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Synthesis of biobased polyacetals: a review

Anna C. Renner, © Sagar S. Thorat® and Mukund P. Sibi® *

The molecular structure of a polymer is a key determinant of the properties and thus potential applications
of the bulk material. The presence of acetal functional groups in a polymer can impart advantageous
characteristics such as reprocessability, degradability, and recyclability. Many biobased monomers
contain functional groups amenable to acetal formation, and a variety of polyacetals have been
synthesized from renewable starting materials. These polymers range from elastomers to rigid materials,
with their diverse mechanical properties depending on both the acetal units and other structural features
of the polymers. A partially biobased poly(acetal-ester) with the trade name Akestra is commercially
available and can be used in food packaging applications. In this review, the synthesis and properties of
biobased polyacetals are surveyed with an emphasis on the sustainability advantages offered by these
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materials. A brief overview of polythioacetals, the sulfur analogs of polyacetals, is also included.

The vast majority of plastics and other synthetic polymers are derived from petroleum, a nonrenewable resource. Moreover, many cannot be readily recycled or
degraded, and their use results in large amounts of waste. The development of new, more sustainable polymers holds promise for addressing these sustain-

ability challenges. Polyacetals are a class of polymers that can undergo recycling and degradation, which may be leveraged to reduce plastic waste. Numerous
polyacetals have been synthesized from renewable, biomass-derived monomers. This review provides an up-to-date overview of biobased polyacetals, supporting
the further development and use of these polymers. In this way, this work aligns with the United Nations' Sustainable Development Goals, especially Goal 12,

Responsible Consumption and Production.
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1. Introduction

As a class of materials, synthetic polymers are ubiquitous in
industrial and consumer products, offering a wide range of
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material properties that can be tailored for different applica-
tions. However, it remains challenging to produce and use these
materials in a sustainable and environmentally benign manner.
Most synthetic polymers currently produced are derived from
petroleum, a nonrenewable resource.' Not all polymers can be
recycled, and only a portion of recyclable plastics are actually
recycled in practice.”™ Plastic waste has become a major global
problem: vast quantities have been released into the environ-
ment,>® and most synthetic polymers do not degrade readily in
water and soil.

Numerous approaches can be taken to address the sustain-
ability challenges associated with synthetic polymers. These
include the use of biomass instead of petrochemicals for poly-
mer synthesis” as well as the development and use of polymers
that can be more readily recycled or degraded.® In both of these
areas, chemical innovations are necessary to access new poly-
mers with desirable properties and greater sustainability.

The bulk properties, recyclability, and degradability of
a polymer depend on the chemical structure of the material,
including the structures of repeating units and the presence or
absence of crosslinks between polymer chains. In this review,
we cover polyacetals, polymers with repeating units that contain
the acetal functional group. Due to the presence of acetal link-
ages in their structures, polyacetals offer not only potentially
valuable material properties but also sustainability advantages
including recyclability and degradability. Like other classes of
polymers—polyurethanes, polyesters, polyamides, etc.—poly-
acetals can be derived either from petroleum or biomass. We
highlight biomass-derived polyacetals in this review (Fig. 1).

The acetal functional group can be formed via the conden-
sation of a carbonyl compound (aldehyde or ketone) with an
alcohol, typically catalyzed by a Brensted or Lewis acid. Another
synthetic approach to acetals is the acid-catalyzed addition of
an alcohol to a vinyl ether. Acetals can undergo trans-
acetalization reactions with alcohols, resulting in a net
exchange of the alkoxy substituents of the acetal group. All of
these synthetic approaches to acetals (Scheme 1) find use in

Prof. Mukund P. Sibi earned his
PhD from the City University of
New York. After postdoctoral
studies, he began his indepen-
dent career at North Dakota State
University where he is currently
a  University  Distinguished
Professor. His research focus is
on radical chemistry, develop-
ment of enantioselective reac-
tions, total synthesis, and green
chemistry. Prof. Sibi has received
the prestigious Arthur C. Cope
Scholar Award from the American
Chemical Society in 2008 in recognition of his contributions to the
field of radical chemistry. In 2021 he was elected as a Fellow of
AAAS for his contribution to radical chemistry as well as building
biomedical research infrastructure.

Mukund P. Sibi

3670 | RSC Sustainability, 2024, 2, 3669-3703

View Article Online

Critical Review

Biomass
a renewable resource

!
00
®)
9%

monomers

00055000

Polymers

0. O.
P

R RN

Fig. 1 Synthesis of polyacetals as well as other polymers from
biomass-derived monomers.

polymer synthesis. Polyacetalization or polytransacetalization
of difunctional or polyfunctional monomers yields a polyacetal.
As alternatives to polyacetalization or polytransacetalization,
other polymerization reactions can be used to construct poly-
acetals. Monomers that already contain acetal units can
undergo polymerizations involving reactions of other functional
groups present in the monomer (for example, trans-
esterifications, thiol-ene reactions, etc.). The resulting polymer
features new linkages formed in the polymerization reaction
but retains the acetal groups from the constituent monomers.
Acetal formation is a reversible process. While acetals are
generally stable under alkaline conditions, they are susceptible
to hydrolysis or alcoholysis under acidic conditions. In the
presence of water, an acetal can be cleaved to afford the corre-
sponding carbonyl compound and alcohol; in the presence of
an alcohol, transacetalization with the alcohol can occur. The
susceptibility of the acetal unit to hydrolysis or alcoholysis can
allow acetal-based polymers to be degraded to small-molecule
units. Degradation of the polymer can potentially be leveraged
to reduce polymeric waste. Moreover, if the small-molecule
degradation products can be recovered and reused, chemical
recycling of the polymer may be possible.
Polyacetals can contain linear (acyclic) or cyclic acetal units
(Fig. 2A). Cyclic acetals, in which the acetal is formally derived
from a carbonyl compound and a diol, can be more stable to

9-11

hydrolysis than their acyclic counterparts, in particular if the
cyclic acetal is a five- or six-membered ring.*>** The stability of

1) Reaction of an aldehyde or ketone with an alcohol
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Scheme 1 Synthesis of acetals.
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and Akestra.

an acetal structure has potential implications for the hydrolytic
stability of polymers containing the acetal linkage. Additionally,
the incorporation of rigid, cyclic units may affect the mechan-
ical or thermal properties of the material.

The suitability of a polymer for potential applications is
determined by the properties of the material, encompassing
chemical, physical, thermal, mechanical, and optical proper-
ties. These properties vary greatly among polyacetals, depend-
ing on functional groups present in the polymer, and can be
potentially tuned by modifying the structure of the polymer.****
Cellulose (Fig. 2B) is a naturally occurring polyacetal that is
utilized in many different products.’® Two synthetic, acetal-
containing polymers are currently widely established in
commercial markets: polyoxymethylene and polyvinyl butyral
(Fig. 2B). Polyoxymethylene is a semicrystalline thermoplastic
that offers high strength, rigidity, and dimensional stability as
well as low friction.” Polyvinyl butyral, produced through the
acetalization of polyvinyl alcohol with butyraldehyde, is
a transparent thermoplastic with suitable properties for the
formation of adhesives and films; a major application is in the
construction of safety glass.’® In addition to polyoxymethylene
and polyvinyl butyral, another polyacetal has become available
under the trade name Akestra. Akestra'>** (Fig. 2B) is struc-
turally analogous to poly(ethylene terephthalate) (PET)* and
can be subjected to similar processing methods, but it exhibits
higher glass transition temperatures than PET due to the
presence of spirocyclic acetal units in the polymer backbone.

The acetal functional group has been incorporated into
a wide range of polymer types encompassing both thermo-
plastics and thermosets. Notably, the reversibility of acetal
formation has enabled the development of acetal-based cova-
lent adaptable networks (CANs). Like thermosets, CANs (also
known as dynamic covalent networks) are crosslinked polymer
networks. However, unlike conventional thermosets, these
crosslinks can form reversibly and undergo bond exchanges
(Fig. 3), allowing the material to respond to stress and poten-
tially undergo reprocessing, similar to a thermoplastic.>*** Due
to their intermediate properties relative to traditional thermo-
sets and thermoplastics, CANs may offer performance

© 2024 The Author(s). Published by the Royal Society of Chemistry

(A) General structures of polyacetals with cyclic and linear acetal units. (B) Structures of cellulose, polyoxymethylene, polyvinyl butyral,

characteristics like those of thermosets but enable reprocessing
like thermoplastics.”**®

In general, the incorporation of acetal functional groups into
a material can provide advantageous properties including
reprocessability, degradability, and recyclability, which are not
always attainable through the sole use of other structural units.
Polyacetals may be mechanically recycled and/or chemically
degraded, and it may be possible to recover and recycle mono-
mers following degradation of the polymer. With respect to
sustainability, these are attractive prospects for the end-of-life
stage in the lifecycle of a material. At the production stage in
their lifecycle, on the other hand, polyacetals can be con-
structed in a more sustainable manner through the use of
renewable chemical building blocks.

Renewable monomers can be derived from a variety of
biomass sources including cellulose, hemicellulose, lignin, and
plant o0ils.>**®* Compared with petroleum, biomass sources tend
to have higher oxygen-to-carbon ratios,* and many feedstock
chemicals from biomass feature oxygen-containing functional-
ities, including alcohol and aldehyde groups potentially useful
for acetal synthesis.*® Depending on their structure, biobased
monomers may serve as replacements for petroleum-derived
counterparts or as alternatives offering complementary or
superior properties.*!

Fig. 3 General representation of bond exchanges in an acetal-based
covalent adaptable network.
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Cellulose, hemicellulose, and lignin are natural polymers
from plants. Importantly, they are highly abundant and can be
obtained from nonedible biomass such as wood and agricul-
tural waste.** Cellulose and hemicellulose can be broken down
into their monomeric constituents—monosaccharides—and
converted to other carbohydrate derivatives including sugar
alcohols, isohexides, levoglucosenone, levulinic acid, and bio-
based furans (e.g., 5-hydroxymethylfurfural, furfural, ezc.).>**
Depolymerization of lignin can provide aromatic compounds
such as vanillin and syringaldehyde.**

Plant oils primarily consist of triglycerides, esters of glycerol
and fatty acids. Both glycerol* and fatty acid derivatives*>*%¢
can be employed as monomers. Apart from lignocellulosic
biomass and plant oils, other biobased starting materials
include terpenes®~** and organic acids such as lactic acid,****
tartaric acid,* and succinic acid.?***

In this review, we discuss polyacetals that are derived at least
in part from biobased precursors. Polyacetals lacking crosslinks
are covered first, followed by crosslinked polyacetals including
thermoset- and CAN-type polymers (for a previous review on
thermoplastic—non-crosslinked—polyacetals, we direct the
reader to a 2019 review by Hufendiek et al.**). We focus on
polymers that consist of a main chain containing acetal link-
ages. However, we also survey selected examples of polymers
that lack acetal units in the polymer backbone but feature
acetal-containing sidechains. A brief discussion of poly-
thioacetals, the sulfur-based analogs of polyacetals, is also
included. We highlight sustainability aspects of acetal-based
materials and conclude with a summary and outlook on the
development of sustainable acetal-based polymers.

2. Non-crosslinked polyacetals

Polymer properties are greatly affected by the presence or
absence of crosslinks between polymer chains in the material.
Non-crosslinked polymers are thermoplastics and can typically
be melted and reprocessed. In contrast, many crosslinked
polymers are thermosets and contain irreversible crosslinks
that prevent changes in the topology of the polymer, making
reprocessing difficult or impossible. Some polymers contain
reversible crosslinks, but these also modify the properties of the
material significantly with implications for the polymer's
potential applications. Following this general division of poly-
mers based on the existence of crosslinking, we separately
discuss crosslinked and non-crosslinked polyacetals, beginning
with those that lack crosslinking.

2.1. Polymers with acyclic acetal units

The simplest polyacetals are polymers consisting of a main
chain containing only a series of repeating, linear acetal units
(Fig. 4). The commercially available polymer polyoxymethylene
(see Fig. 2) is one member of this class. Other, related poly-
acetals have been synthesized with longer alkyl chains between
methylene acetal units. The synthesis of these polymers has
been accomplished through the transacetalization of diacetal
monomers derived from linear aliphatic diols.

3672 | RSC Sustainability, 2024, 2, 3669-3703
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Fig. 4 General structure of acyclic polyacetals.

In 2012, Mecking and coworkers synthesized polyacetals via
polytransacetalization of renewable diacetal monomers
(Scheme 2).* Diacetals 5 and 6 were prepared from the plant-oil-
derived diols 2 and 3, respectively; for comparison, diacetal 4
was prepared from commercially available 1,12-dodecanediol
(1). Monomers 4-6 were each converted to the corresponding
polyacetals 7-9 through acid-catalyzed transacetalization at 80—
100 °C, under reduced pressure to remove dimethoxymethane
and favor formation of longer-chain polyacetals. Polyacetals 7-9
had molecular weights of 17 000-32 000 by NMR (end-group
analysis). The polyacetals were semicrystalline and had
melting temperatures of 68-88 °C and crystallization tempera-
tures of 43-68 °C. The melting and crystallization temperatures
increased with increasing length of the methylene spacers in
the polymers. The more crystalline and hydrophobic polyacetals
with longer methylene sequences also exhibited greater stability
to aqueous acid. All three polyacetals degraded in acidic solu-
tions, but 8 and 9 did so at much slower rates than 7.

The Miller group reported the synthesis of linear polyacetals
through transacetalization and named the method “acetal
metathesis polymerization” for its resemblance to acyclic diene
metathesis polymerization.?® In initial work, 1,10-decanediol 10
(derivable from ricinoleic acid, a component of castor oil) was
converted to diacetal 11 (Scheme 3). From diacetal 11, poly-
decylene acetal 12 was synthesized via polytransacetalization,
which was conducted at 125-200 °C in the presence of p-tol-
uenesulfonic acid as catalyst and with the application of
vacuum to remove the volatile byproducts ethanol and dieth-
oxymethane. Subsequently, a one-pot procedure was developed
for the polymerization, in which a polyacetal (16, general
structure) could be synthesized directly from a diol (13, general

HO\/\/\/W 1,X=1
X OH 2,X=8
1-3 3,X=12
MeOCH,0OMe
H
S 4,X=1
A O 5X=8
e -
46 6, X=12
‘H’
7,X=1
+ n{\ /] 8,X=8
x 9 X=
7.9 n ,X=12

Scheme 2 Preparation of polyacetals from long-chain linear diols.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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structure) and diethoxymethane. The obtained polyacetals
could be resubjected to the reaction conditions to yield samples
with greater degrees of polymerization. Using the developed
polymerization conditions, a series of polyacetals was prepared
from Cs-C;, linear aliphatic diols. The polyacetals from the
longer, C,-C;, diols had higher molecular weights (M, = 20
700-38 700) than those from the shorter, C5 and Cq diols (M, =
9700 and 8800 for the respective polyacetals), which tended to
cyclize and polymerized less readily. Increasing alkyl chain

17 18
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HO\/\S/\/\/\/\/\/\OH
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length resulted in a linear increase in melting temperature of
the corresponding polyacetals. Degradation studies on the
polydecylene acetal 12 showed that the polymer degraded in
acidic tetrahydrofuran solution.

In work by Moreno et al., other polyacetals and copolyacetals
were synthesized through acetal metathesis polymerization
(Scheme 4).?” Linear diol monomers 17 and 18 were synthesized
from 10-undecenoic acid, and branched diol monomers 19 and
20 were prepared from heptanal (both 10-undecenoic acid and
heptanal are derivable from the castor oil component ricinoleic
acid?’). Drawing from this collection of monomers as well as
1,10-decanediol (10, Scheme 3), several polymers (M, = 8800-
27,500) were prepared: linear polyacetals 21, 22, and 23;
branched polyacetals 24 and 25; and branched copolyacetals 26,
27, and 28. With the exception of 27, the branched polymers
were liquids at room temperature; the linear polymers and 27
had low melting points and were semicrystalline. Most of the
polymers were exposed to acidic solution to evaluate their
degradability, and all underwent degradation at comparable
rates.

Other polyacetals containing methylene acetal units have
been synthesized from isohexide monomers. Chikkali and
coworkers synthesized diacetal monomer 30 from isomannide
(29), 33 from isosorbide (32), and 36 from isoidide (35)
(Scheme 5).** These monomers were then converted to the
corresponding polyacetals 38, 39, and 40 through acetal
metathesis polymerization. Molecular weights (M,,, values ob-
tained by gel permeation chromatography) up to 2300 for 38,
4400 for 39, and 2100 for 40 were obtained. The glass transition
temperatures of the highest-molecular-weight samples of 38
and 40 were 66 °C and 52 °C, respectively. The melting
temperatures of 38 (130 °C), 39 (117 °C), and 40 (156 °C) were

Me HO
\/\/j\/\ Me Me
HO s OH

OH

(o]
Me SNNEANANANNNNNN 0N

('S)' L Me Me [ SN ][

23
Me\k/j\/\ ) 27
Me™N [ NN } Ao M 0 l ] e
n no Me ['\/\S/\/\/\/\/\/\ H ]/\Me
24 25 Me 28 n m
Me

Scheme 4 Structurally diverse polyacetals accessed through acetal metathesis polymerization.
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Scheme 5 Preparation and polymerization of isohexide-derived
monomers.

over 70 °C higher than those of the corresponding linear C5 and
C6 polyacetal analogs that had been previously reported.?®

Chikkali and coworkers later reported acetal metathesis
copolymerizations of isohexide- and diol-derived diacetal
monomers (Scheme 6).* Isohexide-derived diacetals 30, 33, and
36 were each polymerized under acidic conditions with the
linear diol-derived diacetals 41, 42, 4, 5, and 6 to yield a total of
15 different copolymers, each containing units from one of the
isohexide-derived monomers and one of the diol-derived
monomers. Under acidic conditions, the polyacetals degraded,
and faster degradation rates were observed for the polyacetals
derived from shorter-chain diols.

Me ? Me
’8‘ \Hg
41
Me 0O
30 Me Me
M ‘ﬂg
e
o) " 42
Me C Me
Me W 0] \(")1'2
33 4
o w JMe Me ‘(“)1’9 Me
5
) Me Me
Me \(.,)2«3
6
lH‘*
] WOt L nolog
Me O .-6 (41), 8 (42), 12 (4), 19 (5), 23 (6)

Scheme 6 Copolymerizations of isohexide- and diol-derived diacetal
monomers.
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Scheme 7 Synthesis of polyacetal 45 directly from isosorbide (32) and
subsequent conversion to a higher-molecular-weight polymer (46).

Hammami et al. prepared isosorbide-derived polymer 45 via
the reaction of isosorbide (32) with methylene chloride under
basic conditions (Scheme 7).** The molecular weight of the
product was fairly low (M, = 8630). In subsequent work,
a sample of the primarily linear polyacetal (45) with M,, = 3 800
was converted to a higher-molecular-weight, cyclic polyacetal
(46) with M, = 21100.°* The glass transition temperature for
product 46 was 65 °C, 10 °C higher than that of its lower-
molecular-weight precursor.

Other strategies for the synthesis of polyacetals involve ring-
opening reactions of acetal-containing monomers. In the pres-
ence of boron trifluoride diethyl etherate in dichloromethane,
the levoglucosenone-derived monomer 47 underwent cationic
ring-opening polymerization to yield polyacetal 48 (M,, = 28 800,
D = 1.4) (Scheme 8).*> This polymer had a glass transition
temperature of 35 °C and was thermally stable below 220 °C.
The material was semicrystalline and had melting transitions at
40-120 °C. The double bonds underwent radical addition by
methyl 3-mercaptopropionate as well as palladium-catalyzed
hydrogenation. Monomer 47 also underwent photoinitiated
cationic ring-opening polymerization under several different

ﬁ m ﬁ
mm m’b

Scheme 8 Cationic ring-opening polymerization (CROP) of a levo-
glucosenone-derived monomer.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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conditions, and through photopolymerization it was possible to
synthesize block copolymers of 47 with cyclohexene oxide (53)
or isobutyl vinyl ether (51).%

Aoshima and coworkers studied cationic ring-opening copo-
lymerizations of 2-methyl-1,3-dioxepane (55, formed in situ from
4-hydroxybutyl vinyl ether) with lactones (Scheme 9). Copoly-
merization of 55 with 3-valerolactone (56),’* e-caprolactone (58),*
or y-butyrolactone (60)*° in the presence of a sulfonic acid cata-
lyst afforded the corresponding poly(acetal-ester) 57, 59, or 61,
respectively. A polymerization-depolymerization equilibrium
existed due to transacetalization under the reaction conditions,
and the copolymer compositions could be altered by changing
the monomer concentrations, increasing the reaction tempera-
ture, or applying vacuum. Upon an increase in temperature from
30 °C to 90 °C, copolymer 57 containing a 2.1 : 1 ratio of 55 to 56
underwent a depolymerization and scrambling process to yield
a pseudo-alternating copolymer (with some homosequences of
56) containing a 1.1 : 1 ratio of 55 to 56.>* In the copolymerization
of acetal 55 with lactone 58, the application of vacuum (which

Me A
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Scheme 9 Cationic ring-opening copolymerizations of 2-methyl-1,3-
dioxepane (55) with d-valerolactone (56), e-caprolactone (58), and y-
butyrolactone (60).
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selectively removed the more volatile monomer 55) converted
copolymers with a 3.7:1.1 ratio of 55 to 58 to alternating
copolymer-like sequences with approximately equal numbers of
acetal- and lactone-derived units.”® A similar phenomenon was
also observed initially upon the application of vacuum in the
copolymerization of acetal 55 with lactone 60; however, pro-
longed vacuuming or a temperature increase (from 30 °C to 90 °
C) induced more extensive depolymerization, resulting in the
formation of oligomers.*®

Poly(lactic acid), or PLA, is a renewable and biodegradable
polymer with numerous applications.** Copolymers of lactide
63 with 1,3-dioxolane (64) were synthesized by cationic ring-
opening copolymerization in the presence of triflic acid and
1,2-ethanediol (62) (Scheme 10).* The copolymers (66) had 7-
27 mol% 1,3-dioxolane content, depending on the composition
of the reaction mixture, and exhibited glass transition temper-
atures of 8-32 °C. Consistent with the presence of acetal link-
ages in the structures, the copolymers were hydrolyzed more
rapidly than PLA under acidic conditions.

In related work, ABA-triblock copolymers were synthesized
from lactide 63 and 1,3-dioxolane (64).>” First, a homopolymer
of 64 with hydroxyl end groups was prepared. Subsequently, this
homopolymer was used as a macroinitiator in the ring-opening
polymerization of lactide 63, affording an ABA-triblock copol-
ymer with polylactide A-blocks and an acid-degradable poly(1,3-
dioxolane) B-block. The copolymers' composition and proper-
ties (including thermal properties and hydrophilicity) could be
tuned by modifying the composition of the reaction mixture. An
analogous copolymerization approach was also used to prepare
ABA-triblock copolymers with A-blocks consisting of poly-
caprolactone instead of polylactide.

Degradable polylactides with pendent functional groups
were obtained through cationic ring-opening copolymerizations
of cyclic lactides with substituted cyclic acetals.** Polymeriza-
tion of lactide 63 with chloro-substituted acetal 66 and allyl-
substituted acetal 68 afforded the corresponding polymers 67
and 69 (Scheme 11). For comparison purposes, polyacetal 72
was also synthesized in a similar manner from the unsub-
stituted cyclic acetal 71. Polymers 67 and 72 degraded under
acidic conditions. Further functionalization of polyacetals 67
and 69 was shown to be feasible through reactions of the chloro-
and allyl-substituted sidechains.

Monomers 73, each prepared in five steps from furfuryl
alcohol, were used to synthesize polyacetals through cascade

TfOH

Me 0 -0
OH r\
HO N * I I * 00
07 707 “Me : rt, 24 h
1,2-ethanediol cyclic lactide  1,3-dioxolane

62 monomer (63) 64 o Me
OT])\ = /\/O
Me O n
m

66

Scheme 10 Synthesis of acetal-containing polylactides by cationic
ring-opening copolymerization.
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Scheme 11 Use of acetal monomers for the synthesis of functional-
ized polylactides.

enyne metathesis polymerization (Scheme 12).>®* The rate of
polymerization and dispersity of the resulting polymer depen-
ded on the structure of the monomer employed. The
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Scheme 12 Synthesis of bio-based polymers via cascade enyne
metathesis polymerization and subsequent functionalization via
a Diels—Alder reaction.
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Scheme 13 Synthesis of a polymer from glycolaldehyde.

polymerization of 76 was shown to proceed in a living manner,
and a block copolymer was synthesized from monomers 76 and
78. Homopolymer 80, derived from 76, was functionalized by
Diels-Alder reactions with the dienophile 4-phenyl-1,2,4-
triazole-3,5-dione (PTAD, 81), affording derivative 82. Both 80
and 82 degraded in acidic media, but 82 was substantially more
stable, exhibiting a significantly lower degradation rate.

Luebben and Raebiger disclosed methods for the synthesis
of a polymer derived from the biobased compound glyco-
laldehyde (83) (Scheme 13).*° The glycolaldehyde dimer 2,5-
dihydroxy-1,4-dioxane (84) formed in concentrated aqueous
solutions of 83 and crystallized out of solution. Polymerization
of dimer 84 afforded polyacetal 85. Different polymerization
conditions were evaluated, but all resulted in fairly low
molecular weights of 85. The highest molecular weight (M, =
5967) was obtained by performing the polymerization in the
ionic liquid 1-butyl-3-methylimidazolium triflate with scan-
dium triflate as the catalyst. The hydrolytic stability of the
polymer was evaluated in buffer solutions over 21 days at 37 °C.
After this time, the mass loss from the polymer was 4% at pH 4
and 3% at pH 7.

2.2. Poly(cycloacetals)

Many biobased polyacetals contain cyclic rather than linear
acetal units (Fig. 5). Cyclic acetals, especially those in which the
acetal unit is part of a spirocyclic ring system, can potentially
contribute greater rigidity to the structure of a polymer. Typi-
cally, five- or six-membered cyclic acetals have been employed,
and these tend to be more resistant to hydrolysis than linear
acetals."** Poly(cycloacetals) often contain other functional
groups such as esters, carbonates, and carbamates (urethane
linkages). Here, biobased, non-crosslinked poly(cycloacetals)
are discussed in subsections according to the other functional
groups present in the repeat units of the polymers.

2.2.1. Simple poly(cycloacetals) and poly(cycloacetal-ether)s.
The levoglucosenone-derived monomers 87a-e were employed
for ring-opening metathesis polymerization (Scheme 14).
Hydroxy-substituted monomer 86 underwent ring-opening
metathesis polymerization to yield high-molar-mass polyacetal

AY 4
\ 4
4 AY
4 \

Cyclic Polyacetals

Fig. 5 General structure of cyclic polyacetals.
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Scheme 14 Ring-opening metathesis polymerizations affording
poly(cycloacetals).

89 (M,, = 29000-100 000, » = 1.8-2.9 depending on catalyst
loading) in the presence of Grubbs catalyst 88.% In subsequent
work, the alkoxy-substituted monomers 87a-e were likewise
polymerized using the same catalyst to provide polymers 90a-
e.®* The polymerization of 86 was performed in 1,4-dioxane.
Compared with polymer 89 (derived from 86), polymers 90a-e
were more soluble in a greater range of solvents compatible
with the metathesis reaction, and the polymerizations of the
corresponding monomers 87a-e were successfully carried out in
dichloromethane, 2-methyltetrahydrofuran, Cyrene (dihy-
drolevoglucosenone), and ethyl acetate as well as 1,4-dioxane.
Polymers 89 and 90a-e were thermally stable up to 220-285 °C.
The glass transition temperature of hydroxy-substituted 89 was
much higher, at 100 °C, than the glass transition temperatures
of the alkoxy-substituted polymers 90a-e, which ranged from
approximately 43 °C (for 90a) to 0 °C (for 90e). Greater alkyl
chain lengths on the alkoxy substituents of 90a-e were corre-
lated with lower glass transition temperatures.

Four different poly(cycloacetals) were synthesized from the
vanillin-derived monomer 91 and syringaldehyde-derived
monomer 92 (Scheme 15).°* Step-growth polymerization of 91
with the di(fluoroaryl) monomers 93 and 94 yielded

-0

R OMe
HO%}' e "Q"“ .
MeO R
91, R
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R = OMe K,COs E’U\f
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DMSO o x= P
24 h N

R OMe
%o—@— X j,-Qo—@—x;@-}
MeO R n
.09 ) )
95,R=H, X = i)l\f 97,R = OMe, X = ‘z)l\;‘

o\‘ ’/O

L5

°N P

96,R=H,X= ‘H{S\r\":

98, R=0Me, X =

Scheme 15 Synthesis of poly(cycloacetals) from vanillin- and syrin-
galdehyde-derived monomers 91 and 92.
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Scheme 16 Synthesis of poly(cycloacetals) via polycondensations of
dialdehyde monomers with tetrols.

poly(cycloacetals) 95 and 96, respectively. Likewise, polymeri-
zation of 92 with monomers 93 and 94 yielded 97 and 98.
Polymers 95-98 (M,, = 3700-16 100) had high glass transition
temperatures (179-243 °C) and melting temperatures (=244 °C)
as well as high thermal degradation temperatures (5% mass
loss occurred in the range 343-370 °C). The polymers degraded
in the presence of aqueous hydrochloric acid, with higher rates
of acetal hydrolysis in acetone and dimethyl sulfoxide than in
aqueous media without organic solvent.

Miller and coworkers synthesized a series of poly(acetal-
ether)s through polyacetalization of dialdehyde and tetrol
monomers (Scheme 16).* Dialdehyde monomers 99, 100, 101,
and 102 were prepared from 4-hydroxybenzaldehyde, vanillin,
syringaldehyde, and ethylvanillin, respectively. (With the
exception of ethylvanillin, these starting materials can be ob-
tained as degradation products of lignin.**) Pentaerythritol
(103) was polymerized with the dialdehydes 99-102 to afford the
corresponding polyacetals 104-107. Likewise, polymerization of
tetrol 108 with dialdehydes 99-102 yielded the polyacetals 109-
112. The polymers derived from tetrol 103 had higher glass
transition temperatures than their analogs derived from tetrol
108. The glass transition temperatures of polyacetals 105-107
ranged from 108 °C to 152 °C whereas those of polyacetals 110-
112 ranged from 68 °C to 98 °C; no glass transition was observed
for 104 or 109. In acidic solution, polyacetals 105 and 110
degraded into smaller particles, and greater degradation rates
were observed for 110.

In related work, the Miller group polymerized dialdehydes
100 and 101 with erythritol, a biobased tetrol.** Four series of
copolymers were prepared by including varying amounts of
another tetrol—either 103 or 108—in the polymerizations of
dialdehyde 100 and 101 with erythritol. Erythritol was less
reactive than tetrols 103 and 108, and generally lower molecular
weights were obtained in the polymerizations utilizing more
erythritol relative to the other tetrols.

Poly(cycloacetals) 115a-d were synthesized through poly-
acetalization  of  di-trimethylolpropane  (113)  with
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Scheme 17 Polycondensations of tetrol 113 with dialdehydes to afford
poly(acetal-ether)s 115.

glutaraldehyde (114a), o-phthalaldehyde (114b), m-phthalalde-
hyde (114c), and p-phthalaldehyde (114d) (Scheme 17).** The
reaction of 113 with glutaraldehyde was faster than the reac-
tions of 113 with the phthalaldehydes, requiring less time to
reach full conversion of the aldehyde. Samples of polymers
115a, 115b, 115¢, and 115c prepared under similar reaction
conditions had glass transition temperatures of 30 °C, 102 °C,
86 °C, and 115 °C, respectively. The glutaraldehyde-derived
polymer 115a showed no significant molecular weight
decrease after one month in solutions at pH 3, 7, and 10. The
stability of the poly(cycloacetal) to acid was attributed to the
material's hydrophobicity, disfavoring hydrolysis of the acetal
groups in an aqueous medium.

Poly(cycloacetals) 117 were synthesized through poly-
acetalization reactions of diglycerol (116) with aldehydes and
ketones (114) (Scheme 18).° Diglycerol was used as a mixture of
isomers 116a, 116b, and 116¢c. Glyoxal (114e), glutaraldehyde
(114a), 1,3-cyclohexanedione (114f), 1,4-cyclohexanedione
(114g), terephthalaldehyde (114h), and the vanillin-based
monomer 114i were each polymerized with diglycerol. Brittle
polymers were obtained from 1,3-cyclohexanedione, 1,4-cyclo-
hexanedione, and 114i. The polymer from glyoxal was flexible

and strong but insoluble. The polymers from
HO— /—OH o o p-TsOH -/
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Ho—/ \—oH R")LRJLR" A 3 AW r
2
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Scheme 18 Polycondensations of tetrols with dialdehydes and dike-
tones to afford poly(cycloacetals).
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terephthalaldehyde and glutaraldehyde were both flexible, but
that from glutaraldehyde was stronger. The glutaraldehyde-
based polymer exhibited elastomeric behavior. Copolymers of
glutaraldehyde with meso-erythritol and pentaerythritol as well
as diglycerol were also synthesized. Incorporation of meso-
erythritol or pentaerythritol imparted greater strength to the
glutaraldehyde-based polymers.

Du Prez and coworkers® synthesized diglycerol bisacetonide
(118) from glycerol and polymerized this monomer with 1,4-
cyclohexanedione (114g) and 4,4’-bicyclohexanone (120)
(Scheme 19). (1,4-Cyclohexanedione is biobased as it can be
derived from succinic acid, a naturally occurring compound.)
The resulting polyacetals 119 (from 114g) and 121 (from 120)
had number-average molecular weights between 20 000 and 30
000, were semicrystalline, and had glass transition tempera-
tures of 48 °C and 65 °C, respectively. The monomers 114g and
118 were also copolymerized with the tetrol 113, and a series of
copolymers was prepared by including varying amounts of 113
in the polymerization. Higher levels of 113 resulted in higher
glass transition temperatures of the polymeric products. The
polyacetals were stable to aqueous acid in the pH range 3-7.

Other polyacetals from 1,4-cyclohexanedione have been re-
ported. Sudo et al. prepared oligo(spiroacetal)s (M, = 1400-
2100) via reactions of 1,4-cyclohexanedione with tetrols derived
from myo-inositol.*” Alder and Reddy polymerized monomeric
acetal derivatives of 1,4-cyclohexanedione and pentaerythritol
through transacetalization, but their studies of the polymeri-
zation reaction were hampered by the insolubility of the
polymer.®®

2.2.2. Poly(acetal-esters). A poly(acetal-ester) based on the
bioderivable tetrol pentaerythritol is commercially available
under the name Akestra (CAS 102070-64-4).*** This polymer
(Fig. 6) is structurally similar to the widely used polyester
poly(ethylene terephthalate) (PET) but contains pentaerythritol-
derived, spirocyclic acetal units as well as ethylene glycol and
terephthalate units. Akestra is a transparent, colorless, amor-
phous polymer with suitable properties for a variety of polymer
processing methods, and it can be processed on standard PET-

L
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Scheme 19 Preparation of poly(cycloacetals) from diketone starting
materials.
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Fig. 6 Structure of Akestra.

processing equipment.**>> The product is available with glass
transition temperatures ranging from 95 °C to ca. 110 °C (higher
than that of PET*®) and is approved for food contact applica-
tions in the United States and European Union.>***

Manker et al. reported a series of poly(acetal-ester)s, poly(-
alkylene xylosediglyoxylates) 127-131, synthesized from mono-
mer 123 (Scheme 20).%° Compound 123 was derived in a one-pot
process from xylose, a major monomeric component of hemi-
cellulose,” and could be prepared from commercial xylose or
from hemicellulosic fractions obtained from lignocellulosic
biomass through a fractionation process. Diester 123 was
polymerized with linear aliphatic diols 62, 70, and 124-126 by
melt polycondensation. Polyesters 129, 130, and 131, derived in
this manner from the corresponding longer diols (70, 125, and
126), had number-average molecular weights (M,,) of approxi-
mately 35 kDa whereas polyesters 127 and 128 from ethylene
glycol (62) and propylene glycol (124) had M,, = 3 kDa and M,, =
8 kDa, respectively. Polyesters 129, 130, and 131 had glass
transition temperatures of 100 °C, 84 °C, and 72 °C, respec-
tively, and exhibited toughness, hardness, and strength in
mechanical testing. These three polymers could be processed by
compression and injection molding, vacuum-forming, twin-
screw extrusion, and 3D printing. To demonstrate the poten-
tial recyclability of the polymers, 131 was depolymerized by
methanolysis under acidic conditions, and the monomers (123
and 126) were recovered and used to resynthesize 123. The
polymers also underwent degradation over time in water.

Polyesters 135-138 (M,, = 10 000-18 300) were synthesized
from the levulinic acid-derived monomer 132 and diols 70, 127,
133, 134 (Scheme 21).** Additionally, a copolyester containing

) N OMe Catalyst
/\S—/a ~ [Sb,03 or Sn(Oct),]
MeO o
Xylose =~ ——= o) 123 Melt polycondensation
+ - 5 190 °C, 0.1 mbar
, nN= 6-12 h
Ho~hon 124, n=3
70, n=4
125, n=5
126, n=6
127, n=2 /~S—/ o}
128, n=3 Q OO
e B b P~ o |
130, n=5 o
131, n=6

127-131
88-96% yield

m

Scheme 20 Synthesis of polyesters from xylose-derived monomer
123.

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Sustainability

I o 1 o HO—C_D—OH Polyester
EIOJJ\/> X '(\)LOEt
Me” ¢ d Me H

132 HO~~"~on  PButL
70 135
C > (C4Hyg)>2SnO HO AN, PHexL
H H OH
© © {DBTO) 127 136
Me, Me
PNeoL
o o) HO M _oH
h 133 137
LN >< (\)L o~ -0 o
e o Me
n L<:>—\ PCycL
135-138 OH
134 138

Scheme 21 Polymerizations of levulinic acid-derived diester 132 with
aliphatic diols to afford polyesters.

20 mol% of 132 was prepared from a mixture of 70, diethyl
adipate, and 132. Polymers 135 and 136 were soft and sticky
with lower glass transition temperatures while 137 and 138 had
higher glass transition temperatures (41 °C and 49 °C, respec-
tively) and were formed into mechanically strong, transparent
films.

Bulky acetal-containing units were incorporated into poly(-
butylene succinate) copolyesters.” The new copolyesters were
synthesized via transesterification of dimethyl succinate (139)
with 1,4-butanediol (70) and bioderivable diol 140, followed by
melt polymerization (Scheme 22). While poly(butylene succi-
nate) is biodegradable, a copolymer with a relatively high
content of 140 underwent little degradation in the presence of
a lipase (Candida antarctica lipase B), presumably due to the
steric hindrance imposed by the bulky units of 140 in the
polymer. After pretreatment with acidic solution to cleave acetal
groups in the polymer, enzymatic hydrolysis proceeded to
a much greater extent.

Meng et al. described poly(acetal-ester) 143, prepared from
the biobased macrocyclic lactone monomer 142 (Scheme 23).°
The polymerization-depolymerization equilibrium of this
system was exploited to enable chemical recycling of the poly-
mer back to the monomer. Ring-opening polymerization of
monomer 142 occurred at 170 °C in the presence of the catalyst
titanium(v) isopropoxide. Depolymerization of the resulting
polymer 143 back to monomer 142 proceeded at 25 °C with

potassium  tert-butoxide as  catalyst. During the
Q HO (o} MeMe
HO/\/\/OH % MeoMrOMe + M}_ x _K_
o Me e OH
70 139 140
1) Transesterification
175 °C, TBT
2) Melt polymerization
240 °C, <10 Pa
Me Me
i i P
( O
(Ao Hond X
y
0 Me Me

Scheme 22 Preparation of copolyesters containing butylene succi-
nate and spirocyclic acetal units.
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Scheme 23 Interconversion of macrocyclic monomer 142 and pol-
y(acetal-ester) 143 under different conditions effecting polymerization
and depolymerization.

143

depolymerization, monomer 142 precipitated from solution,
and >99% conversion of the polymer was achieved.

A range of other aliphatic, biobased polyesters with cyclic
acetal units have been reported.”””® In general, glycerol has
been a popular biobased building block for these polymers.
Other renewable precursors include levulinic acid,” citric
acid,” and biobased lactones.”™

Apart from aliphatic polyesters, a variety of aromatic and
heteroaromatic polyesters containing cyclic acetal units have
been synthesized from biobased starting materials. Two series
of biobased poly(cycloacetal)s were synthesized from diethyl
2,5-furandicarboxylate (144) and the acetal-containing diester
132 through a two-step melt polycondensation (Scheme 24).”
Transesterification of the diester monomers with 1,4-butane-
diol (70) or 1,6-hexanediol (127) followed by polycondensation
afforded the corresponding copolyesters 145 and 146. Polymers
145 and 146 were prepared with varying amounts of the spi-
rocyclic acetal-containing monomer 132. Samples with rela-
tively greater amounts of 132 relative to 144 had lower
crystallinity and melting points. Among the polyesters prepared
from 1,6-hexanediol, the copolyesters containing acetal units
from 132 degraded more rapidly in aqueous hydrochloric acid
than did a homopolyester that was prepared only from diester
144 and 1,6-hexanediol and thus contained no acetal linkages.

Other furanic poly(acetal-ester)s were reported by Hayashi
et al® A mixture of isomeric diol monomers derived from
furfural and glycerol was polymerized with succinic anhydride
and phthalic anhydride. The polymerizations were conducted

Q 0 9 R ‘ o
o / V
EtO)l\@/lLOEt * EtOJJ\?_ X ,,(M\)Loa + Hohon
e 0 ( e
144 132

70,n=4
127,n=6

J 1) Transesterification

l 2) Polycondensation

L SO,

145, n=4
146,n=6

(o] (0]
0.

Scheme 24 Preparation of polyesters containing 2,5-furandicarbox-
ylate and spirocyclic acetal units.
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using a condensation reagent (N,N'-diisopropylcarbodiimide)
with 4-(dimethylamino)pyridine as a catalyst and resulted in
number-average molecular weights up to 12200 and 7 500 for
the polymerizations with succinic anhydride and phthalic
anhydride, respectively.

Mankar et al. synthesized polyesters from the vanillin-
derived diol 148 (Scheme 25).5%> Diol 148 and 1,6-hexanediol
(127) were polymerized with dimethyl terephthalate (147) to
yield polyester 150 (entry a, Scheme 25). Similarly, polymeriza-
tion of diol 148 and neopentyl glycol (133) with dimethyl tere-
phthalate (147) afforded polyester 151 (entry b, Scheme 25).
Higher contents of 148 in each polyester resulted in higher glass
transition temperatures. Polyesters 150 containing 20-30 mol%
of 148 had similar storage moduli to that of the commercial
high-performance polyester Akestra 90. The polyester 151 could
be hydrolyzed under acidic conditions to telechelic polyesters
with aldehyde end groups (152), and the telechelic polyesters
were repolymerized with pentaerythritol (103) to reconstruct the
acetal groups present in 151.

Vanillin has been shown to have antioxidant and anti-
inflammatory activities.***® As a strategy to release vanillin to
cells experiencing oxidative stress, Kwon et al.®” constructed
a polymeric prodrug designed to release vanillin in the presence
of hydrogen peroxide (a biomarker and effector of oxidative
stress) and in low pH conditions (such as at pH ~5.5, the pH of
endosomes). An acetal derivative of vanillin (154) reacted with
oxalyl chloride (153) to yield polymer 155 (Scheme 26). In
aqueous solutions, polymer 155 underwent hydrolysis and
released vanillin (156), with a faster rate of hydrolysis at pH 5.5
than at 7.4. The presence of hydrogen peroxide slightly accel-
erated hydrolysis as well. Nanoparticles formed from 155 scav-
enged hydrogen peroxide and exhibited antioxidant and anti-
inflammatory effects in subsequent experiments.

Poly(ethylene terephthalate) (160, PET) (Scheme 27), is
a widely used polyester that can be prepared via the poly-
condensation of ethylene glycol (62) and dimethyl terephthalate
(147).** Related, partially biobased polyesters have been
synthesized from dimethyl terephthalate (147), camphor-
derived diol 158, and ethylene glycol (62) (Scheme 27).%
Varying proportions of diols 158 and 62 were polymerized with
diester 147 in a melt polymerization process comprising
transesterification and polycondensation steps. The glass
transition temperatures of the resulting copolyesters ranged
from 78 °C to 129 °C, rising as the ratio of 158 to 62 in the
material increased. The copolymers degraded in acidic (pH 2.0)
solution, and the hydrolysis rates were higher for copolymers
with greater contents of the acetal-containing monomer 158. A
copolymer containing 158 and 62 in a 10 : 90 ratio was, like PET,
semicrystalline but exhibited a lower melting temperature
(209 °C) than that of PET (230 °C).

2.2.3. Poly(acetal-carbonate)s. Camphor-derived diol 158
was employed as a monomer for polycarbonate synthesis
(Scheme 28).** Homopolycarbonate 162 was prepared through
the reaction of diphenyl carbonate with 158. Similarly, copoly-
carbonates were prepared from diphenyl carbonate and
mixtures of 158 with bisphenol A (163), a diol monomer
commonly used in polycarbonates. The polycarbonates

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 26 Synthesis and degradation of a polymeric prodrug to
release vanillin.

containing 158 exhibited high thermal stability and had
number-averaged molecular weights ranging from 8283 to 17
963. Their glass transition temperatures (T, = 128.3-151.2 °C)
compared favorably with those of polycarbonates of bisphenol A
(A homopolycarbonate of bisphenol A obtained under the same
reaction conditions had T, = 120.6 °C while a commercial
bisphenol A-based polycarbonate had T, = 150 °C).

Diol monomer 165 (Scheme 29) was synthesized using the
commercially available starting materials epichlorohydrin (bio-
derivable), hydroxyacetone (derivable from glycerol), and benzyl
alcohol (petroleum-derived).'* Monomer 165 underwent poly-
condensation with diphenyl carbonate at 220 °C in the presence
of catalytic potassium hydride; vacuum was applied to remove
the phenol produced over the course of the reaction. Number-
averaged molecular weights (M,) up to 16000 and glass

© 2024 The Author(s). Published by the Royal Society of Chemistry

transition temperatures of 25-35 °C were observed for the
resulting polycarbonate (166) depending on the polymerization
conditions. The polymer was thermally stable up to 200 °C, at
which point decomposition began to occur. The material was
stable in acidic (pH 0-7) solutions at 50 °C and in methanol or
ethanol at room temperature. However, complete depolymer-
ization occurred in methanol at 50 °C within 24 hours. The
depolymerization involved cleavage of the carbonate units and
release of monomer 165 rather than transacetalization.
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Scheme 27 Acetal-containing copolyesters (159) and the related
polymer PET (160).
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Scheme 28 Synthesis of polycarbonates from camphor-based diol
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Scheme 29 Synthesis and chemical recycling of polycarbonate 166.

Monomer 165 could be recovered after depolymerization of the
pure polycarbonate 166 (>95% recovery of 165) or after depoly-
merization of 166 in a mixture with other plastics (60% recovery
of 165).

A diol monomer containing spirocyclic acetal groups (167)
was synthesized from a citric acid-derived diketone.*® The
monomer, obtained as a mixture of stereoisomers, was sub-
jected to melt polycondensation with diphenyl carbonate (161),
yielding a rigid, amorphous polycarbonate (168) (Scheme 30).

~
C TK

xmml

Scheme 30 Synthesis of polycarbonate 168 from citric acid-derived
monomer 167.
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Samples of the polycarbonate were formed into strong, flexible
films with high transparency and little coloration.

2.2.4. Poly(acetal-urethane)s. A diacetal monomer (117)
was synthesized via the acid-catalyzed condensation of 5-
hydroxymethylfurfural (169) (derivable from cellulosic biomass)
with tetrol 113 (Scheme 31).°° A series of linear polyurethanes
(173) were prepared by copolymerizing varying proportions of
117 and polyTHF (171, M,, = 2000) with diisocyanate 172. The
polyurethanes exhibited thermal stability up to 253 °C, and one
of the samples (containing 117 as 86% by mass of the total diol
content) was melt-spun into an approximately 50 meter-long
fiber. In a preliminary assessment of the material's chemical
recyclability, the fiber underwent hydrolysis in aqueous acid
(6 M HCI, 60 °C, 24-48 h), and 113 could be recovered along
with 4,4’-diaminodiphenylmethane.

Du Prez and coworkers prepared acetal monomers 174 and
175 by acetalization of the corresponding diketone (1,4-cyclo-
hexanedione and 4,4'-bicyclohexanone, respectively) with glyc-
erol (Scheme 32).°* These monomers were polymerized with
diisocyanates 176-179 to yield polyurethanes 180, with diphenyl
carbonate to yield polycarbonates 181, and with diesters 182
and 183 to yield polyesters 184. The polyurethanes had glass
transition temperatures of 95-150 °C and were mechanically
strong but brittle. Of the polycarbonates, the polycarbonate
derived from 175 exhibited more promising properties when
compared with an analogous polycarbonate derived from
bisphenol A (BPA). However, relative to the BPA-derived poly-
carbonate, the polycarbonate from 175 had a lower glass tran-
sition temperature of 100 °C (Ty = 150 °C for the BPA-derived
polycarbonate) and exhibited lower modulus, yield stress, and
ductility. The polyesters were obtained with lower molecular

weights (M,, = 6 000-19 000) than the polyurethanes and poly-
carbonates and had glass transition temperatures ranging from
40 °C to 96 °C. In aqueous acid at 50 °C, the polyurethane
derived from 175 and 178, the polycarbonate from 174 and 161,
and the polyester from 174 and 182 did not undergo any
significant degradation over two weeks even at pH 1.

Polyester 186 and poly(urethane-urea) 187 were synthesized
from the acetal-containing monomer 185, derived from 5-
(hydroxymethyl)furfural (Scheme 33).°> For the synthesis of 186,
monomer 185 was polymerized with dimethyl terephthalate and
1,6-hexanediol in the presence of dibutyltin oxide as the cata-
lyst. To prepare poly(urethane-urea) 187, monomer 185 was
polymerized with 1,6-hexanediol and isophorone diisocyanate.
Samples of each polymer were prepared with varying amounts
of 185. The content of 185 in the polyester samples (M,, = 9 100-
15 400) ranged from 3 to 19 mol% while the content of 185 in
the poly(urethane-urea) samples (M,, = 16 000-53 000) ranged
from 5.4 to 62 mol%. Glass transition temperatures (measured
by DSC) were 25-47 °C for the polyesters and 90-131 °C for the
poly(urethane-urea)s. In each series of polymers, glass transi-
tion temperatures increased with increasing content of 185.

2.2.5. Other polymers containing cyclic acetal units.
Wroblewska et al synthesized poly(acetal-amide)s 190a-f
through melt polycondensation of the corresponding dicar-
boxylic acids 189a-f with the diamine monomer 188 (in the
form of its dihydrochloride salt) at 220-250 °C (Scheme 34).%

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 31 Synthesis of monomer 117 and polymerization to afford polyurethane 173.

Polymers 190b, 190c, and 190d had higher molecular weights
(M, = 13 500-20 000) than polymers 190a, 190e, and 190f. The
higher-molecular-weight poly(acetal-amide)s 190b-d were
semicrystalline and had glass transition temperatures of 36—
48 °C and melting temperatures of 132-144 °C. These materials
were thermally stable, with 10% weight loss occurring at 334-
350 °C. Polymers 190b-d were processed by compression

molding and exhibited moduli in the range 1.0-1.5 GPa during
mechanical testing. In aqueous solutions at 50 °C, polymer 189¢
was found to be stable over two weeks at pH 3 but degraded at
pH 1.

Dialkyne 192, 4-hydrox-
ybenzaldehyde (191), was polymerized with diazides 193 and
194 through copper-catalyzed alkyne-azide cycloadditions
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Scheme 32 Polymerizations of acetal-containing diol monomers 175 and 174 yielding polycarbonates, polyesters, and polyurethanes.
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Scheme 33 Synthesis of poly(urethane-urea)s and polyesters from acetal monomer 185 derived from 5-(hydroxymethyl)furfural.

hydrophobic cargo as a potential drug delivery system. Polymers
195 and 196 self-assembled into spherical particles that were
capable of encapsulating the hydrophobic dye Nile red, a model
188 drug. The dye was gradually released from the particles at

o T §_©_§ similar rate.s at pH 5.5 fs\nd 7.4; however, the particles under-
L 189b, R = (CH,), went chemical degradation only at pH 5.5, not 7.4.
HO” “R” ~OH 189¢, R = (CHy)s o Y
i@ 189d, R= (CHp); 189f, R = \©/

o O

SCans s
e p.S H
INNgTNS 07 190

*_O_* 190e, R = TA (Terephthalic acid)

3. Crosslinked polyacetals

The incorporation of crosslinks into polymers can be used to
modulate thermal and mechanical properties, impart dimen-

190a, R = (CH,), . . . .

190b, R = (CHy), sional stability, or increase solvent resistance.”® Commonly

190c, R = (CH,) * * . .

190d. R = (CH), \©/ 190f, R = 1A (Isophthalic acid) used crosslinked polymers include epoxy, polyurethane, alkyd,
unsaturated polyester, melamine, urea, and phenolic resins.”®

These and other crosslinked polymers currently employed in
commercial applications are typically thermosets, in which
crosslinks are formed irreversibly in a curing process. Although
these crosslinks are integral to the dimensional stability and
other properties of the material, they also prevent the thermoset
from being reversibly softened and reshaped in fabrication
processes (e.g., molding or extrusion) as is possible with

Scheme 34 Polycondensations of acetal-containing diamine mono-
mer 188 with dicarboxylic acids.

(Scheme 35).°* The resulting polymers 195 (from diazide 193)
and 196 (from diazide 194) contained repeating triazole and
acetal units and were evaluated for their ability to encapsulate
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Scheme 35 Synthesis of poly(acetal-triazole)s.
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thermoplastic polymers, which lack crosslinks. This imposes
limitations on the materials’ range of applications and the
potential for recycling the polymer by mechanical means.
Furthermore, the crosslinked structures of thermosets are often
resistant to chemical degradation—a potential benefit during
the polymers' useful lifespans but an obstacle for efforts to
minimize polymeric waste.

Other crosslinked polymers have been designed to overcome
the reprocessing, recycling, and degradation barriers associated
with conventional thermosets. Thermosets with chemically
labile linkages may be more readily degraded in response to
acids, bases, high temperatures, or other conditions in
comparison with their conventional counterparts that do not
break down readily.®® Covalent adaptable networks (CANs), also
called dynamic covalent networks (DCNs), may offer mechan-
ical properties similar to those of conventional thermosets but
can be more readily reprocessed and mechanically recycled.****
Degradable thermosets and CANs are not mutually exclusive
categories: some polymers (including biobased polyacetals)
have structures endowing them with enhanced degradability as
well as the characteristic behavior and reprocessability of
CANS.97_99

CANs derive their unique properties from the presence of
chemical linkages that can undergo reversible reactions
involving bond exchanges within the material. The types of
reversible reactions employed in these materials have included
transacetalization as well as numerous other chemistries
including transesterification, Diels-Alder (and retro-Diels-
Alder) reactions, imine metathesis, and disulfide bond
exchanges.” CANs can be further classified based on the
mechanism of bond exchange: associative or dissociative. In
associative CANs, bond formation occurs before bond breaking;
this is the case, for example, during transesterification

R OMe
Wood meals H280, OMe
(Eucalyptus globulus, 1.5 @) toluene/MeOH HO'
(12:3) OMe
140°C,5h

197, R = H, OMe, lignin
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reactions.’ In dissociative CANs, bond breaking occurs first
and is followed by bond formation—for example, a retro-Diels—
Alder reaction followed by a Diels-Alder reaction involving
a different reactive group within the material.’*® The term “vit-
rimer”*®* commonly refers to associative CANSs, although it has
been suggested that the term is applicable to both associative
and dissociative CANs due to the similarity in behavior of these
CAN subclasses.'® The reversible reactions occur in response to
specific stimuli such as heating, photoactivation, or catalysis at
elevated temperature. The resulting bond exchanges allow the
network to change its form to an extent that would be impos-
sible in a conventional thermoset lacking dynamic bonds.

The acetal functional group has been employed for the
development of reprocessable and degradable crosslinked
polymers. The reversibility of acetal formation can allow bond
exchanges to occur within a polymer at high temperatures,
conferring dynamic behavior and reprocessability on the
material. Because acetals undergo relatively facile hydrolysis
and alcoholysis in the presence of acid, polymeric networks
containing these functional groups may be degraded in acidic
media. With these advantages, acetal-based linkages have been
incorporated into a variety of crosslinked polymers, including
epoxy resins, crosslinked polyurethanes, and other structures.
In the following sections, we survey the structures and proper-
ties of such polymers, covering examples that are derived from
biobased precursors.

3.1. Acetal-containing epoxy resins

A variety of acetal-containing epoxy resins have been reported.
Most epoxy resins used for commercial applications are derived
from the diglycidyl ether of bisphenol A.**> Bisphenol A is a non-
biobased compound that has shown endocrine-disrupting
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Scheme 36 Synthesis of epoxy derivatives of syringaldehyde and lignin.
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effects.’” Due to their popularity and utility, bisphenol A-
derived epoxy resins have been commonly employed as a stan-
dard for comparison in the development of alternative, bio-
based epoxy resins, including the acetal-containing polymers
discussed in this section.

Kaiho et al. synthesized epoxy resins from acetal-containing
derivatives of lignin and syringaldehyde (Scheme 36).'** A low-
molecular-mass lignin fraction was obtained by heating wood
particles with a solution of sulfuric acid in a methanol/toluene
mixture at 140 °C. NMR data for the resulting depolymerized
material were consistent with the presence of dimethyl acetal
groups in the structure (197). A transacetalization reaction with
the tetrol 113 was then performed, affording a modified lignin-
based structure (201). This product was then treated with
epichlorohydrin to yield a glycidated derivative (204). A series of
structurally related compounds were also prepared from syrin-
galdehyde (200) and served as a comparison to the lignin-
derived materials because lignin contains syringyl
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Scheme 37 Acetal-containing network from diepoxy monomer 205
cured with diamine 206.
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substructures. After conversion of syringaldehyde (200) to enol
methyl ether 198, reaction with tetrol 113 afforded diacetal 202.
The NMR spectra of intermediate 202 were compared with the
analogous lignin-derived material 201 and provided evidence
for the presence of the cyclic acetal units in 201. Glycidation of
the syringaldehyde-derived compound 202 yielded diglycidyl
ether 203. Using a phenol novolac hardener and triphenyl-
phosphine as catalyst, epoxy resins were synthesized from the
lignin-derived compound 204 and the syringaldehyde-derived
compound 203. The epoxy resins from 204 and 203 had glass
transition temperatures of 94 °C and 67 °C, respectively.
Notably, the glass transition temperature of 204 (94 °C) was
approximately equal to that of a bisphenol A-derived epoxy resin
(95 °C).

The acetal-containing epoxy monomer 205 was prepared
from vanillin and cured with 4,4’-diaminodiphenylsulfone (206)
to yield a crosslinked network (207) (Scheme 37).'* The prop-
erties of this polymer were compared with bisphenol A epoxy
resin cured with 206. Polymer 207 had a lower crosslink density
yet exhibited greater hardness and higher tensile modulus than
the BPA-derived thermoset, with the difference in these
mechanical properties presumably arising from structural
differences between the epoxy monomers. The vanillin-derived
polymer 207 also had a somewhat lower glass transition
temperature (184 °C) than that of its BPA-derived counterpart
(208 °C) and lower thermal stability. In acidic media, degrada-
tion of the acetal-containing network occurred. However, in
a hot, humid environment (60 °C and 95% humidity for 15
days), the glass transition temperature of 207 did not change
significantly, indicating that the material was stable under
these conditions.

In another study, the vanillin-derived monomer 91 was
converted to two different epoxy derivatives: derivative 208 via
reaction of 91 with epichlorohydrin and derivative 210 via
reaction of 91 with the bisphenol A epoxy resin 209
(Scheme 38).**¢ Samples of 208, 209, and 210 were each cured
with isophorondiamine or 4,4’-diaminodiphenylmethane.

RS JMC,@%O

92% yield
MeQ, OMe
o} ( [0}
u"WW"O x » onwQ
210
100% yield

A = 209 segment

TBAB = n-BuyNBr

Scheme 38 Preparation of diglycidyl ethers from vanillin-derived monomer 91.
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Additionally, coatings and carbon fiber-reinforced composites
were prepared from 208 and 209 in combination with amine
curing agents. Compared with cured 209, cured 208 had
a slightly higher glass transition temperature, approximately
equal tensile strength and elongation at break, and greater
tensile modulus. The coatings and composites based on 208
also exhibited favorable properties. In acidic solution, cured 208
degraded, dissolving completely, while cured 210 underwent
partial degradation into smaller pieces of material. In the
carbon-fiber composite based on 208, the resin was degraded
through treatment with hydrochloric acid solution (1 M in 9:1
acetone/water), and the carbon fiber was recovered with
retained mechanical properties and morphology.

In work by Yan et al., a partially biobased epoxy resin (213)
was synthesized from a mixture of vanillin-derived monomer
208 and bisphenol A-derived epoxy 212 cured with 4,4’-dia-
minodiphenyl sulfone (211) (Scheme 39).'” Resin samples
containing more 208 relative to 212 had higher glass transition
temperatures as well as greater impact strength, flexural
strength, and flexural modulus. Using a resin mixture con-
taining a 70: 30 ratio (by mass) of 208 to 212, a carbon fiber-
reinforced composite was prepared. The resin could be
degraded under acidic conditions, allowing the carbon fiber to
be recovered. The mechanical performance of the recovered
carbon fiber was similar to that of virgin carbon fiber.

The same vanillin-derived, diepoxy monomer 208 used in the
studies described above'**'*” has also been incorporated into
cellulose nanofiber/epoxy composites.’”® The resulting
composites were entirely derived from biobased starting mate-
rials and could be hydrolyzed to small-molecule degradation
products in acidic media.

The vanillin-derived epoxy monomer 214 was cured with 4,4'-
diaminodiphenylmethane (216) to form a crosslinked material
(217) (Scheme 40).' An analogous thermoset (218) was
prepared from bisphenol A diglycidyl ether 215 for comparison.
In mechanical testing, material 217 had higher Young's
modulus, tensile strength, elongation at break, and fracture
energy than the bisphenol A-derived thermoset 218. Slightly
lower glass transition temperature (Ty) and initial degradation

Of@x@w ~OFO-

212

1

epoxy resin (213)

Scheme 39 Preparation of an epoxy resin based partly on the vanillin-
derived monomer 208.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 40 Construction of thermosets from biobased epoxy
monomer 214 and bisphenol A diglycidyl ether (215).

temperature (Tgse, corresponding to 5% weight loss) were
observed for 217 (Ty = 164 °C, Tgs¢, = 330 °C) relative to 218 (T,
=169 °C, T4s9, = 356 °C). Polymer 217 degraded under acidic
conditions at varying rates depending on the acid and solvent
system employed. However, 217 and 218 exhibited similar
resistance to hygrothermal aging under conditions of 60 °C and
70% humidity.

Epoxy networks 223, 224, and 225 were prepared from
monomers 219, 220, and 221, respectively, each cured with
isophorone diamine (222) (Scheme 41)."** Monomers 219 and
221 were derived from vanillin whereas 220 was derived from p-
hydroxybenzaldehyde. The viscosities of the monomers and
resins were studied since viscosity can have important impli-
cations for the processability of resins. Monomer 220 demon-
strated the lowest viscosity, and the corresponding resin system
consisting of 220 and 222 showed temperature-dependent
viscosities compatible with vacuum-assisted resin transfer
molding (VARTM). Subsequently, the VARTM process was used

Me,

NH,
%\/O_Q_ :>(R-\°/\<cl> ' HZN/—\Q/
R

Me Me
219, R = OMe, R' = Et 222
220,R=H,R'=Et
221 R = OMe, R' = Me 100 °C to 180 °C

. " 223 R=OMe, R = Et
224 R=H,R =Et
225, R = OMe, R' = Me

Scheme 41 Synthesis of networks 223-225 from epoxy monomers
219-221 and diamine 222.
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Scheme 42 Synthesis of a vitrimer from tetrafunctional monomer
226.

to prepare a carbon fiber composite from the resin system of
220 and 222 and carbon fiber woven fabric. The cured resin in
the composite degraded under acidic conditions, and the
carbon fiber was recovered, showing nearly identical properties
to those of the original carbon fiber.

An epoxy vitrimer (227) was synthesized from the vanillin-
derived monomer 226 (Scheme 42).'" Monomer 226 was
cured with glutaric anhydride at 80-100 °C with zinc(u) acety-
lacetonate as catalyst. The mechanical properties of the result-
ing vitrimer varied with the amount of zinc(u) acetylacetonate
used. For a vitrimer sample prepared with a 2.5:100 weight
ratio of zinc(u) acetylacetonate to 226, tensile strength was
60 MPa, flexural strength was 119 MPa, and impact strength was
20 k] m™2 Glass transition temperatures of the vitrimer
samples ranged from 111 °C to 117 °C. The samples exhibited
stress relaxation behavior consistent with the ability to undergo
topological rearrangements through bond exchange reactions.
The material showed self-healing behavior upon heating to
200 °C. Additionally, the polymer degraded in solutions of
hydrochloric acid in acetone/water (9: 1) at 25 °C.

OMe

o
OHC

156

OMe
.
S Yy Y
Me ]
OHC
\,OM‘O% 230,n=1
o

231,n=2
228, n=1

229, n=2

B —
HoNT NH, = ,O/\O\
HoN NH
232
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Reaction of vanillin (156) with vinyl ethers 228 and 229
afforded the epoxy-functionalized, acetal-containing monomers
230 and 231 (Scheme 43)."*2 Each of these monomers was cured
with diamines 232 and 233 to afford the corresponding
networks 234-237 containing imine as well as acetal linkages.
Notably, the monomers were liquid, and the curing step could
be conducted without added solvent. The epoxy networks had
glass transition temperatures of 36-63 °C. Mechanical testing
showed that the networks had Young's moduli of 918.7-
1249.6 MPa, tensile strengths of 49.0-72.7 MPa, and 12.3-21.5%
elongations at break. Further results demonstrated the reproc-
essability, degradability, and recyclability achievable with these
polymer systems. A sample of network 234 was chopped into
pieces and successfully remolded by hot-pressing, affording
a reprocessed sample with no significant change in mechanical
properties. Materials 236 and 237 were depolymerized at 65 °C
in a mixture of tetrahydrofuran and 1 M aqueous HCI. Vanillin
was recovered in >90% yield, and a polyol/diamine mixture was
separately obtained from the depolymerized mixtures. The
polyol mixture from 237 underwent reaction with an isocyanate
prepolymer, yielding a polyurethane.

Zhang et al. synthesized covalent adaptable networks from
epoxidized soybean oil (241) and the diacetal monomers 238,
239, and 240 (Scheme 44), derived from syringaldehyde,
vanillin, and ethylvanillin, respectively."* In the presence of the
catalyst dimethylimidazole, each monomer reacted with epoxi-
dized soybean oil to yield the corresponding product (242, 243,
or 244) as a polymer film. Network 242 had the highest crosslink
density, followed by 243 and then 244. This trend of decreasing

ye i

SRe N X, R A
N4\©(O l\l/Ie OH R OH l\llle NN
E O. N 0.
OMe
HZN/\©/\NH2
2
233

234, n=1,R =232
235,n =1, R = 233
236,n =2, R = 232
237,n=2, R = 233

Scheme 43 Construction of epoxy resins containing acetal and imine groups.

R’ Curing

Dimethylimidazole (DMI)

238, R' = OCH3, R? = OCH3
239, R' = OCH3, R?=H o o]
240, R' = OCH,CH3, R2=H

R1
OH R!
& o OH
\ o %
wanv R2
Rz
242, R" = OCH3, R? = OCHj4

243, R' = OCH3;, R?=H
244, R' = OCH,CH3, R?=H

Scheme 44 Formation of acetal-based covalent adaptable networks via reactions of phenolic monomers 238—-240 with epoxidized soybean oil

(241).
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crosslink densities corresponded to decreasing glass transition
temperatures (59 °C down to 41 °C), decreasing Young's moduli
(449 MPa down to 9.7 MPa), and increasing elongation at break
(6.0-117.7%) in the series 242-244. Each polymer was reproc-
essable: pieces of each polymer were reformed into a film by

)
OCN‘H?NJLN*’G\NCO
HO-@— :>—OH * OJ\N’&O
(I%‘Nco

246

=
[}
(o]
jal
H»
o
o

o} o
Ny Ay
o N’go
HN Js

” Ao 247

OMe

Scheme 45 Synthesis of a polyurethane network from biobased
monomer 245.
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hot-pressing, and the new film showed only small variations in
mechanical performance relative to the material before
reprocessing. The materials degraded in solutions of HClin 9: 1
acetone/water, and the rates of hydrolysis corresponded to the
crosslink densities, with 242 degrading the slowest and 244 the
fastest.

3.2. Crosslinked polyurethanes with acetal linkages

Wang et al. prepared a crosslinked polyurethane (247) through
the reaction of vanillin-derived monomer 245 and hexam-
ethylene diisocyanate trimer (246) (Scheme 45).*** The glass
transition temperature, tensile strength, tensile modulus, and
elongation at break of 247 were similar but slightly lower than
the same properties of an analogous polyurethane derived from
bisphenol A in place of monomer 245. Carbon fiber-reinforced
composites based on the polyurethanes were also prepared.
Polyurethane 247 degraded under acidic conditions and could
be removed from the carbon fiber in the composite without
damage to the carbon fiber.

Li et al synthesized four different covalent adaptable
networks containing acetal and urethane linkages
(Scheme 46)."** The furfural-derived, acetal-containing diol 248
reacted with triisocyanate 246, forming the crosslinked network
249. The analogous benzaldehyde-derived monomer 252 like-
wise reacted with 246 to yield a similar network (253). An
additional network (251) was synthesized from bismaleimide
250, furfural-derived diol 248, and triisocyanate 246; Diels-

[¢]
OCN.(V)/\ JL NCO (o]
N” SN H H
5 5 waa """/o‘[rN\(“)s/\NJLNAHEN‘[(O\""‘
(0] N (0] o a\ o)
) 7 0 (o] N (0]
L —
246
NCO (r)f:)
249
no catalyst NSO had

HOT NSO

L

\/\/\/\OH

no catalyst o)

246

o)
{4
N,
o]
W\[r\H;\N NAH; N
@ & OAN 0 0
"
rN 'Iq,u

H \n/o\r"' N
253 o @

Scheme 46 Construction of urethane-based covalent adaptable networks from acetal-containing monomers.
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Scheme 47 Synthesis of polyurethane precursors 256 and 257 from
castor oil.

Alder reactions between the furan and maleimide moieties were
employed to form a more highly crosslinked structure con-
taining rigid oxanorbornene units. Furfural-derived polymer
249 had a glass transition temperature of 29 °C, tensile modulus
of 7.2 MPa, tensile strength of 5.4 MPa, and elongation at break
of 101%. The corresponding properties of the analogous
benzaldehyde-derived polymer 253 were similar. The more
highly crosslinked polymer 251 exhibited significantly different
thermal and mechanical properties with a glass transition
temperature of 100 °C, tensile modulus of 1599 MPa, tensile
strength of 106 MPa, and elongation at break of 11%. The
acetal-containing materials 249, 253, and 251 exhibited stress
relaxation upon heating, and they could be reprocessed and
reformed into films with little loss of mechanical performance.

) o)

O Me

Scheme 48 Preparation of a crosslinked non-isocyanate polyurethane.
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In 0.1 M solutions of HCIl in acetone/water, network 249
degraded, with greater degradation rates observed as the ratio
of acetone to water was increased.

Taher et al. chemically modified castor oil (depicted by 254,
a representative triglyceride component), first by a thiol-ene
reaction with 1-thioglycerol (255) to afford derivative 256 and
then by an acetalization reaction with vanillin (156) to yield
derivative 257 (Scheme 47)."*¢ Derivatives 256 and 257 were each
converted to three different polyurethanes through reaction
with isophorone diisocyanate, 1,6-hexamethylene diisocyanate,
and 4,4-methylenedicyclohexyl diisocyanate. The acetal-
containing polyurethanes prepared from 257 had glass transi-
tion temperatures of 22.6-37.4 °C and exhibited tensile moduli
of 150-257 MPa, tensile strengths of 17.4-46.4 MPa, and elon-
gations at break of 5.2-49.7%. The polyurethane network
prepared from 257 and isophorone diisocyanate could be
reprocessed by hot-pressing, although the tensile modulus,
tensile strength, and elongation at break of the material were
somewhat lower after one reprocessing cycle. This polyurethane
was also shown to undergo degradation under acidic
conditions.

Monomer 258, prepared in three steps from vanillin, was
used for the synthesis of non-isocyanate polyurethanes
(Scheme 48)."” The cyclic carbonate groups of 258 underwent
reaction with diamine 260 and triamine 259, affording cross-
linked polyurethane networks. A series of these polymers with
different ratios of 260 to 259, and thus different crosslink
densities, were synthesized. Stress relaxation experiments
indicated that the materials could undergo dynamic bond
exchanges. The materials could be remolded by hot-pressing
with little loss in mechanical properties. The polymers also
degraded in acidic solutions. The degradation products from
one of the polymers were recovered and used to resynthesize the
same polymer with nearly identical mechanical and thermal
properties.

3.3. Other crosslinked polyacetals

In addition to acetal-containing epoxy resins and crosslinked
polyurethanes, a variety of other crosslinked polyacetals have

S . N/ N7 |\/
Me HzN\/\/SkO Sl\o Si N NH2
0. O\)\NHZ

Me 260

(o}
Si/\/\N JLO}‘L
N H

261
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Scheme 49 Formation of a carbohydrate-derived vitrimer.
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Scheme 50 Conversion of monomer 265 to polybenzoxazine 266
containing acetal linkages.

been reported. While the structures of the monomers and
resulting polymer networks vary widely, these crosslinked
polymers share the qualities of degradability and/or reprocess-
ability thanks to the presence of acetal linkages in the materials.

Png et al.**® synthesized an acetal-based covalent adaptable
network from the sugar derivatives furan-2,5-dicarbaldehyde

View Article Online

RSC Sustainability

(263) and sorbitol (262) (Scheme 49). Polymer 264 was
prepared via the acid-catalyzed condensation of 263 and 262 in
a 5:3 molar ratio, performed by stirring the reactants and p-
toluenesulfonic acid in DMSO under a stream of nitrogen, then
drying the resulting gel-like solid in a vacuum oven and finally
hot-pressing the polymer. The rigid, hard product had a glass
transition temperature of 120 °C (as measured by thermogra-
vimetric analysis), a storage modulus of 3300 MPa, and tensile
strength of 13 MPa. The material could be cut into pieces and
hot-pressed into films, whose tensile strength (9 MPa) was only
somewhat decreased relative to that of the pristine polymer.
Alternatively, the polymer could be chemically recycled: most of
the polymer was dissolved by heating in water, the resulting
solution was concentrated in vacuo, and the polymer was
reformed under the same conditions used for the synthesis of
the pristine polymer. The tensile strength of the chemically
recycled polymer was close to that of the pristine polymer. The
monomers 263 and 262 could also be separated and recovered
(in 86% and 90% recovery, respectively).

Benzoxazine 265 (Scheme 50) was prepared from para-
formaldehyde and the biobased compounds erythritol, vanillin,
and stearylamine.'® Upon heating at 180-200 °C, 265 was
converted to an acid-degradable benzoxazine (266). The ben-
zoxazine network underwent fast stress relaxation and was
mechanically reprocessable: a sample was crushed into
a powder and subsequently was formed into a film by hot-
pressing.

Starch is a natural polyacetal consisting of glucose units
joined through a-1,4-glycosidic bonds. Oxidation of starch with
sodium periodate yields dialdehyde starch (267)."*° In work by
Zhang et al., biobased plastics were synthesized by crosslinking
267 with the C6-C12 diamines 268-271, which reacted with the
aldehyde groups of 267 to form imine linkages (Scheme 51).***
The crosslinked polymers 272-275 had glass transition
temperatures ranging from 107 °C to 191 °C, with higher values
for the materials crosslinked with shorter diamines. The poly-
mers exhibited greater mechanical strength than poly-
propylene, low-density polyethylene, poly(methyl methacrylate),
and polyhydroxybutyrate. The materials could be heat-pressed
into films and showed high thermal stability. Polymer 273,
prepared from 267 and the C8 diamine 269, could be remolded
by heat-pressing and showed self-healing behavior. All of the
materials exhibited significantly higher water resistance than
thermoplastic starch, with much lower water uptake rates.
However, a sample of polymer 273 underwent chemical

OH OH
HN AN PH
NH, )
oo P PIONSN a{%"i AN DR
SN . . -
z NH, Schiff base reaction N\/ R’ N\ R’/ N\ d g;g; 86:12
+ 269 » R=CghM4e
SRS ;’é HoaN NSNS DMSO, 50 °C R\ R\ R \N 274,R = CyoHyo
g 07 d o NH; ' ;N N N4 275,R = CyH
(¢} N 4 o N 4 o ‘I(IL j 12M24
o Al s
267 HN AN, 0 o 0
271 HO HO HO

Scheme 51 Synthesis of starch-derived poly(acetal-imine)s.
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Scheme 52 Synthesis of a series of crosslinked poly(imine-acetal)s.

degradation in 5% acetic acid solution at room temperature or
in 1,8-octanediamine at 80 °C.

Tomovi¢ and coworkers synthesized crosslinked poly(imine-
acetal)s 279a-d from vanillin-derived dialdehyde 276, triamine
278, and a series of diamines (277a-d) (Scheme 52).**> The
polymers showed varying properties, from glassy to rubbery,
depending on the diamine structure. The materials derived
from the cyclic diamines 277a and 277b were more rigid while
those from the linear and flexible diamines 277¢ and 277d were
more elastomer-like. An analogous poly(imine-acetal) (279e)
was synthesized from dialdehyde 276 and triamine 278 without
the inclusion of a diamine. The acetal and imine groups in this
polymer (279e) were shown to undergo hydrolysis in 0.1 M HCI
solution. From the mixture of hydrolysis products, vanillin and
triamine 278 were recovered and used to resynthesize polymer
279e. The thermal and mechanical properties of the resulting
279e synthesized from recycled monomers were very close to
those measured for the original sample of 279e.

Lignin-based vitrimers 282 were synthesized from softwood
kraft lignin (280) and poly(ethylene glycol) divinyl ether (281),

M S e
OMe
280

Dioxane. 80 - 150 °C

OH
MeO.

Lignin

l\l/Ie OMe
fo~

Zael
282 Me Lignin

Scheme 53 Preparation of lignin-derived vitrimers containing acetal
linkages.
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using a thermally induced reaction of the lignin hydroxyl groups
with the vinyl ether functionalities to construct a network with
acetal linkages (Scheme 53).">* Four different vitrimers con-
taining 28-50% lignin by weight were prepared. The mechanical
properties varied with lignin content: for example, tensile
strength increased from 3.3 MPa to 50.9 MPa with increasing
lignin content while elongation at break concomitantly
decreased from 35% to 1.0%. In stress relaxation analysis, faster
relaxation rates and lower activation energies were observed for
the materials with higher lignin contents, potentially due to the
greater concentrations of acetal bonds and hydroxyl groups
available to participate in transacetalization. A vitrimer sample
was successfully reprocessed by compression molding and
exhibited approximately equivalent mechanical performance as
the sample prior to reprocessing. The adhesive behavior of the
vitrimer containing 50% lignin by weight was also investigated.
An adhesion sample consisting of aluminum sheets bonded
with the vitrimer was found to have a 6.0 MPa lap shear
strength, comparable to the lap shear strengths of previously
reported lignin-based vitrimers (6.5 MPa)*** and a bisphenol A-
based epoxy resin (6 MPa).’* After separation, the two
aluminum sheets were re-glued to each other by hot-pressing
and then showed a lap shear strength of 5.6 MPa, demon-
strating that the adhesion performance was largely retained.
Acetal-based covalent adaptable networks (285) designed for
fast reprocessability were synthesized from epigallocatechin
gallate (283) and varying proportions of tri(ethylene glycol)
divinyl ether (284) (Scheme 54)."* A model study was performed
to investigate the effect of a nearby phenolic hydroxyl group on
the rate of acetal exchange reactions. Compound 286, featuring
a phenolic hydroxyl ortho to the acetal substituent, underwent
faster acetal exchange with p-cresol (287) than the analogous
acetal 290 that contained no adjacent phenolic hydroxyl. This
result indicated that the reaction could be accelerated by the
neighbouring-group effect of phenolic hydroxyl groups, which
were also present in polymer network 285. In elevated-
temperature stress-relaxation analysis, complete stress relaxa-
tion was observed for CANs 285, confirming the dynamic nature

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 54 Preparation of an acetal-based covalent adaptable network and model reactions demonstrating acceleration of acetal exchange by

an ortho phenolic hydroxyl.

of the covalent networks. The CANs exhibited high rigidity and
cross-link density, and they could be reprocessed by hot-
pressing, welding, and extrusion. Demonstrating the chemical
recyclability of the CAN system, one of the polymer networks
was degraded under acidic conditions, 283 was recovered (82%
recovery), and the recovered 283 was again cross-linked with 284
to yield a polymer network with nearly equivalent mechanical
performance as the pristine material.

In a study by Qi and coworkers, vitrimers with elastomeric
properties were synthesized from glycerol and biobased &-
lactones.*® In the presence of the catalyst diphenyl phosphate, 3-
lactones (292, 293, or 294) reacted with glycerol to form the
corresponding glycerol esters (296-298) with alcohol function-
alities (Scheme 55). These triols were then directly crosslinked
with 1,4-cyclohexanedimethanol divinyl ether (299), forming
networks 300-302 with acetal linkages. The cross-linked poly-
mers 300-302 exhibited elastomeric properties including
Young's moduli in the range 0.27-1.24 MPa. The presence of

OO~ R OH ROTP 09\
U T o A on d i ol

292, R = CHj 295 296, R = CHj
293, R = (CH,)3CH3 297, R = (CH,)3CH3
294, R = (CH,)sCHj 298, R = (CH,)sCH3

+

}w\ﬂ/\/\r [ /\O\/OJ
[e] R Me

300, R = CH, 299

301, R = (CH,)sCH3
302, R = (CHp)eCH,

Scheme 55 Ring-opening transesterification polymerization (ROTP)

of lactones with glycerol and subsequent crosslinking through “click”
reactions with divinyl ether 299.

© 2024 The Author(s). Published by the Royal Society of Chemistry

longer alkyl sidechains from the &-lactone component imparted
greater stretchability and also resulted in lower glass transition
temperatures. A broken sample of 300 was repeatedly reproc-
essed by hot-pressing; its modulus was maintained well after
one reprocessing cycle but diminished significantly in subse-
quent reprocessing cycles. A cut sample of 300 was successfully
healed by remolding at 130 °C. Depolymerization of the poly-
mers 300-302 was also possible at 200 °C, which was attributed
to relatively low ceiling temperatures for the lactone monomers
292-294. After depolymerization, the lactone monomers were
recovered in good yield and high purity. Overall, the materials
resembled polydimethylsiloxane in their physical properties but
had the advantages of being reprocessable, healable, and
depolymerizable.

Diallyl-substituted monomer 303 (Scheme 56) was synthe-
sized in two steps from vanillin.”® Through thiol-ene “click”
photopolymerization, three different polymer networks were
prepared: one from 303 and trithiol 304, a second from 303 and
tetrathiol 305, and a third from 303 and a mixture of thiols 304
and 305. The resulting cross-linked materials had glass transi-
tion temperatures ranging from 20 °C to 49 °C and exhibited
a range of mechanical properties depending on the polymer
structure. The polymer prepared from 303 and 305 was flexible
and was considered to have the best mechanical properties on
the basis of its tensile strength (18.2 MPa), elongation at break
(103.5%), and toughness (14.5 MPa). All three polymer networks
exhibited high transparency, with over 87.7% transmittance of
visible light (425-800 nm). The materials also gradually
degraded in acidic solution (1:1 acetic acid/water).

The diacrylate monomer 310 (derived from 1,4-cyclo-
hexanedione, glycerol, and acryloyl chloride) was used as
a crosslinker for UV-curing nanoimprint lithography
(Scheme 57).**” Monomer 310 underwent UV curing with an
acrylated polysiloxane (309) to afford a nanoimprint resist for
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Scheme 57 Combination of diacetal crosslinker 310 and acrylated
polysiloxane 309 employed for UV-curing nanoimprint lithography.

the lithography process. Due to the presence of hydrolyzable
acetal groups in the crosslinker, residual polymer in the nano-
imprint mold could be degraded and removed by heating in
acidic solution followed by sonication in acetone.

4. Polymers with acetal-containing
sidechains

In the previous sections, we have covered biobased polyacetals
in which the main chain or backbone of the polymer contains
acetal linkages. However, a variety of polymers have been re-
ported in which the acetal functionality is present as part of
a sidechain or branch. The latter category of acetal-containing
polymers includes the commercial polymer polyvinyl butyral,
formed by acetalizing polyvinyl alcohol with butyraldehyde."® A
range of other polymers with pendent acetal groups have been
synthesized from biobased starting materials.

The Miller group synthesized biobased polyvinyl acetals
(312, general structure) by acetalizing polyvinyl alcohol (311)

3694 | RSC Sustainability, 2024, 2, 3669-3703

with thirteen different aldehydes™*'*° and eleven different
ketones™® that are naturally occurring or biobased (entry a,
Scheme 58). The acetal groups underwent hydrolysis in acidic
aqueous solutions, releasing polyvinyl alcohol. Because poly-
vinyl alcohol is biodegradable under appropriate conditions,
the polyvinyl acetals were potentially entirely degradable.

A variety of condensation polymers with acetal-containing
sidechains have been synthesized. Mufioz-Guerra and
coworkers reported several polyesters based on glucose,""'*
galactose,**™** mannitol,”**"*” and tartaric acid*® derivatives
containing cyclic methylene acetal units. Scheme 58 (entry b)
shows a galactose-based polyester (313)*** from this work. In
a study by Zhang et al, furan-derived monomers containing

o
+
OH OH i RJLR'

311 Polyvinyl alcohol

- =( _ABN "
“e0c o
315
Scheme 58 Examples of polymers with pendent acetal groups: (a)

polyvinyl acetals, (b) galactose-based polyester, (c) acetylsalicylic acid
derived polymer.
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methylene acetal groups were converted to polyesters.**® Diot-
Néant et al. prepared an acetal-containing diol monomer from
levoglucosenone and synthesized polyesters from this mono-
mer.”* Kolender and coworkers synthesized poly(amide-
triazole)s from a galactose derivative featuring isopropylidene
acetals."

Polymerization of cyclic ketene acetal monomers can afford
polymers with pendent acetal groups. Kazama and Kohsaka
synthesized acetal-containing polymers via radical polymeriza-
tion and cationic ring-opening polymerization of a cyclic ketene
acetal monomer (314) derived from acetylsalicylic acid.*****>
Radical polymerization of 314 affording polymer 315 (ref. 141) is
depicted in Scheme 58 (entry c). Polymers prepared through
both polymerization methods—radical or cationic ring-
opening—underwent hydrolysis under alkaline conditions,
resulting in degradation of the polymer and the release of sal-
icylic acid and acetic acid. In work by Buchard and coworkers,
another cyclic ketene acetal, prepared from p-glucal, was also
employed for radical polymerization.**

The Luterbacher group has used acetalization chemistry to
develop processes for the depolymerization and fractionation of
lignocellulosic biomass. Upon treatment with aldehydes under
acidic conditions, the hydroxyl groups present in lignin and
hemicellulose underwent acetalization with the aldehydes to
afford acetal-modified derivatives of the biopolymers.®***4¢ A
fractionation process based on this strategy yielded a variety of
monomers including an acetal-containing monomer (123,
Scheme 20) that was subsequently used for the synthesis of
poly(acetal-esters).®® In another application of this approach,
acetalized xylan and lignin were obtained and converted to
amphiphilic surfactants.'*®

5. Polythioacetals

As discussed in the preceding sections, the acetal functional
group has been incorporated into a wide range of polymeric
materials. Less commonly, thioacetals—the sulfur-based
analogs of acetals—have been utilized in polymer synthesis. A
comparison of thioacetals and polythioacetals (Fig. 7) with their
oxygen-based counterparts serves to highlight the properties
and potential applications of each functional group in poly-
meric materials.

Thioacetals have found extensive application in organic
synthesis, and a variety of methods exist for the formation of the
functional group and subsequent transformations.'*”'*

beoet,

L} R"

S, e

Polythioacetals

Fig. 7 General structure of polythioacetals.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Thioacetal-containing polymers can be prepared either by
polymerizing thioacetal-containing monomers****** or by con-
structing the thioacetal units in the polymerization process.
Polymerization methods affording thioacetal linkages include
polycondensations of thiols with aldehydes,'*******® reactions of
0,0-acetals with thiols,***** and thiol-yne addition reactions.*>
Cationic ring-opening polymerizations of cyclic O,S-acetal
monomers gave products containing S,5- and O,0-acetal
linkages.'®>**

Like their oxygen-based counterparts, thioacetal linkages
can undergo bond exchanges at high temperatures.'” Thus,
polymers with thioacetal crosslinks have functioned as covalent
adaptable networks (CANs), undergoing dynamic stress relaxa-
tion and allowing for mechanical reprocessing of the
network. In other thioacetal-based CANs, the thioacetal
linkages were reversibly formed through thiol-yne cross-
linking."®> A CAN based on O,S-acetal groups has also been
reported.'®

Compared with oxygen, sulfur is larger and less electroneg-
ative, has greater atomic refraction, and exhibits additional
modes of reactivity. The differences between these two chalco-
genides may have manifold consequences for the structures
and properties of polymers with carbon-oxygen or carbon-
sulfur bonds.'**”* One important distinction between poly-
acetals and polythioacetals is the conditions under which they
undergo degradation.

In the presence of protic acids, thioacetals tend to undergo
hydrolysis less rapidly than acetals.> Thioacetal hydrolysis can
be catalyzed by soft Lewis acids such as Hg®" and Ag" ions,'>'”
and thioacetal-based materials have been investigated as tools
for Hg>" sensing.’"*® Thioacetals are also susceptible to oxida-
tive cleavage, and thioacetal-containing polymers can degrade in
the presence of reactive oxygen species (ROS).'#%151153:161173,174
Consequently, polythioacetals have been used as investigational
ROS-responsive materials for biomedical applications, including
nanoparticles for drug delivery**'*»*”* and polymeric foam
dressings for wound healing.***

The degradation rates of polythioacetals and the conditions
under which a polythioacetal degrades depend on other struc-
tural features and functional groups in the polymer. The rate of
hydrogen peroxide-mediated oxidative cleavage of thioacetals
varies according to the substituents on the thioacetal group.'”
Additionally, polymeric nanoparticles containing photoreactive
2-nitrophenyl-substituted thioacetal linkages underwent light-
triggered degradation but were stable in solutions containing
the oxidizing agents H,0O, and KO, at 100 mM.""®

Like oxygen-based polyacetals, polythioacetals may be
prepared from biobased starting materials. For example,
cinnamaldehyde-based  polythioacetals have been re-
ported.”**'* Continued investigations of polythioacetals and
their unique properties may lead to the development of new
materials with greater sustainability.

6. Conclusion

Acetal-containing polymers exhibit diverse structures and
mechanical properties, but common characteristics within this
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group of materials frequently include degradability and
reprocessability. Degradation of polyacetals under acidic
conditions could potentially be leveraged to decrease polymeric
waste and may enable chemical recycling of the materials. The
reversible nature of acetal linkages has particularly striking
implications for polymers with acetal-based crosslinks. Unlike
conventional thermosets with irreversible crosslinks, these
crosslinked polyacetals can be chemically degraded, and acetal-
based covalent adaptable networks can undergo reprocessing,
allowing for mechanical recycling of the material. In addition to
our main discussion of polyacetals, we also note polythioacetals
as a less-explored group of polymers that share some charac-
teristics with polyacetals while also offering different properties
including alternative degradation behavior.

As highlighted in this review, a variety of biobased starting
materials have been used for the synthesis of polyacetals. The
commercially available polyacetal known as Akestra is derived
in part from biobased pentaerythritol. Numerous polyacetals
have been prepared from vanillin (derivable from lignin), and
some vanillin-based, acetal-containing epoxy resins have shown
mechanical properties that compare favorably with those of
epoxy resins based on the commercial, widely used monomer
bisphenol A.*°%1°%'% Other polyacetals have been prepared
using monomers from carbohydrates, lignin, and plant oils as
well as other natural compounds such as the terpenoid
camphor. Given the advantageous characteristics of these and
other polyacetals, the development of new biobased polyacetals
holds promise for a more sustainable future.
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