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CONSPECTUS: Polymer sustainability is synonymous with “bioderived polymers” and
the zeitgeist of “using renewable feedstocks”. However, this sentiment does not adequately y ="
encompass the requirements of sustainability in polymers. In addition to recycling = ¥ i ~& e tg.04
considerations and mechanical performance, following green chemistry principles also Sustenelysouced monamers NETI X o
needs to be maximized to improve the sustainability of polymer synthesis. The synthetic wencenrgions — T
cost (i.e, maximizing atom economy, reducing chemical hazards, and lowering energy i ] u
requirements) of producing polymers should be viewed as equally important to the  Pamaraion

monomer source (biomass vs petrol platform chemicals). Therefore, combining the use of  o,~, ol ,
renewable feedstocks with e cient syntheses and green chemistry principles is imperative | %~

to delivering truly sustainable polymers. The high e ciency, atom economy, and single

reaction trajectories that define click chemistry reactions position them as ideal chemical approaches to synthesize polymers in a
sustainable manner while simultaneously expanding the structural scope of accessible polymers from sustainably sourced chemicals.
Click step-growth polymerization using the thiol—yne Michael addition, a reaction first reported over a century ago, has emerged as
an extremely mild and atom-e cient pathway to yield high-performance polymers with controllable E/Z stereochemistry along the
polymer backbone. Building on studies of aromatic thiol—yne polymers, around 10 years ago our group began investigating the
thiol—yne reaction for the stereocontrolled synthesis of alkene-containing aliphatic polyesters. Our early studies established a
convenient path to high-molecular-weight (>100 kDa) E-rich or Z-rich step-growth polymers by judiciously changing the catalyst
and/or reaction solvent. This method has since been adapted to synthesize fast-degrading polyesters, high-performance polyamides,
and resilient hydrogel biomaterials. Across several systems, we have observed dramatic di erences in material properties among
polymers with di erent alkene stereochemistry.

We have also explored the analogous thiol—ene Michael reaction to create high-performance poly(ester-urethanes) with precise E/Z
stereochemistry. In contrast to the stereoselective thiol—yne polymerization, here the use of monomers with predefined E/Z
(geometric) isomerism (arising from either alkenes or the planar rigidity of ring units) a ords polymers with total control over
stereochemistry. This advancement has enabled the synthesis of tough, degradable materials that are derived from sustainable
monomer feedstocks. Employing isomers of sugar-derived isohexides, bicyclic rigid-rings possessing geometric isomerism, led to
degradable polymers with fundamentally opposing mechanical behavior (i.e, plastic vs elastic) simply by adjusting the
stereochemistry of the isohexide.

In this Account, we feature our investigation of thiol—yne/—ene click step-growth polymers and e orts to establish structure—
property relationships toward degradable materials with practical mechanical performance in the context of sustainable polymers
and/or biomaterials. We have paid attention to installing and controlling geometric isomerism by using these click reactions, an
overarching objective of our work in this research area. The exquisite control of geometric isomerism that is possible within polymer
backbones, as enabled by convenient click chemistry reactions, showcases a powerful approach to creating multipurpose degradable
polymers.
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polymerization to afford high-molecular-weight (>100 kDa)
E-rich or Z-rich step-growth polymers by varying the catalyst
and/or reaction solvent. Stereochemical differences among
polymers led to substantial changes to thermal and
mechanical properties.

Worch, J. C.; Weems, A. C.; Yu, J.; Arno, M. C.; Wilks, T.
R.; Huckstepp, R. T. R.; O'Reilly, R. K.; Becker, M. L,;
Dove, A. P. Elastomeric Polyamide Biomaterials with
Stereochemically Tuneable Mechanical Propertles and
Shape Memory. Nat. Commun. 2020, 11, 3250. This
study extended the stereocontrolled thiol—yne polymerization
to afford polyamides with advantageous properties. In
contrast to conventional polyamides (nylons), the thiol—yne
polyamides were amorphous and more processable but
retained comparable mechanical strength. They also
displayed high-fidelity shape-memory behavior.
Macdougall, L. J.; Pérez-Madrigal, M. M.; Shaw, J. E,;
Worch, J. C.; Sammon, C.; Richardson, S. M.; Dove, A. P.
Using Stereochemistry to Control Mechanical Properties
in Thiol=Yne Click-Hydrogels. Angew. Chem. Int. Ed.
2021, 60, 25856—25864.% In this study, we applied our
stereocontrolled thiol—yne reaction to synthesize hydrogel
biomaterials from propiolate- and thiol-functionalized
multiarmed PEG precursors. The stereocontrolled hydrogels
had similar physical parameters but different mechanical
properties, which we used to study cell response and growth.

Stubbs, C. J.; Worch, J. C.; Prydderch, H.; Wang, Z.;
Mathers, R. T.; Dobrynin, A. V.; Becker, M. L.; Dove, A. P.
Sugar-Based Polymers with Stereochemistry-dependent
Degradability and Mechanical Properties. J. Am. Chem.
Soc. 2022, 144, 1243—1250.* This work describes the
synthesis of high-performance poly(ester-urethane)s from
stereopure isohexides using thiol—ene polymerization.
Isomeric polymers had opposing mechanical behavior, i.e.,
plastic vs elastic. Copolymers and physical blends of isomeric
polymers showed an unexpected relationship between
degradability and mechanical properties.

1. INTRODUCTION

Typically, polymers are synthesized through either step-growth
or chain-growth mechanisms, both of which present limitations
in the context of creating more sustainable plastics. While step-
growth polymerization readily enables the introduction of
heteroatoms into polymer backbones, which is important for
recycling and performance considerations, the requirement for
high-temperature (>200 °C) polycondensation for most leading
polymers in this class means that the process is energy-intensive.
On the other hand, most commercial chain-growth polymer-
izations typically occur at lower temperatures and are thus more
energy-e cient. However, it is challenging to incorporate
heteroatoms into the polymer backbones, without compromis-
ing the molar mass, mechanical properties, or uniform
degradability of the materials. Recent advances in step-growth
polymerizations have focused on replacing condensation
reactions with low-temperature click chemistries.” These
reactions can o er advantages such as high e ciency to yield
high-molar-mass polymers, orthogonality to enable the facile
synthesis of functional materials, and, in some cases, rapid
ambient temperature reactivity that lowers the energy demands
of the process. Modern click step-growth polymerizations,
including 1,3-dipolar cycloadditions,®™® thiol/amino- -8poxy
reactions, 011 sulfur(VI) fluoride exchange (SuFEx),**?
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nucleophlllc aromatic substitution (SyAr),"**> and oxime

formation'® demonstrate an array of methodologies by which
to e ciently build polymers under mild conditions.

When our group became interested in using click chemistry to
build polymers in the late 2000s, we were intrigued by conjugate
addition reactions of nucleophiles to unsaturated moieties. At
the time, the wider field was dominated by use of the radical-
mediated thiol—ene reaction,"’*® which remains a powerful
state-of-the-art technique in polymer synthesis and functional-
ization (Figure 1). Although the application of the analogous
radical thiol—yne reaction*®~? in polymers was also developing,
the radical thiol addition can lack regio- and/or stereo-
control*** and lead to unwanted side products.”* Moreover,
two consecutive thiol additions across the alkyne may also occur
to yield a thioacetal product, which was particularly advanta-
geous for forming dendritic*®~?* or cross-linked** materials
(Figure 1). While we had explored the base-catalyzed conjugate
addition of thiols across activated double bonds (adjacent to an
electron-withdrawing group) for polymer sg/nthesis and end-
group or side-chain functionalization,”>~=° the analogous
strategy using electron-deficient triple bonds was less studied
(Figure 1).

However, the base-catalyzed thiol—yne Michael addition,*
first reported more than 100 years prior, was key to enabling us
to adapt thiol—yne chemistry to achieve our goals by favoring a
regio- and stereocontrolled single addition to a triple bond that
would yield an unsaturated product. Specifically, we anticipated
a versatile method to create structurally diverse heteroatom-rich
polymers with controllable E/Z isomerism (Figure 1).

The E/Z stereochemistry of thiol—yne Michael addition
products was not investigated until the 1950s by Truce and co-
workers.**~** When employing thiolates in protic media, the
anti-addition rule predominated to yield Z-isomer products. A
more decisive study by the same group in the 1970s investigated
the e ect of electron-withdrawing groups (ester, amide, nitrile,
etc.).>* Again, for most of the substrates the thiolate addition in
protic media proceeded via nucleophilic attack at the -carbon
to generate a Z-anion followed by rapid protonation of the -
carbon to yield 100% Z-products (pathway I, Scheme 1).
However, reactions employing substrates with carbonyl-
containing activating groups, such as propiolates, violated this
rule to yield products with mixed stereochemistry (resulting
from both syn- and anti-additions) (pathway I, Scheme 1). The
authors speculated that this was due to the formation of an
allenolate intermediate which could facilitate isomerization.
Although this study reported quantitative yields when employ-
ing stoichiometric thiolates, procedures that featured catalytic
amounts of base (such as triethylamine, NEt;) were not as
e cient.

Subsequent work in the following decades generally
supported these historic findings where the anti-addition rule
favored Z groducts especially in protic or highly polar
solvents.***° Similarly, these studies also generally showed
that acetylenes featuring electron-withdrawing groups that could
stabilize the negative charge of the anionic intermediates were
less Z-selective. In some cases, the use of these highly activated
acetylenes even led to quantitative conversion at ambient
temperature when using only a catalytic amount of base.***"*°
Solvent e ects on stereoselectivity were also described in these
studies with the proton-donating ability of the solvent being
important. Protic solvents can rapidly protonate the kinetic Z-
anion (Scheme 1), while equilibration of the allenolate
intermediate to the more thermodynamically stable product
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Figure 1. Nucleophilic and radical mechanisms for thiol addition to alkenes and alkynes (left) and nucleophilic thiol—yne/—ene polymerization to
a ord step-growth polymers with well-defined stereochemistry (right).
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(greater E-selectivity) may occur when using nonpolar aprotic
solvents. These principles would serve to influence our initial
work in adapting the reaction to polymer synthesis.

Our work in utilizing the base-catalyzed nucleophilic thiol—
yne reaction for the stereocontrolled synthesis of unsaturated
polymers began in 2013 with our report on the chain—chain
coupling between propiolate- and thiol-terminated small
molecules and PEG oligomers.** In that work, we established
the high e ciency and stereoselectivity of the reaction. We
found that catalytic amounts of a commercial amine (such as
NEt;) or amidine (such as 1,8-diazabicyclo[5.4.0Jundec-7-ene
(DBU)) led to the quantitative formation of , -unsaturated
products with opposing stereochemistry. When reactions were
conducted in chloroform, the use of a orded E-isomer products
(up to 97%) and the analogous reactions with DBU led to high
Z-content (up to 80%). This result was striking and not entirely
explained by historic mechanistic interpretations. (See Scheme 1
and the accompanying discussion.) A cohesive mechanistic
description for the catalyst e ect on stereoselectivity remains
unknown. We also found that the solvent choice was also critical
to the stereochemistry and kinetics of the thiol—yne addition, in
accordance with previous reports.®” High dielectric solvents
increased the reaction rate and promoted Z-isomer products,
but less-polar solvents were more sluggish, yet stille cient (<1h
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of reaction time), and favored E-isomer product formation.
Concurrent optimization of both solvent and catalyst allowed
for the targeted synthesis of both E- and Z-isomers with very
high selectivity (>98%).

By applying these observations, we anticipated a path to high-
molecular-weight unsaturated polyesters with controllable
stereochemistry. Most importantly, the operational simplicity
of the reaction was apparent. The base-catalyzed thiol—yne
additions are tolerant of wet solvents and oxygen, which allows
for benchtop reactions in the open atmosphere. Together, the
accessibility that these features makes the practical application of
the thiol—yne reaction highly attractive to a range of
stakeholders.

2. STEREOCONTROLLED THIOL—YNE REACTIONS
FOR STEP-GROWTH POLYMERS

Stereochemistry is an essential aspect of molecular function and
is equally impactful to the properties of polymers.** The control
of chirality, or tacticity, of pendant groups in polymer chains has
been used to great e ect to manipulate and enhance the
thermomechanical performance of commercially important
modern plastics, with notable examples including isotactic
polypropylene and poly(lactic acid).** Conversely, installing
and/or controlling E/Z isomerism in synthetic polymers is

https://doi.org/10.1021/acs.accounts.2c00293
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comparatively underdeveloped and, as such, is not frequently
encountered in commodity materials. In fact, it remains largely
uncharted despite the remarkable di erences that are observed
between isomers of vulcanized natural polyisoprene: the Z-
isomer (natural rubber) is elastic and soft, yet the E-isomer
(qutta-percha) is brittle and hard.**** However, synthetically
mimicking the stereocontrol found in natural polyisoprenes is
challenging and even more so when attempting to access
polymers with intermediate stereochemistry and properties. The
most well-known examples include the synthesis of stereoblock
polyisoprenes***> among other unsaturated polyolefin struc-
tures*® which can imbue the resultant polymers with thermo-
plastic elastomeric behavior.

The distinctive behavior between isomeric polyisoprenes
inspired our group’s interest in E/Z-alkene isomerism in
polymers. In the early 2010s, the majority of the stereo-
controlled unsaturated synthetic polymers possessed all-carbon
backbones (e.g., polybutadiene, polyneoprene, and polynorbor-
nene) and were usually synthesized via metal-catalyzed chain-
growth mechanisms, although some unsaturated step-growth
polymers synthesized from ine cient polycondensation reac-
tions were also known.** Thus, we viewed the manipulation of
double-bond stereochemistry in unsaturated polymers as an
underdeveloped area. Specifically, there was an opportunity to
develop alkene-containing polar polymers (i.e., polyesters) using
click step-growth polymerizations. This would provide a
strategic advantage over ine cient polycondensations that
necessitate harsh reaction conditions, which typically result in
the isomerization of double bonds, thus limiting the stereo-
chemical control within unsaturated polymers.

Notably, work in the late 1980s reported several base-
catalyzed thiol—yne polymerizations using thiophenols and
aromatic ynones, although their poor solubility generally
precluded in-depth characterization.”’~*° In 2010, Tang and
co-workers also reported an amine-catalyzed thiol—yne
polymerization of bisthiophenols and aromatic dipropiolates
to yield unsaturated step-growth polymers with moderate molar
mass (M, = 30 kDa) and high Z-content (up to 80%).° While
these studies had an exclusive focus on aromatic polymers, we
anticipated that the aliphatic polymers would have superior
processability, mechanical performance, and degradability, all of
which are important metrics to consider in the context of
sustainable polymers. A rhodium-catalyzed stereoselective
thiol—yne polymerization to a ord aromatic polymers was
reported in 2011;>* however, a full investigation of stereo-
chemistry—property e ects was not conducted. Instead, we
sought to employ organocatalysts for the same purpose and fully
exploit the stereocontrol of the reaction to modulate polymer
thermomechanical properties.

In 2016, we published a study on the synthesis of
stereocontrolled thiol—yne polyesters from aliphatic dipropio-
lates and commerecially available dithiols.* Polymers with high
molar mass (My, > 100 kDa) were synthesized at ambient
temperature in just 1 h using 1 mol % catalyst loading (NEt; or
DBU) which corroborated the click-like nature of the reaction.
Studying a system synthesized from propane-1,3-diyl dipropio-
late (Csep) and 1,6-hexanedithiol (Cgy) yielded polymers with
interesting mechanical properties, and initial studies into the
e ect of E/Z stereochemistry on mechanical properties were
further investigated using this composition. When various
catalyst/solvent combinations (chloroform and/or dimethyl-
formamide) were used, the stereochemistry was changed from
32 to 80% Z-content. Although all of the C44—Cgr polyesters
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could be broadly characterized as thermoplastic elastomers with
distinct yield points, there were stark stereochemical di erences
among their behavior (Figure 2).

a) o o)
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Figure 2. (a) Synthesis of thiol—yne materials from dialkyne and dithiol
precursors. (b) Exemplar stress vs strain data for polymers with high Z-
and high E-alkene content. Polymer data: high Z (80% Z), M,, = 148
kDa and By, = 5.6; high E (32% Z), M,, = 125 kDa and By, = 3.68.
Adapted with permission from ref 1. Copyright 2016 The Authors.
Published by Wiley under the Creative Commons Attribution 4.0
International (CC BY 4.0) License.

Polymers with Z-content =70% were semicrystalline and
extremely tough (1500% elongation at break and ultimate
tensile strength near 60 MPa for 80% Z polymers). On the other
hand, polymers with 32 and 53% Z-content were amorphous
and more extensible, but at the cost of decreased tensile strength
and Young's modulus (an order of magnitude lower). These
mechanical behaviors remained consistent even when the
polymer molecular weight and/or dispersity (By,) varied. The
stereochemistry—property relationship (E is weaker and
amorphous, Z is tougher and semicrystalline) was surprising
and at odds with polyisoprene data, where E-isomer polymers
are stronger and more crystalline. Infrequently, we have reached
15—90% Z content in related polymers, but we have not
observed significant di erences in the thermomechanical—
property relationships previously described for materials
containing 30—80% Z isomers.

https://doi.org/10.1021/acs.accounts.2c00293
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Figure 3. (a) Synthesis of thiol—yne copolymers from dialkyne and dithiol precursors. (b) Exemplar stress vs strain curves for the thiol—yne polymer
with 80% Z-alkene content composed of propane-1,3-dipropiloate (Cse,) and 1,6-hexanedithiol (Cgr). (¢) Exemplar stress vs strain curves for thiol—
yne polymer with 78% Z-alkene content composed of C,e and 90% Cg1/10% DTT. Data for three samples are shown to illustrate the reproducibility.
(d) Surface energy data for Caea—Cgr and Caea—(90% Cg/10% DTT). Polymer data: Cqepa—Cor (80% Z) M, = 148 kDaand By, =5.6; (78% Z) M, =
110 kDa and By, = 3.77. This figure was produced using data taken from ref 1.

The highly selective reaction trajectory of the nucleophilic
thiol—yne addition also enabled us to control other material
properties through judicious monomer design and end-group
modification. The surface properties of the materials can be
modified independently from the bulk properties by introducing
14-dithiothreitol (DTT) as a comonomer (Figure 3). Even at
loadings of as low as 10% of the thiol comonomer content, the
polar component of the surface energy was observed to be
significantly reduced, while the mechanical properties did not
change significantly. Attempts to modify the double bond by
either subsequent thiol addition or other chemical reactions
have largely led to rapid polymer degradation. Despite this,
cross-linking with 1 wt % dicumyl peroxide at 160 °C in the bulk
led to materials that displayed a reduced ultimate tensile
strength but greater elastic recovery. Typically, we use a slight
excess of dipropiolate monomer in these polymerizations to
control the molar mass of the final polymer through
stoichiometric imbalance (following the modified Carother
equation). We believe that this approach provides the most
stable end-group as there is a risk of disulfide formation or
further reaction of thiol end-groups. In turn, this presents the
opportunity to selectively functionalize the end-groups of these
high-molar-mass polymers through a targeted addition,
demonstrated with 2,2 2-trifluoroethanethiol (Figure 4).

Further attempts to create materials with additional functional
groups focused on the incorporation of an internal unactlvated
alkyne between the propiolate reactive groups.’>°® As
anticipated, this did not interfere with the polymerization
process but instead provided a handle that could be either
selectively functionalized or cross-linked through Ru-catalyzed
alkyne—azide cycloaddition chemistry. Finally, in order to create
a noncovalent network through hydrogen bonding in the
materials, a dipropiolate monomer that contained urethane
linkages was created and polymerized.>* While stereochemical
e ects on the mechanical performance were still clear, the
hydrogen bonding led to strong elastomers at high Z-contents
and the materials possessed thermally stimulated shape memory
behavior (recovery of their original shape after deformation).

Our attempts to directly functionalize the backbone alkenes of
various thiol—yne polyesters (e.g., Czea—Cgr) Using radical and/
or nucleophilic additions have been largely unsuccessful. We
typically observed a large decrease in the molecular weight of the
polymer, indicative of backbone degradation. Despite these
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Figure 4. °F NMR spectrum of the Cyea—Cor thiol—yne step-growth
polymer following end-capping with 2,2 2-trifluoroethanethiol (376
MHz, CDCl; + 0.01% v/v CF;COOH). Adapted with permission from
ref 1. Copyright 2016 The Authors. Published by Wiley under the
Creative Commons Attribution 4.0 International (CC BY 4.0) License.

observations, the thiol—yne polyesters were found to be highly
resistant to hydrolysis under basic conditions. Indeed,
unpublished data from our laboratory indicates that these
polymers have exceptional hydrolytic stability (<1% mass loss
after 1 year in strongly alkaline solution).

We became interested in increasing the hydrolytic degrad-
ability of the thiol—yne polyesters to further the materials from
both sustainable polymers and biomaterials angles. This led us to
further explore copolymer formulations that incorporated an
aliphatic ester which would be expected to increase the
hydrolytic degradability of the polymers (Figure 5).°* There
are numerous commercial dithiols yet most are simple aliphatic
and hydrocarbon-based. Thus we synthesized hydrolytically
labile dithiol by esterifying succinic acid with 3-mercaptopro-
panol. Due to the operational simplicity of the thiol—yne
polymerization, polymers of Cs;ea—Cgr composition were
systematically produced to include succinate units (0—100%)
by altering the stoichiometry of the two distinct dithiol
monomers. As anticipated, the degradation kinetics were
positively correlated to succinate content (70% mass loss after
10 days in strong alkaline solution). The in vitro degradation
proceeded via a surface erosion process to a ord linear
degradation profiles. This behavior was translated to in vivo
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Figure 5. (2) Synthesis of succinate-containing thiol—yne materials from dialkyne and dithiol precursors. (b) Demonstration of independent control
over degradability (weight loss vs time for samples under accelerated hydrolysis conditions) and mechanical properties (stress vs strain curves) for
polymers with di erent succinate monomer content and/or alkene stereochemistry. Polymer data: 79% Z (9% succinate), M,, = 111 kDa and By, =
3.74;59% Z (9% succinate), M,, = 117 kDa and By, = 3.42; 59% Z (9% succinate), M,, = 124 kDa and B\, = 2.36. Adapted with permission from ref 52.
Copyright 2021 The Authors. Published by Springer Nature under the Creative Commons Attribution 4.0 International (CC BY 4.0) License.
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Figure 6. (a) Structure of polyamide C;,a—Csr. (b) Images to show the physical appearance and moldability of C34a—Cgt (nylon 6 included for
comparison). (c) DSC thermograms of the first heating cycle for C3,4—Cgr, Nylon 6, and nylon 6,6 to demonstrate the amorphous nature of Caaa—
Cgr. (d) Bar chart to show how Young's modulus and the change for C;aa—Cgr at di erent E/Z ratios. Error bars represent 1 s.d. Polymer data for
Caaa—Cer1: 82% Z, M,, = 105 kDa and By, =3.35; 73% Z, M,, = 131 kDa and By, = 3.39; 46% Z, M,, = 112 kDa and B\, = 3.84; 35% Z, M,, = 113 kDa and
Py = 4.7. Adapted with permission from ref 2. Copyright 2021 The Authors. Published by Springer Nature under the Creative Commons Attribution
4.0 International (CC BY 4.0) License.

studies to reveal a fully resorbable biomaterial with minimal and high-T, (up to apprOX|mater 100 °C) polyamide
inflammatory and cytotoxicity response markers. Simultane- thermoplast|cs (Figure 6).> We initially screened the DBU-
ously, the stereochemistry of the polymers could be controlled catalyzed (1 mol %) reaction of an analogous three-carbon
by adjusting the reaction conditions. Hence, we could dipropiolamide (Csaa) With Cg in dimethyl sulfoxide (DMSO)
independently tune the degradability and mechanical properties toa ord 73% Z polyamides. The Z-selectivity could be increased
by combining compositional and stereochemical control (i.e., to 82% when using DMSO/methanol solvent mixtures.
one can produce two materials with similar mechanical strength However, obtaining high-E polyamides was more challenging
but di erent degradation rates or vice versa). This addressed a since E-isomers are favored with weaker bases in nonpolar
longstanding challenge in polymer biomaterials (and degradable solvents for the thiol—yne reaction. NEt; was found to be a poor
polymers, more generally speaking): the inability to decouple catalyst for the propiolamide-thiol addition, and DMSO, which
degradability from mechanical properties. Previously, this is a highly polar solvent, was found to be necessary to ensure
concept had been demonstrated only in hydrogels, which are good polymer solubility. However, by employing 1,4-diaza-
swollen and highly cross-linked polymer networks.”>*® The bicyclo[2.2.2]octane (DABCO) at higher loadings (10 mol %)
importance of this feature lies in the fact that biomaterials need and adding chloroform as a co-solvent, we could isolate high-
to be exquisitely tailored to the wide range of mechanical molar-mass polymers with 35% Z-selectivity. Interestingly, all of
requirements found in biological tissues, and the biomaterial the melt-pressed thiol—yne polyamides were amorphous
residence time in vivo needs to be equally harmonized. regardless of stereochemistry. This was unexpected considering
Pivoting from polyesters, we explored the nucleophilic thiol— the high degree of crystallinity that is typically observed in other
yne polymerization to synthesize high-molar-mass (>100 kDa) synthetic polyamides such as nylons. Nevertheless, there was still
2360 https://doi.org/10.1021/acs.accounts.2c00293
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a clear stereochemistry—property relationship. Generally, the
high-Z polymers had a greater T, (A = 14—15 °C) and Young's
modulus ( 20% higher), but at the cost of reduced ductility.

In this case, their amorphous nature was advantageous since it
imbued the polyamides with a high degree of processability as
compared to semicrystalline nylons that possess comparable
mechanical profiles. Above all, the most interesting feature was
their high-fidelity shape memory behavior and elasticity, which
we serendipitously discovered when physically manipulating the
polymer films into di erent shapes at various temperatures. Due
to their excellent processability and physical adaptability
coupled with their outstanding mechanical strength, we pursued
the polyamides as nonresorbable (nonbiodegradable) biomate-
rials and found excellent long-term stability and compatibility in
vivo.

3. THIOL—YNE HYDROGEL MATERIALS

In the early 2010s, the use of click chemistry to make network
polymers, including hydrogels, was expanding. At the time, the
nucleophilic thiol—ene reaction using various Michael acceptors
(including maleimide, vinyl sulfones, and acrylates) was already
established asamildand e cient method to synthesize hydrogel
materials.”” However, the analogous nucleophilic thiol—yne
reaction was yet to be investigated in this context. We envisioned
that the thiol—yne reaction would be excellently suited for
hydrogel synthesis as both functional groups were tolerant of
water and due to the high e ciency of uncatalyzed reactions in
bu ered (pH > 7) aqueous media® including our 2013
report.** In 2015, we demonstrated the application of
orthogonal thiol—yne Michael and inverse electron-demand
Diels—Alder additions in PBS (pH =7.4) toa ord dual-network
hydrogels with outstanding strength (compressive stresses of 14
to 15 MPa at 98% compression). Importantly, both reactions
were bioorthogonal, which allowed for the encapsulation of cells
within the hydrogel matrix when the synthesis was conducted in
cell culture media.

In order to simplify the design of robust hydrogels, we
thoroughly examined single network materials that were based
solely on nucleophilic thiol—yne cross-linking.>® A library of gels
were constructed from combinations of multi-armed (two-
armed vs three-armed vs four-armed) PEG-modified propiolates
and thiols which were synthesized using acid-catalyzed
esterification reactions from commercial reagents (Figure 7).
The reaction of oligomeric propiolates and thiols in PBS
a orded tough, flexible hydrogels as evidenced by no change to
their storage modulus, as determined by rheological measure-
ments, for up to 100% strain. However, the storage modulus was
able to be controlled over 3 orders of magnitude (0.18—7 MPa)
depending on the topology (three-arm vs four-arm) and the
molecular weight of the precursors (1 kDa vs 4 kDa), which we
hypothesize influences the topology and density of the network
formed. Notably, a hydrogel composed of a 2 kDa four-armed
propiolate and a 4 kDa two-armed thiol (PEG4,,2,5) displayed
the highest compressive strength at 2.4 MPa. This value is
particularly striking considering that the gels contained 10%
solids content or 90% water and featured only a single network.
We attribute this to the high e ciency and rapid nature of the
coupling reaction enabling the formation of a highly controlled
network with minimal loops or defects. A later study on
PEGA4,,2,5 thiol—yne hydrogels greatly advanced the function-
ality of the materials.

In another study, the degradation rate and swellabilitg/
PEG thiol—yne hydrogels were e ectively controlled.”

of the
While
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Figure 7. (a) Nucleophilic thiol-yne addition schematic. (b)
Schematic of the PEG hydrogel precursors with notation. (Gels were
formed from mixtures of alkyne and thiol precursors as indicated.) (c)
Stress vs strain data for the compression analysis of hydrogels. Adapted
with permission from ref 58. Copyright 2017 American Chemical
Society.

this was previously achieved by Truong et al. through replacing
the PEG with a thermally responsive pluronic linker,*® we chose
to additionally combine three- and/or four-armed PEG
precursor substrates to balance the swellability that results
from the hydrophilic contribution of the PEG backbone through
increasing the number of cross-linking sites in the network, as
demonstrated by Kamata and co-workers in other hydrogel
systems.>®? This a orded hydrogels which, after an initial
shrinkage, remained largely unswollen over at least 30 days,
which improved their mechanical resilience and allowed for
tunable degradation rates. By extending this concept to allow for
network functionalization in order to permit encapsulated cells
to remodel the network, we also examined the limited
introduction of two-arm dithiol precursors into a 3 + 3
network.%® Following this development, a two-arm matrix
metalloproteinase (MMP) degradable dithiol-functionalized
linker was incorporated into the network. This study was also
focused on the addition of CGRGDS proteins to increase the
cell interactions with the synthetic matrix and promote cell
viability, achieved through thiol—yne attachment from the
cysteine residue with an o -stoichiometry gel. This adjustment
provided an unexpected advantage by removing the initial
shrinkage phase, most likely a result of a slight loosening of the
network. As may be anticipated, the incorporation of peptide
fragments further influenced the swelling profiles because of
their hydrophilicity.

As an alternative method to increase hydrogel/cell
interactivity in 3D, as well as to increase the sustainable content
of the hydrogel materials, we created gels with interpenetrating
hybrid networks formed from both a covalent thiol—-yne PEG
network and a noncovalent natural polysaccharide additive/
network.®* Most notably, when the noncovalent network was
formed from Ca/alginate, the hydrogels were less sti  (lower
storage modulus) but had greater extensibility and ultimate
tensile strength than the PEG-only single-network materials
(Figure 8). Moreover, the ionic nature of the Ca/alginate
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network led to the observation of self-healing properties in the
networks.

a) PEG/Alginate or Chitosan c)
) .
Dual hybrid networks g‘t -""
©
3
o
=z
PEG only
> -—:_x
=
T ‘
o
<
=
7]
(72}
PEG + Alginate
b) 25 d
) ) =)
20 PEG/Alginate New
g PEG/Gelatin fracture
S5 site <
9
@
210 PEG+HA |
§ 7 V
= PEG-only Self- 4
s healed |
site -
0 PEG + Alginate
0 100 200 300 400
Strain (%)

Figure 8. (a) Schematic of an interpenetrating hydrogel prepared by
introducing a secondary loose network based on electrostatically cross-
linked natural polymers (i.e., alginate/calcium) and nucleophilic thiol—
yne addition. (b) Representative tensile stress vs strain curve for PEG/
natural polymer hydrogels. (c) Photographs of the self-healed PEG/
alginate hydrogel against a PEG-only control. (d) Photograph of a re-
healed PEG/alginate hydrogel undergoing tensile testing showing that
the fracture site is not at the healed site. Adapted with permission from
ref 64. Copyright 2018 The Authors. Published by Royal Society of
Chemistry under the Creative Commons Attribution 3.0 Unported
License (CC BY 3.0).

In a 2021 report, we adapted our method for the
stereocontrolled thiol—yne reaction®” to synthesize hydrogels
with tunable E/Z-alkene content to study cell mechano-
transduction (Figure 9).> Since the E/Z stereochemistry is
dependent upon solvent polarity, we opted to use NEt; as a base
catalyst but varied the solvent environment during network
synthesis. Hydrogels with nearly 100% Z-alkene stereochemistry
were obtained in PBS, and high-E organogels (10% Z) were
obtained from chloroform. Acetone, which is miscible with both
chloroform and water, was used as an intermediate-polarity
solvent to access organogels with mixed stereochemistry (23, 51,
and 82% Z-content). Importantly, the gel fraction values were
greater than 90% for all samples, which indicates a similar
fundamental gel structure among formulations. The mesh size of
the gels was also very consistent and ranged only from 4.5 nm
(10% E) to 6.7 nm (100% E).

The organogels were also easily transformed into hydrogels
via gradual solvent switching in PBS. This a orded robust
sca olds that exhibited minimal swellability, which was also
highly consistent among all formulations. Despite their similar
physical properties, the stereochemistry of the gel dictated its
mechanical properties. Most significantly, the hydrogels with
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Figure 9. (2) Synthesis of thiol—yne click-hydrogels with controllable
alkene stereochemistry by adjusting the reaction parameters. (b)
Sti ness of hydrogels defined as the storage modulus (G") at 0.1%
strain. (¢) Cell morphology of Y201 MSCs seeded on stereocontrolled
hydrogels, assessed using phalloidin and DAPI staining following 72 h
of culture. Adapted with permission from ref 3. Copyright 2021 The
Authors. Published by Wiley under the Creative Commons Attribution
4.0 International (CC BY 4.0) License.

high E-content (10% Z) were approximately 3 times sti er than
gels with high Z-content (up to 100% Z). This enabled them to
be studied as substrate sti ness reporters, in which the sti ness
of the hydrogel could be decoupled from the chemical and
physical aspects of the material, allowing us to study cell
mechanotransduction without influences from other external
factors.

4. THIOL—ENE POLYMERS FROM
STEREOCHEMICALLY DEFINED MONOMERS

Our stereoselective nucleophilic thiol—yne polymerizations
a orded unsaturated polymers with approximately 30—80% Z-
content,? yet full stereocontrol remained elusive. We
implemented a di erent strategy to obtain stereopure (100%
E or Z) unsaturated polymers by employing monomers with
predefined stereochemistry in conjunction with thiol—ene
Michael addition. Previous work on creating unsaturated
polymers from stereopure monomers tended to rely on using
ine cient, high-temperature é)olycondensations, which can
result in Z to E isomerization.®>®® In turn, this led to imperfect
control over polymer properties, such as crystallinity, and the
obfuscation of structure—property relationships. Milder, isomer-
ization-free polycondensations of maleic anhydride yielded only
low-molecular-weight polymers (M,, < 25 kDa).®’~® A chain-
growth ring-opening polymerization of maleic anhydride
a orded Z-isomer polyesters that were also thermally isomerized
to E-isomers, but again, typically the molecular weights of the
polymers that resulted were still limited to M,, < 30 kDa.”
We devised a one-step method to a ord stereopure alkene-
containing diacrylate monomers, which were suitable for a mild
thiol—ene click polymerization (Figure 10).”" We selected
acrylates as Michael acceptors, rather than the more active
maleimides,”*"* due to a 2018 study by Long and co-workers
that showed that high-molar-mass polyesters (up to 70 kDa M,,)
could be obtained from the nucleophilic thiol—ene step-growth
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Figure 10. (a) Synthesis of copolymers with stereochemically defined double bonds using the thiol—ene Michael addition of dithiols and diacrylate
monomers. (i) 2.1 equiv of 2-isocyanatoethyl acrylate, 0.2 mol % of dibutyl tin(1V) dilaurate, THF, 22 °C; (ii) 1 equiv of 1,6-hexanedithiol, 2 mol %
dimethylphenylphosphine (DMPP), DMF, 22 °C. (b) DSC thermograms of homopolymers for the first heating cycle (dashed lines = 10 K-min~! and
solid lines = 1 K-min™?). (c) Respresentative stress vs strain curves of homopolymers (n = 5). Inset data between 0 and 40% strain. (d) Dynamic
mechanical thermal analysis thermograms of storage modulus vs temperature performed in the tensile configuration. Polymer data: T,40, M,, = 103 kDa
and By, = 3.57; Sy0, M, = 139 kDa and By, = 4.51; C;g, M,, = 250 kDa and B, = 7.19. Adapted with permission from ref 71. Copyright 2020 American

Chemical Society.

polymerization of acrylates.”* The absolute control of alkene
stereochemistry (0—100% E-content) in the polymer backbone
was demonstrated by modulating the E/Z double-bond content
with the monomer feed. Undesirable isomerization was
mitigated, especially for the high-Z polymers (C,q), as a result
of the mild conditions under which the click polymerization was
conducted. High-molecular-weight (M,, = 103—250 kDa)
poly(ester-urethanes) were isolated after reacting for 2 h at
ambient temperature (Figure 10a). Dimethylphenylphoshine
(DMPP) was found to be a highly active polymerization catalyst,
as previously shown by Lowe and Bowman in small-molecule
studies,”® but we have also found DBU to have a similar level of
activity in related thiol—ene polymerizations.

Moreover, we designed monomers that featured internal
urethane moieties by reacting alcohol precursors with
commercially available 2-isocyanatoethyl acrylate (Figure
10a). We anticipated that the poly(ester-urethane)s would
display enhanced mechanical properties as compared to all
polyester variants (synthesized only from acrylates) due to
strong hydrogen-bonding interactions of the urethanes. This key
design feature would again be exploited in some of our later
studies. Both 100% E- and 100% Z-polymers (T1q9 and Cyqq) as
well as a saturated analogue (S100) were all semicrystalline
thermoplastics with good mechanical properties. The Epolymer
and saturated polymer displayed sharp melt transitions at 75 and
90 °C, respectively (Figure 10b). However, the Z-alkene
polymer possessed a complex melt profile centered around 50
°C, in addition to a decreased total enthalpy of melting (AH,,).
These thermal di erences were manifested in their mechanical
properties where the Z-polymer was softer, weaker, but more
extensible than either the saturated or E-polymer (Figure 10c,d).
The simple polymerization method allowed us to precisely make
polymers of mixed stereochemistry to access intermediate
properties between the two stereopure samples. In a later study,
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we employed the same E- and Z-alkene monomers to synthesize
stereopure telechelic oligomers with molar masses ranging from
4 to 10 kDa.”® Importantly, the oligomers possessed acrylate
end-groups as the stoichiometry of the acrylate monomer to
thiol was biased. The alkene-containing oligomers were then
orthogonally cross-linked into networks via acrylate photo-
polymerization. The backbone alkenes were unreactive under
these conditions, and equally, no photoisomerization was
observed. Thus, we were able to formulate 3D-printed soft
elastomers (Z-isomers) or sti plastics (E-isomers) which also
possessed degradation rates that di ered according to stereo-
chemistry.

We have also investigated click step-growth polymerizations
for monomers possessing geometric isomerism that is induced
by planar rigidity imparted by ring units. We employed a similar
strategy to build polyester diastereomers from diacrylate Z or E
cyclopropane monomers.”” Surprisingly, both Z- and E-
polymers were amorphous with low Ty's (Z = —47 °C; E =
=52 °C). In comparison, a polyester obtained from 1,4-
butanediol (i.e., without a rigid ring in the backbone) was
semicrystalline. Even though the isomeric cyclopropane
polymers were both amorphous, the incorporation of a small
number of cyclopropane units (via copolymerization) into a
semicrystalline polymer a orded rational control of the bulk
crystallinity, which had a knock-on e ect on the mechanical
properties, allowing for the manipulation of strength and
sti ness.

Building on the cyclopropane work, we turned our attention
to renewable cyclic building blocks. Rigid-ring bicyclic ethers
that are produced from the dehydrative cyclization of sugar
alcohols have been widely explored in polymer chemistry
because of their unique structures, which o er planar geometric
isomerism and inherent degradability.”®~° The most prevalent
cyclic unit is the glucose-derived isosorbide, with the

https://doi.org/10.1021/acs.accounts.2c00293
Acc. Chem. Res. 2022, 55, 2355—2369


https://pubs.acs.org/doi/10.1021/acs.accounts.2c00293?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.2c00293?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.2c00293?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.2c00293?fig=fig10&ref=pdf
pubs.acs.org/accounts?ref=pdf
https://doi.org/10.1021/acs.accounts.2c00293?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Accounts of Chemical Research

pubs.acs.org/accounts

accompanying diastereomers, isomannide and isoidide, being
less studied. Many isohexide-based polymers, with the exception
of multiblock architectures, are brittle (high-T,) plastics as a
consequence of the incorporation of the rigid ring in the polymer
backbone.”®™®" Some notable exceptions are low-T, (below
ambient temperature) thermoplastic elastomer polyethers®” or
polyesters®™~5° from Reineke and co-workers; however, the best
material properties (i.e., high strength and extensibility) were
observed for copolymers that also incorporated a complemen-
tary dilactone monomer.

Nevertheless, these works by Reineke and co-workers inspired
our attempts to build high-molecular-weight isohexide-contain-
ing polymers using the nucleophilic thiol—ene polymer-
ization.*®° Since each isohexide features fused tetrahydrofuranyl
rings with two hydroxyl substituents in endo or exo
conformations (isosorbide — endo/exo; isomannide — endo/
endo; and isoidide — exo/exo), the same monomer strategy used
to synthesize urethane-acrylate monomers from simple diols’*
was conveniently applied to all three isohexide diastereomers.
Thus, each monomer contained a rigid-bicyclic core (stereopure
isohexide) with flanking internal urethane groups and reactive
acrylate groups with which to build molar mass through
phosphine-catalyzed thiol—ene step-growth polymerization
(Figure 11). In each case, with a commercial dithiol, high-
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Figure 11. Synthesis of isohexide-containing polymers from isoidide
(exo/ex0), isomannide (endo/endo), and isosorbide (endo/exo) by
thiol—ene nucleophilic addition. Adapted with permission from ref 4.
Copyright 2022 American Chemical Society.

molecular-weight (typically M,, > 100 kDa) linear poly(ester-
urethanes) were readily obtained (Figure 11).*% It was
immediately clear that the stereochemistry of the isohexide
was dictating the thermomechanical properties and physical
behavior of the polymers. Molecular weight and/or dispersity
di erences were also ruled out as factors in producing the
dissimilar performance among the polymers. Moreover,
irrespective of stereochemistry, the isohexide polymers dis-
played outstanding mechanical performance which was beyond
that of many leading commercial materials.

Both ISPU and IMPU polymers formed amorphous materials
of high optical transparency that behaved as tough elastomers
with high tensile strength (ISPU = 75 MPa; IMPU = 63.5 MPa
and elongation at break (ISPU = 1466%; IMPU = 1806%).°
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These mechanical properties are beyond those of conventional
thermoplastic elastomers and even covalently cross-linked
rubbers. Furthermore, each elastomer featured a “J-shaped”
tensile curve with three discrete elastic regimes and a significant
strain-hardening phase in the third region. The stereochemistry
of the isohexide also impacted the elastic recovery of each
material. Across all three elastic regimes and regardless of the
deformation rate, IMPU recovered more slowly than ISPU.
Molecular dynamics simulations provided insight into these
di erences and revealed that this was driven by the evolution of
the hydrogen-bonding network.

Importantly, X-ray scattering data revealed that the strain
hardening was not due to strain-induced crystallization. Thus,
we posited that the materials were transiently cross-linking by a
dynamic hydrogen-bonding network, and this was confirmed by
mechanical testing at di erent strain rates. To further under-
stand the structural features that were responsible for the
behavior, two additional polymers were synthesized and
compared to ISPU to illustrate the importance of having both
the urethane moiety and the rigid isohexide unit in the polymer
backbone (Figure 12). When the isosorbide was replaced with
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Figure 12. (a) Structures of ISPU (urethane and isosorbide), ISNU
(isosorbide only), and SAT-PU (urethane only). (b) Stress vs strain
curves obtained by tensile testing of ISPU, ISNU, and SAT-PU films.
Polymer data: ISPU, M,, = 110 kDa and B,, = 11.08; ISNU, M,, = 136
kDa and By, = 6.71; SAT PU, M,, = 139 kDa and B, = 4.71. Adapted
with permission from ref 86. Copyright 2022 The Authors. Published
by Wiley under the Creative Commons Attribution 4.0 International
(CC BY 4.0) License.

1,4-butanediol, the resultant polymer (SAT-PU) was a semi-
crystalline plastic with good tensile strength, though it was still
noticeably weaker than ISPU. This finding was consistent with
our previous study.” Conversely, removal of the urethane
linkage a orded an isosorbide-based polyester (ISNU) that was
also semicrystalline yet much weaker (tensile strength of up to
10.8 MPa). Thus, the combination of the rigid sugar moiety with
strong-hydrogen-bonding urethane was critical to the formation
of extremely tough and elastic materials (i.e., pronounced strain-
hardening without crystallization).

In sharp contrast to the elastomeric nature of the isosorbide
and isomannide isomers, the isoidide (exo/exo) polymer (11PU)
displayed distinctly di erent behavior with a clear yield point,
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which is a hallmark of plastic deformation behavior (Figure 13a).
In fact, the sti ness (Young's modulus = 320 MPa) and ductility

Figure 13. (a) Stress vs strain curves obtained by tensile testing of [1PU
(isoidide polyurethane) and IMPU (isomannide polyurethane).
(Inset) Photographs of pressed films of 11PU and IMPU. (b) DSC
thermograms of the first heating and cooling cycle for 1IPU and IMPU
(solid line = heating scan and dashed line = cooling scan). Polymer
data: 1lIPU, M,, = 117 kDa and B,, = 8.12; IMPU, M,, = 95 kDa and B,
=9.69. Adapted with permission from ref 4. Copyright 2022 American
Chemical Society.

(elongation at break near 1000%) of 11IPU were comparable to
those of commodity thermoplastics such as high-density
polyethylene. However, 1IPU also possessed a high tensile
strength of 56 MPa, which is more similar to that of an
engineering plastic such as nylon. The thermal properties of
IIPU (Figure 13b) showed it to be semicrystalline (T, = 140
°C). A prevailing dogma in polymer design is that stereo-
chemistry can incrementally change properties (i.e., make a weak
plastic stronger, sti er, or more ductile) but cannot change
baseline behavior. However, here opposing mechanical behavior
(elastic vs plastic) was observed between isomeric polymers. To
shed light on this behavior, we again turned to molecular
dynamic simulations to model hydrogen-bonding interactions
under deformation. I1PU was found to possess about 50% more
total hydrogen bonds than IMPU. 1IPU chains also revealed a
preference to favor intermolecular hydrogen bonds. Together,
these observations may suggest a pathway by which 11PU
samples can crystallize. Thus, the opposing material behavior
was manifested by acute di erences in hydrogen bonding (intra-
vs interchain interactions), which was driven by the stereo-
chemistry of the isohexide.
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Since IMPU and IIPU were produced from isomeric
monomers, isoidide and isomannide were easily co-incorporated
into materials either as statistical copolymers or from blended
homopolymers despite their contrasting thermomechanical
properties. The consequence of this exceptional compatibility
was significant as it allowed for independent tuning, or
decoupling, of the degradation rate from mechanical properties
(Figure 14a,b). This simple strategy demonstrates a viable path
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Figure 14. (a) Stress vs strain tensile curves of annealed I11PU, IMPU,
and both a statistical copolymer (I1551Ms) and a physical blend (bl-
11501Ms0) at 50750 11/IM. (b) Normalized weight loss of 11PU, IMPU,
¢0-1150IMsg, and bl-11501Ms discs in 1 M NaOH(aq) over 45 days at 25
°C. Polymer data: 1IPU, M,, = 117 kDa and by, = 8.12; IMPU, M, = 95
kDa and By, = 9.69; co-ll5IMzo, M, = 79 kDa and By, = 7.81; bl-
11501Ms, My, = 85 kDa and By, = 4.82. Adapted with permission from
ref 4. Copyright 2022 American Chemical Society.

to materials with on-demand property tuning via stereochemical
manipulation. These results were also striking since the
degradation rates did not follow crystallinity trends. Despite
the blend and copolymer materials having the same composition
(50/50 isoidide/isomannide), the blended sample was fast-
degrading yet semicrystalline while the copolymer was relatively
slow-degrading yet amorphous. We observed evidence of phase
separation using atomic force microscopy (AFM), which was
backed up by molecular dynamics simulations, to reveal that the
blended sample was less homogeneous than the copolymer and
possessed larger domains of isoidide- and isomannide-rich
regions, likely contributing to di erences in their respective
degradation rates. Ine ect, the phase separation and larger [1PU
domains likely facilitated crystallization and contributed to the
plastic behavior of the blended sample. Despite their phase
separation and enhanced degradability, the blended samples
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were strong plastics (even for other ratios of 11PU and IMPU),
signaling potential application for mechanical recycling of mixed
polymer feeds.

5. SUMMARY AND OUTLOOK

Click step-growth polymerization methods are attractive and,
increasingly, practical alternatives to conventional polyconden-
sation reactions. In particular, the thiol—yne/—ene Michael
reaction is a straightforward technique for producing high-
molecular-weight step-growth polymers in an exceedingly
e cient manner. The reactions can be conducted at ambient
temperature, in open air, and using only catalytic amounts of
common amines or phosphines. Beyond the green reaction
metrics, the reactions provide access to polymeric structures of
diverse composition or functionality (including polyesters and
polyamides, among others) due to the accessibility of di erent
Michael acceptor monomers and commercial dithiols combined
with excellent functional group tolerance.

Click step-growth polymerizations can also be e ectively used
to create stereocontrolled polymer architectures, many of which
are unfeasible to attain when using conventional polycondensa-
tion methods. With simple reaction modifications, the thiol—yne
Michael polymerization produces materials with well-defined E/
Z-isomerism (ca. 30—80% Z-content) along the polymer
backbone. On the other hand, the thiol—ene Michael polymer-
ization can be used to produce stereopure (100% E or Z)
unsaturated polymers from monomers with predefined stereo-
chemistry. Many of the polymers (and hydrogels) that we
showcased in this Account exhibit outstanding mechanical
performance, from strong plastics to tough elastomers, which
can also be exquisitely tailored according to the stereochemistry
of the polymers. Due to the exceptional compatibility of the
isomeric monomers and polymers, there are opportunities to
create a large range of materials from a small monomer pool via
simple copolymerization or blending strategies.

Combining the use of renewable feedstocks with e cient
synthetic methods and green chemistry principles®’ is
imperative to achieving truly sustainable polymers with minimal
environmental impact. However, bringing together green
chemistry methodology and sustainable starting materials
without compromising performance is an enduring challenge
in polymer synthesis. Yet in this Account, we have demonstrated
that renewable diols can be e ciently transformed, often in one
synthetic step, into highly active monomers for thiol—yne/—ene
click polymerization. The resultant polymers that contain
degradable motifs displayed uncompromised mechanical
performance that makes them competitive with, or even superior
to, many existing commaodity plastics and elastomers.

Despite our contributions and other advances in the field, we
propose several innovation areas to unlock the full potential of
thiol—yne/—ene click polymerizations and click polymer-
izations more generally:

I. Increase the stereoselectivity of the thiol—yne reaction to
further tailor polymer performance.

I1. Replace chlorinated polymerization solvents with greener
alternative solvents or processes.

I11. Identify additional sustainable monomer feedstock to
replace non-sustainably derived components in the
polymers, including dithiols, urethanes, and acrylates.

IV. Improve the microstructural control of the polymer
backbone, such as sequence-specific stereoblocks, to
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reclaim advantages associated with chain-growth poly-
merization methods.

V. Design closed-loop chemically recyclable click polymers.
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