bio-
derived polymers towards different applications.
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