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Self-amplified degradable polyacetals and degradable polyacetal/polycyclooctene co-polymers were pre-
pared via ring-opening metathesis polymerization (ROMP) of a newly-reported 3-bromopropyl-functio-
nalized dioxepin monomer. Despite the relatively low ring-strain energy (RSE) of the monomer (calculated
to be 4.34 kcal mol™) compared to other small cyclic olefins, homopolymerization produced 3-bromo-
propyl-functionalized polyacetals up to M, = 9.15 kg mol™. Acid catalyzed degradation experiments
monitored by nuclear magnetic resonance (NMR) spectroscopy revealed the degradation to be self-
amplifying in nature, since each instance of acetal hydrolysis released an equivalent of HBr. Co-polymer-
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ization of cis-cyclooctene and the 3-bromopropyl-functionalized dioxepin resulted in successful co-
polymerization. The co-polymers degraded into small polycyclooctene fragments in acidic media, which
was evidence the co-polymerization was successful, and the degradable acetal linkages were incorpor-
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Introduction

Degradability is an important property to consider when design-
ing polymers for biological applications’™ or for imparting recycl-
ability* or circularity’® into synthetic materials. Incorporation of
hydrolytically labile ester linkages into polymer backbones via
ring-opening polymerization (ROP) is the classic strategy to incor-
porate hydrolytically-sensitive functionality while leveraging the
inherent benefits of chain-growth chemistry.”> Recently, more
exotic degradable polymers have been prepared using olefin
metathesis  chemistry’®'*  including  polyoxazinanes,”
polyacetals,'®" poly(sulfonate esters),’® alternating polyacetals/
polyketals,** poly(ortho esters),”® poly(silyl ethers),** poly(enol
ethers),”>>° polyphosphonates,® polypyrophosphates,® poly
(disulfides),**** polycarbonates,** and polyphosphoramidates.®®
Of the mentioned examples, acetals are an elegant choice
of degradable moiety. Acetals are perhaps best known as an
effective protecting group for carbonyl-containing organic
compounds; they can be quantitatively deprotected (degraded)
under mildly acidic conditions and are robust to most other
conditions. Polyacetals exhibit moderate to fast degradation
kinetics compared to other degradable polymers prepared with
metathesis chemistry.”* When thinking about the fate of
degradable polymers, mild, acid-triggered degradation is

Chemistry Department, United States Naval Academy, Annapolis, Maryland 21402,
USA. E-mail: jham@usna.edu

4136 | Polym. Chem., 2025, 16, 4136-4143

ated in multiple places along the co-polymer backbone.

attractive because pH gradients are common in environmental
and biological systems.*®

The work reported herein began by designing a newly-
reported dioxepin monomer inspired by the 3-iodopropyl acetal
incorporated into a,w-dienes for acyclic diene metathesis
(ADMET) polymerization reported by the Zimmerman group.”!
Homopolymerization of the dioxepin via ring-opening meta-
thesis polymerization (ROMP) was studied, and the resulting
homopolymers were found to exhibit self-amplifying degradation
characteristics in acidic media. Statistical co-polymers syn-
thesized from the dioxepin and cis-cyclooctene revealed that the
dioxepin was incorporated into polyethylene precursors under
the right polymerization conditions, and this platform may prove
useful in incorporating degradability into polyolefins.

Results and discussion

Synthesis of a cyclic olefin containing a 3-bromopropyl acetal
group was carried out in one step (shown in Scheme 1) accord-
ing to a modified procedure from the literature.’” Briefly,
3-bromopropionaldehyde dimethyl acetal (1), cis-2-butene-1,4-
diol (2), and p-toluenesulfonic acid (acid catalyst, 3) were
heated at reflux in cyclohexane, and methanol was produced
as the condensate of the cyclization. The resulting dioxepin (4)
was isolated by column chromatography and then distilled
under reduced pressure prior to use, and the overall yield
obtained was 21.85%. Rigorously pure monomer was required

This journal is © The Royal Society of Chemistry 2025
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Scheme 1 One-step synthesis of 3-bromopropyl-functionalized dioxe-
pin 4.
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Scheme 2 Ring-opening metathesis polymerization (ROMP) equili-
brium of monomer 4 and polymer 5.

to avoid undesired chain transfer reactions with linear olefins
(chiefly, trace amounts of 2).

The aim was to polymerize 4 via ROMP chemistry with a
suitable ruthenium metathesis catalyst (Scheme 2). To better
predict and understand its ROMP behavior, the ring strain
energy (RSE) of 4 was calculated as the enthalpy change (AH)
for the ring-closing reaction depicted in Fig. 1A. The ring-
closing metathesis reaction is isodesmic in nature, having the
same number and type of bonds in the reactants and products.
The RSE is therefore equal to the change in enthalpy between
reactants and products (Fig. 1B), and the energy difference
between reactants and products is due solely to the ring strain
present in the cyclic form. Density functional theory (DFT) cal-
culations were used to model this enthalpy change at the
B3LYP/6-31G(d,p) level of theory. This method has been used
to calculate RSEs in good agreement with experimentally-deter-
mined RSEs for unsubstituted cyclic olefins,*® and has since
been used to calculate RSEs for substituted and fused-ring
cyclic olefins.*®*° In comparison to other small cyclic olefins
(Fig. 1C), the RSE of dioxepin 4 was substantially lower. The
low RSE is partially attributable to the Thorpe-Ingold*' (or
“gem-dimethyl”) effect which favors the ring-closed confor-
mation due to the steric repulsion of geminally-substituted
groups, as well as the incorporated oxygen heteroatoms which
impart flexibility into the small cycle, reducing the inherent
ring strain.

The homopolymerization behavior of 4 was studied with
respect to reaction time, catalyst type, catalyst loading, reaction
temperature, and monomer concentration. The results of these
experiments are detailed in Table 1. Given the low RSE of 4,
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Fig. 1 (A) Isodesmic ring-closing reaction; (B) ring strain energy (RSE)
calculation of dioxepin monomer 4 (calculated enthalpy values (in red)
are DFT-calculated values); (C) comparison of RSEs of 4 and other low-
strain cyclic olefins commonly polymerized via ROMP (RSE literature
values from ref. 38).

RSE
(kcal/mol)

Grubbs’ 3™ generation ruthenium catalyst (G3) was selected
for its fast initiation and propagation kinetics as well as high
activity at a range of temperatures.*>*® Initially, the ROMP
reaction of 4 was studied at ambient temperature. Two reac-
tions (entries A & B, Table 1) were studied for the effect of reac-
tion time with G3 as the catalyst. Entry A was allowed to
proceed for 24 hours, while entry B was allowed to proceed for
4 hours. Given the small difference in reaction conversion and
obtained M,, values between these two experiments, 4 hours
was deemed an acceptable time period for the polymerization
mixture to reach equilibrium. The remaining experiments
detailed in Table 1 were each allowed to react for 4 hours. A
lower activity catalyst, Grubbs’ 2" generation catalyst (G2),**
exhibited little homopolymerization activity indicated by the
low monomer conversion—no polymer product could be recov-
ered for GPC analysis (Table 1, entry C). Reducing the G3 cata-
lyst loading with respect to entry B (Table 1, entries D and E)
correlated with reduced monomer conversion, though slightly
higher molar mass was obtained for entry D. Elevated disper-
sity values throughout all studied reaction conditions
suggested substantial chain transfer reactions occurred, which
is commonly observed for ROMP of low RSE monomers.
Recently, it been has demonstrated that brief warm
initiation of low-strain cyclic olefins (typical 5-7 membered
rings) followed by propagation at low temperatures led to
increased monomer conversion and living-like polymerization
for some low RSE monomers (RSE values ~5-7 kcal mol™),
and predictable molar masses and low dispersities were
obtained.** The rationale for the low temperature effect is that
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Table 1 Experimental results of homopolymerization of 4

Entry [M]:[Cat]® Reaction temp. (°C) Monomer conversion (%)”’  Equilibrium monomer concentration (M)° M, (kg mol™)¢  p°

~.

A 100:1 20 28.6 4.90 5.070 2.24
B 100:1 20 31.0 4.73 4.373 1.75
c 100:1 20 3.46 6.62 —f —f

D 250:1 20 14.7 5.85 6.460 2.16
E 1000:1 20 10.6 6.13 2.254 1.79
F 100:1 40/0 61.2 2.66 6.785 1.72
G 100:1 40/-5 63.8 2.48 7.741 2.02
H 100:1 40/-10 65.3 2.38 6.344 1.79
I 100:1 40/-15 60.7 2.70 7.017 2.02
i 100:1 40/0 53.0 2.82 6.112 1.67
K" 100:1 40/0 21.8 5.36 3.518 1.45
L 200:1 40/0 51.1 4.18 7.807 1.82
M 250:1 40/0 50.3 3.41 6.544 1.75
N 500:1 40/0 28.5 4.90 9.150 1.52
0 750:1 40/0 20.6 5.45 5.553 1.91

“ Monomer to catalyst ratio (G3 used for all experiments, except for entry C in which G2 was used). > Monomer conversion to polymer was deter-
mined by integrated the internal olefin peak (~5.82 ppm in CDCl;) with respect to the monomer olefin peak (5.72 ppm in CDCly). ¢ Calculated
from % conversion determined by NMR, initial neat [4] = 6.86 M. ¢ Number average molar mass determined from gel-permeation chromato-
graphy (GPC) calibrated with narrow dispersity polystyrene standards. ¢ Dispersity (M,,/M, where M,, = weight average molar mass)./No polymer
recovered for GPC analysis. £ 50 pL dry tetrahydrofuran (THF) added to 0.5 mL neat 4. " 100 pL dry THF added to 0.5 mL neat 4. ‘Isolated yields
not reported due to the small scale of the reactions and the loss of product upon workup. / Reaction time for all experiments was 4 h, except

entry A (24 h).

when enthalpy of the polymerization (AH) is small and nega-
tive, lowering the temperature of the reaction reduces the influ-
ence of the —TAS term on AG according to the Gibbs Free
Energy equation, thereby amplifying the contribution of
slightly negative enthalpy on the total Gibbs Free Energy (AG)
of the reaction. In a typical ROMP reaction where the cyclic
olefin has a high RSE, the relief of ring strain is the primary
driving force for the forward polymerization reaction (where
AG<0).

Entries F-1 in Table 1 investigated the effect of initiating
the polymerization in warm conditions (40 °C) for 5 minutes,
then reducing the temperature for propagation. The rationale
for gently warming prior to cooling the reaction mixture for
the remaining duration of the reaction was that the elevated
temperature helped to solubilize the catalyst in the bulk
monomer and to promote efficient initiation. In past work,**
40 °C was chosen due to the boiling point of the monomer,
but it is also a temperature at or below which the catalyst will
reliably not degrade. Catalyst stability, catalyst solubility in the
neat monomer, and efficient initiation were each a consider-
ation in choosing 40 °C as an initiation temperature in these
experiments. In this monomer/catalyst system, an appreciable
enhancement in monomer conversion was observed for the
variable-temperature ROMP experiments, and slightly higher
molar masses were obtained. Dispersity values remained
between 1.72-2.02, indicating that chain transfer reactions
were still prevalent under these conditions. Notably, addition
of small amounts of solvent to the polymerization mixtures
(thereby lowering the monomer concentration, Table 1 entries
J and K) led to lower dispersities (1.45-1.67) but also lower
monomer conversions. Adjusting the monomer to catalyst
ratio when initiating the polymerization at 40 °C and allowing
propagation at 0 °C (Table 1, entries K-N) had the effect of
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reducing monomer conversion, though the conditions for
entry M achieved the highest molar mass polymer among the
conditions studied.

Though there is not a significant thermodynamic driving
force for the ROMP of 4, thermodynamic barriers were over-
come in this system by a combination of low temperature
propagation (discussed above), the use of a high activity cata-
lyst (G3), and maximizing monomer concentration (bulk
monomer conditions). G3 exhibits a very high propagation rate
constant (k,)** and in this system it appears that G3’s high
kinetic activity allowed for rapid formation of the polymer,
even without a large enthalpic driving force. High monomer
concentration also helped push the monomer/polymer equili-
brium toward polymer product according to Le Chatelier’s
principle that increasing reactant concentration shifts the
equilibrium towards products.

Having studied the homopolymerization behavior of 4,
attention was then turned to studying the ability of the 3-bro-
mopropyl acetal functional group embedded in every repeat
unit of 5 to undergo acid catalyzed, self-amplified degradation.
Scheme 3 shows the proposed mechanism of degradation.*!
Upon addition of a catalytic amount of acid (H'), the acetal
species is cleaved— first forming a hemiacetal intermediate,
then a f-halogenated aldehyde which undergoes an elimination
to form acrolein plus an equivalent of hydrobromic acid. This
degradation is self-amplifying in nature because each acetal
hydrolysis event generates an equivalent of acid (HBr) which
can go on to catalyze the degradation of another acetal unit.

The self-amplified degradation of 4 and 5 (a sample with
M, = 5500 g mol™") was monitored using "H NMR spectroscopy
under relatively mild acidic and buffered conditions (30 vol%
pD = 5.5), as well a strongly acidic conditions (30 vol% pD =
2.2); the results of these experiments are shown graphically in

This journal is © The Royal Society of Chemistry 2025
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Scheme 3 Proposed mechanism of 3-bromopropyl acetal hydrolysis leading to self-amplified degradation.?*

Fig. 2. The pD metric refers to the logarithmic scale measuring
the concentration of D" ions in D,0-solvated systems, and it is
analogous to the pH scale in H,O-solvated systems. The
varying pD solutions used in these studies were prepared by
adding p-toluenesulfonic acid to D,O (to generate acidic D,O
solutions), or a combination of sodium acetate and acetic acid
(to generate a pD = 5.5 buffer in D,O solution). For each degra-
dation experiment in mildly acidic conditions, a 50 mM solu-
tion of 4 or 5 was prepared in a 70/30 (v/v) DMSO-d6/D,0O
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Fig. 2 (A) 'H NMR-monitored degradation of 4 at 70 °C in 70/30 (v/v)
DMSO-d6/pD = 5.5 D,O (black circles) and 70/30 (v/v) DMSO-d6/pD =
5.5 acetate buffer in D,O (gray triangles) (B) *H NMR-monitored degra-
dation of 5 at 70 °C in 70/30 (v/v) DMSO-d6/pD = 5.5 D,0O (black circles)
and 70/30 (v/v) DMSO-d6/pD = 5.5 acetate buffer in D,O (gray triangles)
(C) near instantaneous degradation of 5 at 70 °C in 70/30 (v/v) DMSO-
d6/pD = 2.2 D,0O (aqua *H NMR spectrum is polymer 5 as-synthesized,
red overlay is the *H NMR spectrum after heating for 5 min at 70 °C,
acetal proton signal denoted with an asterisk).

This journal is © The Royal Society of Chemistry 2025

mixture, where the D,0 solution was either pD = 5.5 or a pD =
5.5 acetate buffer as a control. The temperature of each reac-
tion was maintained at 70 °C inside the NMR probe, and "H
NMR spectra were collected every 30 minutes to monitor the
degradation reaction progress. To quantify the extent of degra-
dation in the 30 vol% pD = 5.5 acidic media or the 30 vol% pD
= 5.5 buffer media, the acetal proton for each sample was inte-
grated against an internal standard to generate normalized
degradation curves (Fig. 2A and B). Specifically, for 4, the dis-
appearance of the acetal proton signal at ~4.7 ppm (indicated
with a triangle in Fig. S9 (30 vol% pD = 5.5) and Fig. S10 (30
vol% pD = 5.5 acetate buffer)) was compared to a trioxane
internal standard signal at ~5.0 ppm (indicated with a square
in Fig. S9 and S10). For 5, the disappearance of the acetal
proton signal at ~4.6 ppm (indicated with a triangle in
Fig. S11 (30 vol% pD = 5.5) and Fig. S12 (30 vol% pD = 5.5
acetate buffer)) was compared to a trioxane internal standard
signal at ~5.0 ppm (indicated with a square in Fig. S11 and
S12). A control study was conducted to confirm no degradation
of the trioxane internal standard occurred under these con-
ditions (Fig. S13).

For 4 in the 30 vol% pD = 5.5 solution (Fig. 24, black circles),
an induction period of about 1 hour was observed, after which
the acetal groups underwent accelerating degradation, consistent
with mechanism shown in Scheme 3. In the presence of a 30
vol% pD = 5.5 acetate buffer, the degradation was heavily cur-
tailed, and about 75% of the acetal units were still intact after
350 minutes (Fig. 2A, gray triangles). Similarly, 5 exhibited a
short induction time of about 30 minutes (Fig. 2B, black circles),
followed by precipitous self-amplified degradation consistent
with the mechanism presented in Scheme 3. Presence of the 30
vol% pD = 5.5 acetate buffer limited acetal degradation to about
10% over the course of 350 minutes (Fig. 2B, gray triangles). The
sigmoidal shape of the acid-amplified degradation curves of 4
and 5 is characteristic of self-amplified processes.**> Slight
differences in the degradation profiles of 4 and 5, despite being
prepared at the same concentrations, may be attributable to 5
having slightly poorer solubility in the 70/30 (v/v) DMSO-d6/D,0O
solvent mixture.

Rapid degradation (on the order of minutes) of 5 was poss-
ible in 30 vol% pD = 2.2 solution at 70 °C, as shown by the
complete disappearance of the acetal signal at ~4.85 ppm
(indicated with an asterisk in Fig. 2C), though hemiacetal
species (a degradation intermediate) were still present in the
mixture at ¢ = 5 min, evidenced by a small peak at ~4.55 ppm

Polym. Chem., 2025, 16, 4136-4143 | 4139
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in the dark red overlay in Fig. 2C. Treatment of 5 with concen-
trated HCI overnight led to complete degradation of the homo-
polymer into small molecules, characterized by the complete
disappearance of the polymer peak in GPC (Fig. S14).

Though the homopolymerization experiments of 4 did not
yield high molar mass polymer, the simple and self-amplifying
nature of its degradation when incorporated into macro-
molecules is an attractive feature to incorporate into co-poly-
mers. Recently, interest in randomly incorporating degradable
linkages into traditionally non-degradable polymers (like most
polymers prepared via ROMP chemistry) has surged.*® For
example, polycyclooctene (PCO), a polymer commonly pre-
pared via ROMP, is a precursor to linear high-density poly-
ethylene (HDPE). HDPE is produced on the order of millions
of tons per year, and much of what is produced ends up pollut-
ing the natural environment, where it may take centuries to
degrade.”” If small amounts of 4 can be incorporated into an
HDPE-like co-polymer, pH gradients in the environment would
allow for the co-polymer to break down into smaller segments
which are more easily broken down by microbial activity.*®

Scheme 4 shows how co-polymers (7) comprised of co-
monomers 4 and cis-cyclooctene (6) were prepared via ROMP.
Experimental results of co-polymerizations between 4 and 6 are

Br

0”0 [Ru]
(e

(6)

\g \A}CO'{\/\/\/\{/

Scheme 4 Synthesis of polyacetal/PCO co-polymers via ROMP.

Table 2 Results of co-polymerizations of 4 and 6
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summarized in Table 2. Initially, an experiment with a 50/50
co-monomer feed ratio was conducted at ambient temperature
(Table 2, entry A) to determine whether any 4 would be incor-
porated into a co-polymer with 6. '"H NMR analysis of the
resulting co-polymer revealed 23.47% of repeat units in the co-
polymer were the degradable unit, and a unimodal GPC trace
was observed for the as-synthesized co-polymer (Fig. 3, top left,
solid line). Upon treatment with HCI (to degrade the embedded
acetal linkages), a complex polymeric mixture was observed,
and a high molar mass species which was likely pure, unde-
graded PCO was observed. It is possible the high molar mass
species observed in the cleaved GPC traces of entries A and B
in Table 2 stem from the acidic cleavage environment which
may lead to cross-linking between PCO segments. A proposed
mechanism for the crosslinking in acidic media is presented in
Fig. S15. Slightly reducing the dioxepin feed ratio (Table 2,
entry B) saw an increase in the as-synthesized molar mass, a
decrease in the percent incorporation of acetal groups, but a
similar post-degradation GPC trace with high molar mass
species still present after acid treatment (Fig. 3, top right).

By initiating the co-polymerization at 40 °C and allowing
propagation at 0 °C, similar percentages of acetal groups were
incorporated into the co-polymers, and larger molar masses
were obtained (Table 2, entries C and D). The difference
between entries C and D in Table 2 was the catalyst loading.
Acid degradation of these samples typically resulted in signifi-
cant reduction of molar mass, indicating that the degradable
acetal groups were more uniformly distributed throughout the
co-polymers (Fig. 3, bottom). The differences in degradability
between the co-polymers prepared under isothermal con-
ditions versus variable temperature initiation/propagation may
be attributed to more frequent cross-metathesis at higher
temperatures, which seemingly resulted in less random or less
uniform incorporation of the dioxepin repeat units in the co-
polymer. No specific claim about the co-polymer microstruc-
ture can be made from this data alone (i.e. whether the co-
monomer incorporation is blocky, random, alternating, etc.),
other than co-monomers 4 and 6 appeared to co-polymerize
effectively (NMR spectra of the isolated co-polymer samples
are presented in Appendix 1 of the SI), and co-monomer 4
appeared to be incorporated into the growing chain repeatedly

Co-monomer

% 4 incorporation

Entry feed ratio (4:6) Reaction temp (°C) [M]: [cat]*? in co-polymer* M, (kg/mol)? b

A 50:50 25 500 23.47 10.30 2.12
Entry A, degraded 10.55 3.04
B 40:60 25 500 12.47 21.34 1.71
Entry B, degraded 8.31 5.17
C 50:50 40/0 500 17.36 18.09 1.99
Entry C, degraded 3.20 2.79
D 50:50 40/0 700 10.54 33.65 2.11
Entry D, degraded 6.12 4.76

“Total monomer : catalyst ratio.

b Number average molar mass determined from gel-permeation chromatography (GPC) calibrated with narrow

dispersity polystyrene standards. ¢ Determined by 1ntegrat1ng the internal allylic proton signal of polycyclooctene (~2.0 ppm) with respect to the
internal allylic proton signal of polydioxepin (~4.2 ppm). ¢ All polymerizations were catalyzed with G2, neat.
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Fig. 3 GPC traces of as-synthesized polycyclooctene-co-poly(dioxepin) co-polymers (7, solid lines) and after acid treatment (dotted lines). Letter

labels correspond to entries in Table 2.

between segments of PCO, supported by the fact the acid-pro-
moted degradation resulted in a reduction in molar mass for
most samples, leaving only the PCO segments behind.

While the homopolymerization of 4 is thermodynamically
challenging, its co-polymerization with a moderately strained
monomer (6) was feasible due to the enthalpic driving force
contributed by 6’s ring opening. This more favorable enthalpy
from 6 appeared to effectively “pull” the polymerization of 4
along, making the overall co-polymerization thermo-
dynamically viable. Even with a lower activity catalyst (G2), the
combined thermodynamic advantage from 6’s incorporation,
alongside the apparent kinetic efficiency of the catalyst in
forming cross-propagating units, enabled the successful for-
mation of the co-polymer. Once repeat units of 4 were incor-
porated in the co-polymer, they were kinetically trapped within
the chain, further preventing depolymerization. G2 was
selected as the catalyst for the co-polymerizations reported
here because a reduced propagation rate for both monomers
should, in principle, reduce the relative difference in their
reaction rates, allowing the less reactive monomer (4) a greater
opportunity to be incorporated into the growing chain along-

This journal is © The Royal Society of Chemistry 2025

side 6. Similarly successful co-polymerization results between
dioxepins and cyclooctadiene have been reported elsewhere."®

Conclusion

Reported here was the one-step synthesis of a novel dioxepin
monomer (4) amenable to homopolymerization and co-
polymerization with cis-cyclooctene via ROMP. The RSE of 4
was calculated using DFT and found to be 4.34 kcal mol™",
and homopolymer 5 was prepared with M, up to 9.15 kg
mol ™. The polyacetal homopolymer exhibited a self-amplified
degradation profile in acidic media due to the liberation of
one equivalent of HBr with each acetal hydrolysis event. Co-
polymers comprised of dioxepin monomer 4 and cis-cyclooc-
tene (6) exhibited distribution of the acetal groups along the
co-polymer backbone, so acid treatment resulted in small PCO
fragments. Incorporation of 4 in small amounts may be a
promising approach to imparting self-degradability into poly-
olefins while maintaining the desirable physical properties of
the polyolefin material.
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