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A series of regioisomeric isosorbide mono-epoxides, as well as dia-
stereomerically pure mono-epoxy derivatives, have been prepared
and studied. Anionic ring-opening polymerization of methoxy-
capped monomers produced linear polyethers tethered with iso-
sorbide units. These reasonably high molecular weight polymers
exhibited glass transition temperatures at around 10-15 °C and
thermal stability up to ~300 °C, which indicated that the mono-
epoxides are promising building blocks for well-defined biobased
polymers.

Due to the growing environmental concerns, the motivation to
find green alternatives for different chemicals and materials
has increased enormously. One compound that has received
considerable attention in recent years is isosorbide (1,
Scheme 1)," a platform chemical produced from sorbitol on a
commercial scale.? Sorbitol, in turn, is produced by reduction
of glucose. Structurally, isosorbide is a chiral, rigid, V-shaped
bicyclic compound® bearing two non-equivalent secondary
hydroxyl groups in endo and exo configurations, respectively.
Due to the structural characteristics and availablility,* isosor-
bide has been studied and found use in, e.g., the medical® and
cosmetics® industries, as well as in asymmetric synthesis.” In
the recent decades, however, the number of studies of isosor-
bide as a building block for new materials has grown sharply.®
In particular, it has been widely considered as a potential bio-
derived alternative in various high-performance condensation
polymers such as polycarbonates, polyesters and
polyurethanes.”'® In addition, the synthesis and polymeriz-
ation of isosorbide diglycidyl ether (see Scheme 1) has been
extensively studied."” This compound, also known as isosor-
bide bisepoxide, has attracted significant interest due to its
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structural similarities to bisphenol A diglycidyl ether, a com-
monly used component in plastic materials.'> Regrettably,
bisphenol A has proven to have endocrine disruptive effect,"?
and bio-derived isosorbide is considered to be a potentially
safer substitute."* Isosorbide diglycidyl ether can be obtained
directly by reacting isosorbide with epichlorohydrin (ECH) in
aqueous sodium hydroxide, or by a two-step process of sequen-
tial allylation and oxidation."> Such isosorbide bisepoxides
have been extensively used in the formation of different epoxy
networks,">'® including hydrogels'” and resins with isosor-
bide-based amines.'® Moreover, isosorbide diglycidyl ether has
been used as a precursor for other bifunctional monomers.
For instance, corresponding dimethacrylic monomers have
been introduced into different polymer structures,'® and iso-
sorbide dicyclocarbonates have been used in polyurethane
synthesis.”®

In most cases, the exo and endo hydroxyl groups in isosor-
bide have not been differentiated and, in the case of polymers,
the isosorbide unit has been fully incorporated into the
polymer backbone. Regioselective functionalization is less
investigated. It has been acknowledged that the endo OH-
group at C5 forms intramolecular hydrogen bond and has
therefore a higher nucleophilicity.>! The exo-OH group, on the
other hand, is sterically less hindered compared to endo-OH.>*
Hence, this non-equality opens possibility to regioselectively
functionalize either the C2 or the C5 position. For instance, an
acetylation of isosorbide with acetic anhydride has been
reported with moderate selectively: exo-acetate can be preferen-
tially obtained using KOH at 120-140 °C, whereas using PbO
as an additive at room temperature gives a preference towards
the endo-acetate formation.>®> These mono-acetylated isosor-
bide derivatives can be used as intermediates for several other
mono-functionalized isosorbide compounds, because the dea-
cetylation under basic conditions can readily be performed in
high yields.>*** Similarly, benzylation®® and tosylation®” of iso-
sorbide also give modest preference towards the C5 derivative.
Additionally, a majority of biocatalytic procedures have shown
selectivity towards the endo hydroxyl group in isosorbide.?®
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Scheme 1 Synthetic pathway to isosorbide mono-epoxides 6—9.

Recently, a highly regioselective Lipozyme RM IM-catalyzed
5-OH methacrylation of isosorbide was reported by our
group.”’

Such regioselective functionalization enables the prepa-
ration of polymers with the rigid isosorbide units as pendant
groups. Usually, these polymers are obtained by chain-growth
polymerization methods. Conversely, most polymers of isosor-
bide derivatives have so far been synthesized via step-growth
polymerization, which are generally very energy extensive pro-
cesses where often severely discoloured products are formed.>°
Investigations on chain-growth polymerizations of isosorbide
derivatives under milder conditions have been rather scarce.
In particular, ring-opening polymerizations have not been
given much attention.”?' For example, isosorbide mono-epox-
ides may be polymerized via cationic or anionic ring-opening
mechanism to obtain polyethers with pendant isosorbide
groups. Polyethers prepared from mono-epoxides such as
ethylene oxide and propylene oxide are used in a wide variety
of areas, ranging from surfactants, additives, coatings and
surface modifying agents.>> Moreover, the heteroatoms in the
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2-epoxy-5-methoxy-isosorbide (9)

84%

polyether backbone increase the potential for biodegradability
of the polymer.*?

To our surprise, the synthesis of isosorbide mono-epoxides
(i.e., isosorbide monoglycidyl ethers) has hardly been
studied.** Thus, no polymerization of isosorbide mono-epoxy
derivatives has been reported yet. In the present communi-
cation, we report on a straightforward method to prepare both
C2 and C5 epoxy-derivatives of isosorbide. In addition to the
racemic epoxide units, we demonstrate the synthesis of pure
isosorbide diastereomers bearing epoxides with either the (R)-
or (S)-configuration. The utility of new monomers has been
demonstrated in anionic ring-opening polymerization of two
of the isosorbide mono-epoxides.

The synthesis of the isosorbide mono-epoxides is outlined
in Scheme 1. We speculated that the free hydroxyl groups in
the isosorbide epoxides might hinder the subsequent polymer-
izations to linear polymers. Therefore, we decided to methylate
the free hydroxyl groups in the final monomer structure.

We started our work by the alkylation of isosorbide with
allyl bromide according to a previously reported procedure.”’

This journal is © The Royal Society of Chemistry 2021
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Next, the mono-allylated derivatives 2 and 3 were alkylated
with methyl iodide (Mel) in basic conditions to obtain the
methylated intermediate compounds 4 and 5. 2-Methoxy-5-
allyl-isosorbide 4 was obtained in 93% yield using potassium
tert-butoxide (-BuOK) in THF/H,O. The synthesis of the regioi-
someric 5-methoxy allyl-derivative 5 was also achieved in a
high yield (86%), but by using KOH and a phase transfer cata-
lyst tetrabutylammonium bromide (TBAB) in CH,Cl,/H,0. The
subsequent oxidation of all the mono-allylated isosorbide
derivatives (2, 3, 4, and 5) was carried out with meta-chloroper-
oxybenzoic acid (m-CPBA). In this way, monomers 6 and 7 with
free hydroxyl groups were obtained in good yields as expected
(81% and 78%, respectively). The synthesis of the methylated
isosorbide mono-epoxides 8 and 9 was carried out in a similar
fashion, resulting 81% and 84% in yield, respectively. The
structures of the monomers were confirmed by NMR and
HRMS analysis (see ESIT). In the case of epoxides 6 and 7, the
free OH groups can be easily distinguished in the 'H NMR
spectrum.”® The 2-exo OH in monomer 6 shows a broad
singlet, whereas the 5-endo OH group in compound 7, is intra-
molecularly hydrogen-bonded and therefore shows a clear
doublet with a coupling constant of around 7 Hz (see Fig. S4
and S5 in ESIf).

The epoxidation of allylic compounds using m-CPBA
affords derivatives with racemic epoxide units. Hence, another
approach must be employed in order to obtain isosorbide
derivatives with enantiomerically pure epoxy groups. One
possibility is to introduce the chirally pure epoxy-moiety
directly into the molecular structure using a corresponding
chiral synthon such as (R)- and (S)-epichlorohydrin (ECH).
Thus, to obtain (S)- and (R)-epoxy derivatives ((S)-8, (R)-8, (S)-9,
and (R)-9, Scheme 2), the corresponding methyl-protected iso-
sorbide derivatives 10 and 11 had to be synthesized first. As
there is no direct regioselective method for the mono-methyl-
ation of isosorbide,?”*® these intermediates (10 and 11) were
prepared from isosorbide using either selective 5-benzylation
or 2-tetrahydropyranylation followed by methylation and the
subsequent of benzyl and tetrahydropyranyl
groups, respectively, as described in detail in ESI{ (Schemes S1
and S2).

to
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Scheme 2 Synthesis of single diastereomers of isosorbide 5-epoxies
(S)-8 and (R)-8, and isosorbide 2-epoxies (S)-9 and (R)-9.
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Finally, the 2-methoxy-isosorbide 10 was treated with (S)-
(+)-ECH or (R)-(-)-ECH and Bu,NHSO, in aqueous NaOH solu-
tion at 40 °C to afford (S)-8 and (R)-8 in 71% and 69% yield,
respectively (Scheme 2).>> Monomers (5)-9 and (R)-9 were
obtained from 5-methoxy-isosorbide 11 in a similar way, only
TBAB was used instead of Bu,NHSO, (Scheme 2).*® Both
methods turned out to be applicable for the synthesis of pure
(S)- and (R)-monomers as the yields reached up to 70%.

The ring-opening polymerization of mono-epoxy isosorbide
derivates 8 and 9 was evaluated by anionic mechanism. We
selected a method with tetraoctylammonium bromide
(NOct,Br) as initiator and triisobutylaluminium (i-Bu;Al) as
catalyst, as this is a widely utilized procedure to prepare poly-
ethers with relatively high molecular masses.>” Epoxides 8 and
9 were both polymerized following the same procedure using
NOct,Br and i-BuzAl during 24 h in toluene to obtain polymers
P8 and P9, respectively (Scheme 3). Initiation was performed at
—30 °C and then the system was allowed to reach to room
temperature. The conditions employed provided polyethers P8
and P9 with high monomer conversions, >99% and 89%,
respectively. Analysis by size-exclusion chromatography (SEC)
in THF revealed number average molecular weights of M, =
13.2 and 17.8 kg mol™* and polydispersity indexes of M,/M,, =
1.7 and 2.1 for P8 and P9, correspondingly (ESI, Fig. S1t). We
also initially attempted cationic ring-opening polymerization
using the Sc(OTf),/propylene oxide system in acetonitrile,® as
well as organocatalytic polymerization conditions®® (Et;B and
phosphazene bases). However, in both cases no polymerization
occurred and the unreacted monomer was fully recovered.

Thermogravimetric analysis (TGA) under N, indicated the
onset of thermal decomposition of polyethers P8 and P9 at
around 300 °C, as revealed by the derivative thermogravimetric
(DTG) curves. The highest mass-loss rates were reached at T}, =
390 and 394 °C for P8 and P9, respectively (ESI, Fig. S27).
Interestingly, the glass transition temperature (T;) determined
by differential scanning calorimetry (DSC) was 10 and 15 °C
for P8 and P9, correspondingly (ESI, Fig. S31). Compared to
Ty's of other common polyethers like poly(ethylene glycol)
(=67 °C), poly(propylene glycol) (=74 °C), poly(epichloro-
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Scheme 3 Polymerization of isosorbide mono-epoxides 8 and 9 to
form polyethers P8 and P9, respectively. [epoxide]/[NOct4Brl/[i-BusAl] =
100/0.43/2.33, [epoxide] = 3 M. Monomer conversions were determined
from crude polymer 'H NMR spectra.
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hydrin) (—22 °C),** the T, values of the current linear isosorbide
polyethers P8 and P9 are rather high because of the rigid iso-
sorbide groups. The reasons for the slightly different pro-
perties of P8 and P9 may be caused by the differences in
stereochemistry and will be further studied in the future. The
solubility of polymers P8 and P9 was evaluated in multiple sol-
vents, arranged according to their hydrogen-bonding capacity
and solubility parameter 5 (ESI, Table S17). Both polyethers
were soluble in methanol, DMSO, THF, chloroform, and
toluene, but insoluble in H,O, n-butanol, Et,O, and aceto-
nitrile at room temperature.

These initial results indicate that the polymerization of iso-
sorbide mono-epoxides can afford very interesting polymers.
Thus, this motivates the further investigation of these bioder-
ived monomers, including copolymerizations to obtain new
materials and the possibility for biodegradability of corres-
ponding isosorbide polyethers which would be particularly
enticing to study.

In conclusion, we have prepared and characterized a series
of novel isosorbide mono-epoxides, where the remaining free
hydroxyl group in isosorbide was capped as a methyl ether.
Additionally, a method to synthesize diastereomerically pure
isosorbide mono-epoxides was developed. The usefulness of
the novel isosorbide mono-epoxides was demonstrated in
anionic ring-opening polymerization leading to polyethers
with comparatively high molecular weight and T,. This clearly
demonstrates that isosorbide-based mono-epoxides are prom-
ising new building blocks in the field of biobased polymers tai-
lored to replace conventional fossil-based materials in various
applications.
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