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/Abstract: PEG is the gold standard polymer for pharmaceuti-
cal applications, however it lacks degradability. Degradation
under physiologically relevant pH as present in endolyso-
somes, cancerous and inflammatory tissues is crucial for
many areas. The authors present anionic ring-opening co-
polymerization of ethylene oxide with 3,4-epoxy-1-butene
(EPB) and subsequent modification to introduce acid-de-
gradable vinyl ether groups as well as methacrylate (MA)
units, enabling radical cross-linking. Copolymers with differ-
ent molar ratios of EPB, molecular weights (M,) up to

N

10000 gmol™" and narrow dispersities (P < 1.05) were pre-
pared. Both the P(EG-co-isoEPB)MA copolymer and the hy-
drogels showed pH-dependent, rapid hydrolysis at pH 5-6
and long-term storage stability at neutral pH (pH 7.4). By de-
signing the degree of polymerization and content of degrad-
able vinyl ether groups, the release time of an entrapped
protein OVA-Alexa488 can be tailored from a few hours to
several days (hydrolysis half-life time t;, at pH5: 13h to
51 h).

/

Introduction

Poly(ethylene glycol) (PEG) is a biocompatible, water-soluble
polymer used for cosmetics, pharmaceutics and medical appli-
cations. Due to its low immunogenicity, antigenicity and tox-
icity, the bioconjugation of protein drugs with PEG (known as
“PEGylation”) is the established gold standard employed to
modify therapeutic molecules like peptides, proteins or apta-
mers.? Furthermore, PEG is used extensively as a hydrogel
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scaffold for the controlled release of biomolecules® or cells®
in regenerative medicine.”’ The PEG delivery vehicles take ad-
vantage of the versatility of the PEG chemistry that allows for a
tailored design of the required hydrogel properties. Although
mechanical® and biological properties”’ as well as hydrogel
porosity® can be optimized independently, adjusting the de-
gradability without altering the aforementioned properties re-
mains a challenge. In general, PEG hydrogels lack degradability
under physiological conditions within relevant time spans. Hy-
drogels derived from traditional diacrylated PEG (PEGDA) are
hydrolyzed slowly and unspecifically in vivo, which renders
them unsuitable for long-term storage as well as for implant-
able applications.”” Therefore, the use of nondegradable PEG
molecules larger than 30 kDa for medical applications is limited
because these cannot be excreted by the kidney due to the
kidney-threshold and may accumulate in the tissue."” Howev-
er, the use of hydrogels composed of high molecular weight
PEG chains would result in larger average pore size and greater
swelling ability of the gel, which is thought to be favorable for
the release of larger therapeutic molecules depending solely
on diffusion™ like antibodies. This approach can be advanta-
geous when considering a constant diffusive release. Alterna-
tively, acid-triggered controlled release combined with ad-
vanced storage stability is typical for hydrogels from shorter,
degradable PEG chains eliminating unspecific drug release de-
pending solely on diffusion. This may open a new range of ap-
plications for the use of PEG hydrogels for in vivo applications,
for example, degradable injectable hydrogels, micro- or nano-
sized delivery vehicles, wound-healing hydrogel patches, and
directed drug delivery for tumor treatment.

In this context, considerable efforts have been devoted to
synthesize intrinsically cleavable PEGs that respond to environ-
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mental stimuli'? Polymer cleavability in acidic environment
as found intracellularly inside the endolysosome,™ in inflamed
tissue,!" ™ tumor tissue," or vaginal tissue® can be achieved
by inserting acid-labile moieties."” Various innovative ap-
proaches for introduction of acid-degradable functional groups
into a polyether backbone were reported. These strategies in-
clude step-growth polymerization, oxidation, or copolymeriza-
tion with epichlorohydrin or lactide, or by introducing ace-
tals,"¥ ketals,"” hydrazones,”® cis-acetonitic acids,”"’ maleamic
acid derivatives,”” imines,”¥ B-thiopropionates,”” or esters.”
However, these strategies generate either polydisperse materi-
als or polymers with ill-defined end-groups.”® The availability
of nearly monodisperse, high molecular weight PEGs with
acid-labile vinyl ether degradation sites has the potential to
open up a vast range of applications using PEG hydrogels in
vivo. Here, we present well-defined PEG building blocks with
cross-linkable end groups that degrade at physiologically rele-
vant pH in practicable time scales, while preserving long-term
storage stability. Furthermore, we demonstrate that the size of
the nontoxic degradation products can be tailored by custom-
izing the number of degradable vinyl ether units per polymer
chain.

Results and Discussion
Synthesis

Recently, we established the synthesis of multi allyl ether-func-
tional PEG by anionic ring-opening copolymerization of ethyl-
ene oxide (EO) and 3,4-epoxy-1-butene (EPB).?” Copolymeriza-
tion of EPB and EO was performed in a DMSO/THF mixture at
room temperature by using sodium hydride as a base (see
Scheme 1).
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Scheme 1. Copolymerization of EO and EPB as well as post-polymerization isomerization
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We use triethylene glycol as a bifunctional initiator resulting
in well-defined P(EG-co-EPB) copolymers (B=1.03-1.05) with
adjustable EPB content (5-10 mol%) and molecular weight
(5000-10000 gmol™', see Table 1). Isomerization of the allyl
moieties with Wilkinson’s catalyst RhCI(PPh;); results in vinyl
ethers (isoEPB) that exhibit fast hydrolysis in slightly acidic con-
ditions, while being long-term stable under neutral condi-
tions.”” In the final step, methacrylate units are attached to
the degradable polymers using an enzyme-catalyzed, mild
esterification reaction. The latter simple modification enables
radical crosslinking of the PEG copolymer building block to de-
gradable hydrogels that are suitable for drug delivery and con-
trolled release.

Characterization

All synthesized copolymers were characterized by 'H NMR, size
exclusion chromatography (SEC) and mass spectrometry
(MALDI-ToF). Exemplarily, the data of P(EG,¢-co-EPB,;) and its
derivatives are discussed in the main text. Extensive analytical
data of the other polymers can be found in the Supporting In-
formation. Molecular weights were calculated from 'H NMR
spectra by comparing the signals of the ethylene oxide poly-
mer backbone with the signal of the hydroxyl units. The per-
centage of EPB incorporation was calculated by comparing the
integrals of the allyl NMR signals at 5.84 ppm and 5.74 ppm
(EPB) or the vinyl NMR signal at 4.78 ppm (isoEPB) with the
signal of the two hydroxyl end-groups at 4.6 ppm. Isomeriza-
tion with Wilkinson's catalyst resulted in the disappearance of
the EPB signals between 6.0 and 5.2 ppm and the appearance
of the vinyl ether signals at 4.8-4.5 ppm (see Figure S19, Sup-
porting Information). SEC underestimates the actual molecular
weights because of the different hydrodynamic volume of the
copolymer that is compared to the PEG standard used for SEC
calibration. All SEC traces showed monomodal mo-
lecular weight distributions, and molecular weights
did not change significantly upon post-polymeri-
zation functionalization. A typical '"H NMR spectrum
of P(EG-co-isoEPB)MA is given in Figure Ta. SEC
traces of P(EG,4-cO-EPB,;) copolymer and its deriva-
tives are presented in Figure 1b. MALDI-ToF was per-
formed to confirm that all polymers were initiated
from triethylene glycol and to confirm copolymeriza-

Table 1. Molecular characteristics of P(EG-co-EPB) copolymers and of post-polymerization modified copolymers.

Sample After isomerization After methacrylation After hydrolysis
Mn[a] mol % M”[c] D[d] Mn[a] mol % Mn[c] B[d] M”[a] mol % Mnm D[d] Mn[c] D) r1/2[EJ t, /z[e]
EPB™ EPBY! EPB™ atpH4 atpH5
P(EG;,,-co-EPB;) 5150 5 3730 1.03 5280 5 3720 1.03 5280 5 3700 1.03 880 175 45h 51h
P(EG,0,-co-EPB,) 9310 5 6950 1.03 9540 5 6730 1.04 9540 4 6690 1.03 830 185 36h 15h
P(EG;,5-co-EPB,) 5410 10 3620 1.03 5620 8 3580 1.05 5640 8 3600 1.05 670 155 23h 14 h
P(EG;¢s-cO-EPB; ;) 7970 9 6420 1.03 8280 8 6360 1.03 8280 7 6190 1.04 900 194 23h 13h

M, =expressed in [gmol']. [a] Determined by NMR [400 MHz, [DJDMSO].;

ance measurements.

[b] mol% EPB: content of EPB calculated from 'H NMR spectra; [c] determined
by SEC (DMF, PEG standards, Rl signal); [d] ©=M,,M,: dispersity of polymer samples (SEC); [e] t,,,= hydrolysis half-life time, determined by on-line absorb-
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Figure 1. Polymer analytics of representative copolymer P(EG,¢-co-EPB5). a) '"H NMR spectrum (400 MHz, [Dg]DMSO). b) SEC traces (DMF, PEG standards, Rl
signal) of synthesized copolymer and after subsequent post-polymerization reactions. c) Gradient of EPB units along the copolymer chain polymerized from
bifunctional initiator based on the determined reactivity ratios, blue: ethylene oxide, red: EPB. d) Sampling of ten individual copolymer chains obtained by
Monte Carlo simulation performed for the polymer composition P(EG,¢-co-EPB;;) initiated from triethylene glycol and is based on the determined reactivity

ratios.

tion of EPB and EO (Figures S5 and S11, Supporting Informa-
tion).

To comprehend the monomer sequence distribution during
anionic ring-opening copolymerization, on-line '"H NMR mea-
surements—a technique that has been proven extremely
useful to monitor polymerization reactions in situ®—has been
employed during copolymerization of EPB and EO. The reactivi-
ty ratios were determined by fitting the in situ data to the
ideal copolymerization model to be rgpz=0.35 and ryp=2.8
(Figure S33, Supporting Information).*”

The results were confirmed by classical aliquot taking at de-
termined points in time from the bulk polymerization reaction.
Based on these reactivity ratios the average microstructure
was depicted for a copolymer started by a bifunctional initiator
with the same composition as P(EG,-co-EPB;3), see Figure 1c.
Individual copolymer chains obtained by a Monte Carlo simula-
tion carried out for the composition of P(EG,¢-co-EPB;;), based
on the determined reactivity ratios and living polymerization
behavior, are displayed in Figure 1d. Incorporation of EPB moi-
eties results in a gradient microstructure with higher ratio of
EPB at the termini of the polymer chains and lower EPB con-
tent near the bifunctional initiator.

To investigate the biocompatibility of the polymer to cells,
in vitro cell studies with MG-63 and primary HUVEC cells were
conducted. A solution of 50-500 ugmL™" P(EGg,-c0o-iSOEPB)
was added to the cell culture and vitality staining with Calcein-
AM was performed after 24 h, 72 h and 7 days. For MG-63
cells, no difference compared to the untreated control cells
was detected upon incubation of 500 ugmL™" P(EGg,-co-
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isoEPB,) after 7 days of culture. For primary HUVEC cells, only
for the highest concentration of 500 ugmL~' tested, P(EG,-co-
isoEPB) showed diminished cell survival after 72 h of cell cul-
ture. For 100 pgmL~', no difference compared to the untreat-
ed control cells was observed.

Macromonomer degradation

The vinyl ether units within the P(EG-co-isoEPB)MA polymer
backbone are susceptible to hydrolysis upon acidification (see
Figure 2a, bottom). The macromonomers break down com-
pletely upon incubation with dilute HCl overnight. Subse-
quently, base was added to adjust the pH above 3, and degra-
dation fragments were analyzed by SEC (representative elution
trace is displayed in Figure 2a, top). Half-life degradation times
for hydrolysis were determined with '"H NMR, as described pre-
viously™ (Table 1). The EPB content was tailored to give degra-
dation products of 670-900 gmol~', which allow for renal ex-
cretion. The degradation behavior can be predicted by the
Monte Carlo simulation shown in Figure S26 (Supporting Infor-
mation). In the simulated degradation of P(EG,e-co-EPB,;) the
PEG-fragments show a very similar size distribution to that ob-
tained experimentally.

Hydrogel synthesis, degradation and protein release

To obtain a hydrogel, 10 wt% P(EG-co-isoEPB)MA solutions
were mixed with 2-hydroxy-4'-(2-hydroxyethoxy)-2-methylpro-
piophenone (photoinitiator in ethanolic solution (1:10)) and

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Hydrogel degradation and protein release a) SEC traces (DMF, PEG standards, Rl signal) of P(EG,4-co-EPB,3)MA before and after hydrolysis. Bottom:
Reaction scheme of hydrolysis of vinyl ether moieties in copolymer chain at acidic pH. b) Photographs of the degradation of OVA-Alexa488 loaded hydrogels
from P(EG,4s-co-isoEPB,;)MA incubated at different pH over 72 h at room temperature. c) (left) Scheme of experimental setup for on-line absorbance measure-
ments of OVA-Alexa488 release kinetics from hydrogel composed of P(EG,4-co-isoEPB,;)MA in cuvette at different pH values; (right) on-line absorbance mea-
surements of OVA-Alexa488 release kinetics from hydrogels prepared from copolymers with different molecular weight and different EPB content (pH 4 and

pH 5).

cross-linked for 15 min, by using a 365 nm UV lamp and a 96
well plate at pH 7.4. Employing this composition results in
transparent hydrogels with defined edges that hold the shape
of the mold well. Furthermore, the good mechanical stability
of the hydrogels allows for easy handling with tweezers. To
help monitoring the hydrogel degradation during macroscopic
degradation studies with the unaided eye, the gel was loaded
with the dye labelled model protein OVA-Alexa488. This results
in transparent yellowish gels (Figure 2b). Hydrogel disks from
copolymer P(EG,4g-co-isoEPB,;)MA were incubated in a phos-
phate-citrate buffer at pH4, 5 or 6 or phosphate buffer at
pH 7.4 as a control (compare Figure 2b). The plastic Petri
dishes containing the buffer solution and hydrogel were incu-
bated at room temperature. The control hydrogel at pH 7.4 re-
mained unchanged for periods exceeding 5 days, whereas the
hydrogel incubated at pH 4 disintegrated within 5 hours, the
hydrogel at pH 5 within 18 hours and the hydrogel at pH 6
within 72 hours. These results demonstrate that 10 wt% hydro-
gels comprising the synthesized P(EG,¢s-co-isoEPB,;)MA macro-
monomer degraded quickly under physiological conditions of
pH 5-6, as found in the endolysosome or inflamed tissue while
being stable when stored in neutral solutions for several
months (data not shown). It should be noted that the proton
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diffusion occurs on much shorter time scales than those of the
observed degradation and OVA-Alexa 488 release of the hydro-
gels. This proves that the polymer hydrolysis is location-inde-
pendent and takes place in the entire gel simultaneously (see
Figure S38, Supporting Information). This shows that hydrogels
can be perfused with small molecules for possible application
as a bioreactor when enzymatically active proteins are encap-
sulated in the hydrogel. Furthermore, the protein release from
a 10wt% P(EG-co-isoEPB)MA hydrogel was investigated by
using absorbance measurements at 496 nm in a disposable
PMMA cuvette. To ensure that the change in absorbance mea-
sured arose exclusively from the released protein and not from
the protein encapsulated in the hydrogel, a cuvette with an in-
cubation chamber for the hydrogel with spatial separation
from the absorbance beam path was designed (see Figure 2c,
left and Figure S34, Supporting Information). The acidified
buffer solution was stirred constantly with a magnetic stir bar,
while the absorbance was measured every 5 minutes until the
absorbance signal remained constant. Incubation of the hydro-
gel in more acidic buffer solution resulted in faster degradation
(see Figure 2¢), whereas incubation at neutral pH did not lead
to significant release over the same period of time. We normal-
ized the absorbance values of hydrogels prepared from differ-

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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ent macromonomers and degraded at different pH, since the
absorbance of OVA-Alexa488 differs with pH. Three trends can
be observed: 1) The lower the pH, the faster hydrogel degrada-
tion and consequently protein release take place. 2) In addi-
tion, with increasing content of degradable vinyl ether units in
the macromonomers, the degradation rate increases. 3) The
highest degradation rate was observed for the hydrogel com-
posed of the largest macromonomer with high EPB molar con-
tent. Alternatively, the lowest degradation rates are observed
for the smallest macromonomer with low EPB content under
otherwise similar conditions.

These findings can be rationalized by considering network
density, which determines protein diffusion. As shown in Fig-
ure 2¢, the protein release rate from the networks increases
once a few isoEPB units are cleaved. In case of slow release of
OVA-Alexa488, the absence of an initial burst release is ob-
served. When the protein-loaded hydrogels are incubated first
at neutral pH (pH 7.4), the protein release reaches a plateau
once the surface-adsorbed protein is released (see Figures S28
and S35, Supporting Information). Subsequent transfer of the
hydrogel into a slightly more acidic solution (pH 6) results in
continued protein release. Similar behavior is visible for the
network obtained from the smallest copolymer P(EG;;,-co-
isoEPBs) incubated at pH 5, for which the densely cross-linked
hydrogel in the beginning only allows surface-adsorbed OVA-
Alexa488 to be washed out. After a certain period of time, a
critical amount of isoEPB units is cleaved to open up larger
pores for OVA-Alexa488 to diffuse out of the hydrogel. This
trend can be observed both at pH 4 and at pH 5.

The hydrolysis half-life time (t;,,) at pH 4 ranges from 2.3 to
4.5 hours and at pH 5 from 13 to 51 hours, depending on the
copolymer employed (see Table 1). The P(EG,s-co-isoEPB,;)MA
macromonomer [t;, (pH5)=13h] is superior to previously
published PEG-acetal macromonomers that required much
longer time for degradation at physiological relevant pH
values [t;,, (pH 5)=48 h].2% Likewise, it outperforms ketal-PEG
macromonomers that degrade very quickly at acidic pH, but
are not stable in neutral solutions, impeding storage for pro-
longed periods.®"

The degradation behavior of a hydrogel consisting of the co-
polymer P(EG,s-co-isoEPB,;) is investigated by straightforward
incubation at different pH values as well as by on-line absorb-
ance release kinetics of entrapped OVA-Alexa488 (Figure 2b,c).
Timescales of the hydrogel degradation behavior obtained by
the two different methods are in good correlation, confirming
these results.

In general, significant protein release (OVA-Alexa488, 45 kDa)
from a nondegradable hydrogel of 10 wt% PEG with molecular
weights of approximately 6000 Da does not occur.®*? This to-
gether with the fact that we cannot see a significant protein
release of the hydrogel based on the largest macromonomer
at pH 7.4 (compare Figure S27), but a remarkable release at
pH 4, 5 and 6 evidences that the protein release from the hy-
drogels depends solely on acid stimuli and is not due to diffu-
sion.
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Conclusions

In summary, we have developed a new acid-degradable PEG
hydrogel for pH-controlled degradation and protein release.
Anionic ring-opening copolymerization of ethylene oxide and
3,4-epoxy-1-butene (EPB) allows for the precise adjustment of
molecular weights and determines the content of degradable
units within the polyether chains in the network. The reaction
yields well-defined P(EG-co-EPB) copolymers with molecular
weights from 5000 to 10000 gmol™' (dispersities ® below
1.05) and high or low EPB content. Mild enzymatic conditions
have been employed to obtain cross-linkable and degradable
P(EG-co-isoEPB) methacrylate macromonomers. The highly
water-soluble macromonomers readily degrade at physiologi-
cally relevant pH (pH 5-6) present in endolysosomes, inflam-
matory and cancerous tissue, while being stable for several
weeks in solution at neutral pH (pH 7.4). Hydrogels prepared
from the new macromonomers degrade macroscopically
within 5 hours (pH 4), 18 hours (pH 5) or 72 hours (pH 6). The
release of an encapsulated protein OVA-Alexa488 was moni-
tored using a custom-designed release setup for on-line ab-
sorbance measurements and lasted between 13 hours for the
hydrogel from the largest macromonomer with high EPB con-
tent to 51 hours for the hydrogel from the smallest macro-
monomer with low EPB content at pH 5. As expected, the hy-
drogels release the protein faster in more acidic buffer (pH 4,
2.3-4.5 hours) compared to less acidic conditions (pH 5, 13-
51 hours). In neutral pH, no significant protein release can be
detected.

The presented synthetic strategy paves the way for a new
type of PEG hydrogel that combines the outstanding proper-
ties of PEG as a hydrogel constituent (e.g., biocompatibility,
water-solubility and low immunogenicity) with degradation at
physiologically relevant pH. To the best of our knowledge,
long-term storage stability at pH 7.4 in combination with deg-
radation at pH 6 reflects a uniquely precise pH sensitivity. In
that respect, the concept also offers great potential for degrad-
able PEG hydrogel nanocarriers.>”

Experimental Section
Polymerization of P(EG-co-EPB)

The procedure is exemplarily described for the synthesis of copoly-
mer P(EG,q5-co-EPB,3). It was carried out similarly for all P(EG-co-
EPB) copolymers presented in this paper. Sodium hydride (7 mg,
0.31 mmol) was transferred into a dry Schlenk flask and a solution
of triethylene glycol (117 mg, 0.778 mmol) in benzene (6 mL) was
added. The solution was stirred under slightly reduced pressure at
60°C for 30 min keeping the stopcock closed. Moisture was re-
moved by azeotropic distillation of benzene and subsequent
drying at 60°C in high vacuum for 16 h. After cooling to RT, dry
THF (4 mL) was cryo-transferred into the Schlenk flask to dissolve
the initiator. EPB (1.44 mL, 17.9 mmol, stirred over CaH, for 30 min
and freshly distilled prior to use) and dry DMSO (7 mL) were inject-
ed into the Schlenk flask by using a syringe at —80°C. Ethylene
oxide (5mL, 0.11 mol) was cryo-transferred with a graduated
ampule, and the polymerization was proceeded at RT for 7 days
and was subsequently quenched with methanol (2 mL). After dialy-
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sis against methanol for 24 h (MWCO 1000 Da), the polymer was
dried in vacuo (yield: 80%). '"H NMR (400 MHz, [DJDMSO): 6 =5.72
(ddd, 15.6H, 3J,3=17.2 Hz, 3J,;=10.5 Hz, 3J,;=6.7 Hz, —CH=CH,),
5.26 (M, 32.4H, 3J,;s=17.2 Hz, 3J;3=2.1 Hz, *J,s=1.1 Hz, —-CH=HH),
4.76 (g, 0.92H, J=6.7 Hz, C=CH—CH; (E isomer)), 4.57 (bs, 2H, OH),
3.96-3.87 (m, 19.48H, CHO—CH=CH,, OCH,—C=CH—CH, and CH,0—
C=CH-CH,), 3.71-3.35 (m, 732H, CH,0), 1.52 ppm (d, 3.05H, J=
6.7 Hz, C=CH-CH, (E isomer))

Isomerization of P(EG-co-EPB) to P(EG-co-isoEPB)

The procedure is exemplarily described for the synthesis of copoly-
mer P(EG;¢-c0-isOEPB;;). The procedure was used accordingly for
all P(EG-co-isoEPB) copolymers presented in this paper. In a Schlenk
tube, P(EG;s-co-EPB;;) (800 mg, 0.10 mmol) was dissolved in DMSO
and subjected to two freeze-pump-thaw cycles. Under argon at-
mosphere, RhCI(PPh,); (25 mg, 0.0275 mmol) was added and the
solution was thoroughly degassed through two additional freeze-
pump-thaw cycles. The light orange solution was stirred at 80°C
for one day and was twice precipitated in acetone/diethyl ether
(1:1). The purified copolymer was obtained after drying in vacuum
(yield: 94 %). Isomerized copolymers were routinely stored in a re-
frigerator at 4°C. "H NMR (400 MHz, [DJDMSO): 6 =4.77 (q, 7.46H,
J=6.7 Hz, C=CH—CH; (E isomer)), 4.65 (q, 5.28H, J=6.7 Hz, C=CH—
CH; (E isomer)), 4.57 (bs, 1.48H, OH), 3.99-3.88 (m, 42.02H, OCH,—
C=CH-CH; and CH,0—C=CH—CH;), 3.71-3.35 (m, 655H, CH,0), 1.61
(d, 16.7H, J=6.7 Hz, C=CH—CH, (Z isomer)), 1.52 ppm (d, 23H, J=
6.7 Hz, C=CH—CH, (E isomer)).

Methacrylation of P(EG-co-isoEPB) to P(EG-co-isoEPB)MA

The procedure is exemplarily described for the synthesis of copoly-
mer P(EG,4-co-iSOEPB,3)MA. The procedure was used accordingly
for all P(EG-co-isoEPB)MA copolymers presented in this paper. In a
Schlenk tube, P(EG,¢-co-isoEPB;;) (400 mg, 0.05 mmol) was dis-
solved in toluene and CALB (30 mg) and vinyl methacrylate (60 L,
0.50 mmol) were added. After stirring for 24 hours at 40°C, the
mixture was filtered, concentrated in vacuum and precipitated
twice in diethyl ether. BHT was added as a stabilizer to prevent un-
wanted crosslinking and the polymer was dried in vacuum (yield
85%). '"H NMR (400 MHz, [Dg]DMSO): 6 =6.04 (s, 1.89H, H,C=CCH;—
C=0), 5.70 (s, 1.83H, H,C=CCH,—C=0)4.77 (q, 7.26H, J=6.7 Hz, (=
CH—CH, (E isomer)), 4.65 (q, 5.09H, J=6.7Hz, C=CH—CH, (E
isomer)), 3.99-3.88 (m, 40.75H, OCH,—~C=CH—CH; and CH,0-C=
CH—CH,), 3.71-3.35 (m, 655H, CH,0), 1.88 (s, 5.99H, H,C=CCH,—C=
0) 1.61 (d, 16.7H, J=6.7 Hz, C=CH—CH, (Z isomer)), 1.52 ppm (d,
23H, J=6.7Hz, C=CH-CH, (E isomer). "“CNMR (100.6 MHz,
[Dg]IDMSO): 6=152.40 (1C, OCH,~C=CH-CH; (Z isomer)) 150.62
(1C, OCH,—C=CH-CH, (E isomer)), 13581 (1C, CO—C=CH,CH,),
125.81 (1C, CO—C=CH,CH,), 106.35 (1C, C=CH—CH; (E isomer)),
96.13 (1C, C=CH—CH, (Z isomer)), 73.21-67.29 (48C, CH20), 63.77
(1C, CO—C=CH,CH,), 17.97 (CO—C=CH,CH,), 11.34 (1C, C=C—CH, (Z
isomer)) 9.95 ppm (1C, C=CH—CH; (E isomer)).

Additional experimental details (materials and methods and char-
acterization data) can be found in the Supporting Information.
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