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Abstract: Vinyl polymer prepared from 2-methylene-4H-benzo[d][1,3]dioxin-4-one (MBDO), a

cyclic ketene acetal ester, is a chemically recyclable polymer that is hydrolyzed to salicylic acid
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(SA) and acetic acid (AA). Despite this potential, the polymer, poly-MBDO required a strong acid
or base in organic solvent for the hydrolysis. In this study, we report the quantitative conversion
of poly-MBDO to phenol by treatment in high-temperature water. Hydrolysis of poly-MBDO
afforded SA, which underwent rapid decarboxylation to phenol. For example, poly-MBDO
quantitatively afforded phenol upon heating in water at 300 °C for 5 min and freeze-drying.
Although the hydrolysis of the main chain was incomplete, the products were volatile and removed
by drying the reaction mixture, leaving the residue of pure phenol. Since SA is industrially
synthesized from phenol and CO», the synthesis of poly-MBDO from phenol is in principle
possible. The quantitative conversion of poly-MBDO to phenol can also be considered as

upcycling, since phenol is a raw material for various fine chemicals.

Introduction

Marine pollution caused by plastic waste and the threat of future depletion of fossil resources
have forced fundamental changes in the polymer materials that humans have developed over the
past 100 years. For example, carbon resource circulation based on chemical recycling of polymeric
materials is recognized as the most important issue to ensure sustainability.!> Chemical recycling
is a resource circulation method that consists of polymer degradation into monomers and
repolymerization. Since the recovery of high-purity monomers provides high-quality recycled
polymers, chemical recycling is recognized as an ideal resource circulation scheme for polymer
materials. Numerous efforts have been made to explore polymer structures suitable for chemical
recycling and to establish methodologies for recovering monomers from polymers.>®

Depolymerization is a reverse reaction of chain polymerization, in which monomers are
continuously eliminated from the polymer chain ends. Because the equilibrium control leads to

monomer formation, attention to depolymerization has drastically increased in the past two
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decades. Ring-opening polymerization of lactones, cyclic carbonates,!! and cyclic acetals,
which uses reversible bond exchange as the elementary reaction, has a high affinity for chemical
recycling. In contrast, the depolymerization of vinyl polymers remains challenging, even though
addition polymerization is a reversible process.!* This is due to the harsh depolymerization
conditions owing to the high ceiling temperature of vinyl monomers. Furthermore,
depolymerization reactions often compete with side reactions, such as termination and chain-
transfer reactions. The exception is polymethacrylates, in which depolymerization affords the
corresponding monomer in an almost quantitative yield.!*! In other words, depolymerization did
not provide sufficient results for other common vinyl monomers.

Main-chain scission (MCS) is a reverse reaction of step-growth polymerization in which
polymer chains are sequentially converted into shorter fragments. If selective and quantitative
MCS of vinyl polymers is possible, the molecules corresponding to the monomer components
should be recovered. Recently, we investigated this concept using the vinyl polymer 2-methylene-
4H-benzo[d][1,3]dioxin-4-one (MBDO, Scheme 1A).!%!” MBDO is a cyclic ketene acetal ester
derived from acetyl salicylic acid (ASA). Because the hydrolysis of MBDO affords ASA, it is also
referred to as ‘dehydroaspirin.’!® Radical polymerization of MBDO resulted in the corresponding
vinyl polymer, poly-MBDO.!®!” Remarkably, acid and base hydrolysis of poly-MBDO yielded
acetic acid (AA) and salicylic acid (SA), suggesting pendant modification and subsequent MCS.
This reaction is understandable by the combined hydrolysis of ester, acetal, and 1,3-dicarbonyl
skeletons, although the reaction order is unclear. Nevertheless, the overall reaction implies

resource circulation, since AA and SA are the starting materials of MBDO.
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Scheme 1. A: Previous work on recyclable vinyl polymer. B: This work.

In practice, the use of recycled AA is probably not valuable because it can be synthesized by
fermentation. Rather, the importance of this circulatory system lies in the reuse of SA. The
formation of polymerizable double bonds is the most important step in the synthesis of vinyl
monomers using sustainable resources. For example, (meth)acryl monomers derived from
naturally occurring alcohols are well-known bio-based monomers;'>** however, their synthesis
requires acrylic acid derivatives, and the production of bio-based acrylic monomers is still in the
research stage.’! In contrast,, MBDO is a vinyl monomer derived from SA and AA. The
polymerizable double bond is derived as an enol ester, corresponding to AA. Thus, the most

significant achievement of our previous report'® was the discovery that vinyl monomers can be
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derived from AA and hydroxycarboxylic acids such as SA. After our first report,'® a similar
molecular design was proposed for other hydroxycarboxylic acids.?? In these studies, organic
solvents and strong reagents, such as sodium hydroxide, were used to recover hydroxycarboxylic
acids from vinyl polymers. We envisioned that these vinyl polymers would become truly
sustainable if the hydrolysis process for recovering hydroxycarboxylic acid was more
environmentally friendly.

High-temperature water has attracted interest from the viewpoint of green chemistry.?* High-
temperature water, that is, water at 100-374 °C and 0.1-22.1 MPa, exhibits a lower dielectric
constant and weaker hydrogen bonding.>*2° Because of these properties, high-temperature water
dissolves organic solvents much better than room-temperature water and functions as an excellent
medium for organic reactions, including polymer synthesis?’ and degradation.?® For example,
Townsend et al. reported the hydrolysis of ether and ester bonds using high-temperature water,?’
while the hydrolysis of poly(ethylene terephthalate) (PET) was investigated for chemical
recycling.>*3! As mentioned above, the degradation of poly-MBDO to AA and SA was proposed
to occur via the sequential hydrolysis of acetals, esters, and 1,3-dicarbonyl skeletons. Therefore,
the hydrolysis of poly-MBDO with high-temperature water is expected to occur even without
organic solvents, acids, or bases, to recover raw materials (Scheme 1B). In this study, we
investigated the hydrolysis of poly-MBDO in high-temperature water and discussed the reaction

mechanism.
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Materials and Methods

Materials:  Poly-MBDO (M, = 11200, D = 1.35) was prepared by radical polymerization,
according to our previous report.'®!” Pure water was prepared using Eliz Essential 3 (Merck). SA,
AA, and phenol were purchased from Tokyo Chemical Industry Co Ltd.. Ltd.

Instruments: 'H NMR spectra were recorded in DMSO-ds using an AVANCE NEO spectrometer
(Bruker). The chemical shifts in the 'H NMR spectra were referenced to the solvent signal.
Number-averaged molar mass (M,) and the degree of molar mass dispersity (D) were determined
by size-exclusion chromatography (SEC) on an EXTREMA chromatograph (JASCO) equipped
with two SEC columns [PL-gel, Mixed C (300 mm _7.5 mm), Polymer Laboratories], using N, N-
dimethylformamide (DMF, Wako Pure Chemical Industries, for HPLC grade) at 40 °C as an eluent
(flow rate: 0.8 mL-min"!), and detected with UV (UV-4070, JASCO) and RI (RI-4030, JASCO)
detectors. Standard polystyrene (PS) samples (TSK-gel oligomer kit, Tosoh, M,: 1.03 x 10°, 3.89
x 10°%, 1.82 x 10°, 3.68 x 10%, 1.36 x 10%, 5.32 x 10°, 3.03 x 10%, 8.73 x 10? g'mol) were used for
calibration. The degradation products were detected by high performance liquid chromatography
(HPLC) on an EXTREMA chromatograph (JASCO) equipped with LC columns [InertSustain
Phenylhexyl (150 mm_2.1 mm), GL Science] at 40 °C, using pure water (90 vol%) and acetonitrile
(Yoneyama Yakuhin Kogyo Co., Ltd. for LC grade, 10 vol%) mixed with 0.01 wt% trifluoroacetic
acid (TFA, Kanto Chemical Co., Inc. for HPLC grade) as the eluent (flow rate: 0.2 mL-min'). The
chemicals were detected using a UV detector (UV-4070, JASCO) at 210 and 254 nm.
Hydrolysis:  Typical procedure. Poly-MBDO (0.100 g, 0.620 mmol) and pure water (2.92 g,
162 mmol) were added to a 6 cm® 316-grade stainless-steel tube reactor, which was subsequently
immersed in at 150—300 °C sand bath. After 5-360 min, the reactor was removed from the sand

bath and rapidly cooled in a water bath. The reaction mixture was diluted to 50 mL in a volumetric
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flask using acetonitrile and analyzed by HPLC, as described below. For some entries, the reaction
mixture was dried in vacuo and the '"H NMR spectrum and SEC of the residues were measured.

Quantification of generated SA, AA, and phenol: The generated SA, AA, and phenol were
quantified using calibration curves for UV absorption at 210 nm observed by HPLC. A series of
acetonitrile solutions of SA, and AA in concentrations of 20, 10, 5.0, 2.5, 1.3, and 0.63 mM was
analyzed by HPLC. The peaks of SA, AA, and phenol were observed around 15.9, 12.4, and 3.8
min, respectively, and the areas of each peak were plotted with the concentrations to draw
calibration lines (Figure S1). The concentrations of SA, SS, and phenols generated during poly-

MBDO hydrolysis were determined from the calibration lines.

Results

Poly-MBDO hydrolysis was conducted in a batch-type stainless reaction tube. The reaction tube
was immersed in a sand bath at 200 °C for predetermined reaction periods and then rapidly
immersed in a water bath. Figure 1A shows the changes in SEC curves during the reaction. The
broad polymer peak observed at 23700 g'mol ! before the reaction gradually shifted to a lower
molar mass region. After 15 min, the reaction mixture contained a white powder, probably
unreacted Poly-MBDO, whereas that after 30 min did not contain the white powder. Instead, brown
and black solids were observed after 30 and 60 min, respectively. Nevertheless, a polymer peak
was observed in the SEC curve after 60 min. To detect the products, the reaction mixture was
analyzed using '"H NMR spectroscopy (Figure 1B). Before the reaction started, a signal e around
2.7 ppm assigned to the methylene group in the polymer backbone, was clearly observed. The
intensity of signal e decreased after 15 min, whereas a set of sharp aromatic signals, p, q, 1, and s,

assigned to SA appeared. However, a new set of aromatic signals, that is, signals x and y around
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6.7 ppm and z around 7.1 ppm, were observed after 30 min and became stronger after 60 min.
These signals were assigned to phenol, suggesting the decarboxylation of SA. Figure 1C shows
the HPLC profiles of each reaction product. The peak of SA at 15.9 min increased until 30 min,
suggesting the hydrolysis of Poly-MBDO, whereas it decreased after 60 min. Instead, the phenol
at 12.4 min was observed to be stronger than that of SA. Note that the phenol peak was observed

at 15 min, implying decarboxylation from the early stage of the reaction.
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Figure 1. Analysis of the hydrolysis products at 200 °C by SEC (A, DMF, 40 °C, polystyrene

standards), "TH NMR spectroscopy (400 MHz, DMSO-ds, 298 K), and HPLC (C).

The yields of SA and phenol were estimated from the areas of each UV peak using the calibration
lines prepared from SA and phenol solutions at various concentrations (Figure 2C). The SA yield
was 39% after 60 min, whereas that of phenol was 13%. Therefore, 52% of Poly-MBDO was

converted to these compounds, and hydrolysis was incomplete. This observation was in agreement
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with the SEC results. Because no distinct peaks, except those of AA, SA, and phenol, were
observed in the "TH NMR spectrum (Figure 1B) and SEC curve (Figure 1C), the remaining 41%
was anticipated to be insoluble in acetonitrile, a solvent for extraction, or volatile to be removed

by drying. The generation of AA by the hydrolysis of the backbone is discussed later.
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Figure 2. Yield of SA (blue circles) and phenol (red squares) after the hydrolysis at 150 (A), 175
(B), 200 (C), 250 (D), and 300 °C (E). A photograph of products after the hydrolysis for 5 min at

300 °C.

To suppress decarboxylation, hydrolysis was conducted at lower temperatures (150 °C and
175 °C). However, the yield of SA remained at approximately 5% for the treatment at 150 °C,

even after 360 min, suggesting low reaction efficiency (Figure 2A). The reaction at 175 °C for
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360 min afforded SA and phenol in 13% and 67% yields, respectively (Figure 2B). Therefore,
selective synthesis of SA while avoiding decarboxylation is difficult. Therefore, hydrolysis at
higher temperatures was examined to promote the decarboxylation and selective synthesis of
phenols. As expected, the reaction at 250 °C for 15 min selectively afforded phenol in a 78—-85%
yield. Moreover, 5 min was sufficient at 300 °C to obtain phenol in a 84-97% yield. After
removing the volatile components from the reaction mixture by drying, phenol was obtained as
orange needle-like crystals (Figure 2E).

Although phenol was recovered in almost quantitative yield, the yield of AA estimated from
HPLC was only 29%. To hydrolyze the main chain to AA, the reaction must undergo an
intermediate with a 1,3-dicarbonyl skeleton. A possible reason for the incomplete AA generation
is the insufficient hydrolysis of this intermediate to afford precursors such as acetoacetic acid.
Furthermore, it has been reported that polyketones containing 1,3-dicarbonyl skeletons are
unstable and decompose through various routes.>’ In our previous reports using sodium
hydroxide!” or hydrochloric acid!'® for hydrolysis, AA was selectively obtained because the 1,3-
dicarbonyl skeleton was rapidly hydrolyzed. However, if this hydrolysis is slow, side reactions
may occur via the polyketones. In fact, in the HPLC profile shown in Fig. 1C, multiple
unassignable broad peaks were observed at approximately 10 min. Thus, the MCS did not occur
quantitatively, as expected. However, since the only product after drying was phenol, these

unexpected products were volatile and were removed from the system along with water and AA.

Discussion
Focusing on the degradation of pendant groups, that is the hydrolysis of ester and acetal

bonds, the product was SA. Because decarboxylation was observed, the total yield of the generated
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SA over the reaction should be estimated as the sum of SA and phenol yields. Since hydrolysis
was conducted in the presence of much excess water, the reaction should behave as a pseudo-first-
order reaction. Therefore, the pendant degradation kinetics can be expressed as follows:

[MBDO]o — [SA] — [phenol] = [MBDO]o exp(—kt) (Eq. 1)

Here, [MBDO], [SA], and [phenol] are the concentrations of MBDO units, SA, and phenol,
respectively, and [MBDO] is the initial concentration of the MBDO unit. where k is the rate
constant and ¢ is the reaction time. Eq. 1 can be rewritten as follows:

In{([MBDO]o — [SA] — [phenol])/[MBDO]o} = —kt (Eq. 2)
According to Eq. 2, the kinetic plots of pendant degradation are shown in Figure 3A—C. The plot
for hydrolysis at 150 °C deviated from the approximate line, particularly at the first two points
(Figure 3A). Generally, it takes time for the internal temperature in the batch-type reaction tube
to become constant, and the heat conduction is slower if the bath temperature is lower, that is, the
thermal gradient is smaller. The deviations of the first two points were due to this uncontrolled
temperature. Nevertheless, the estimated & value was used for further analysis. The plots for
hydrolysis at 175 °C and 200 °C were well fitted to straight lines (Figure B and C). The plots for
hydrolysis at 250 and 300 °C did not exhibit good linearity due to the saturation of [phenol] in the
early reaction time. Therefore, the £ values for 150, 175, and 200 °C were plotted according to the
Arrhenius equation, Eq. 3 (Figure 3D).

In (k) =1n (4) — EJ/RT (Eq. 3)
where A4 is the frequency factor, E, is the activation energy, and T is the absolute temperature.

From the slope of the Arrhenius plot, E, was estimated as 193 kJ-mol '
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Figure 3. Pseudo-first-order kinetic plots for the pendant degradation at 150 (A), 175 (B), and

200 °C (C). Arrhenius plot of pendant degradation (D).

To compare the Eas of pendant degradation and decarboxylation of SA, a mixture of SA and
water was heated in sand bath and the reaction mixture was analyzed by HPLC. The first-order
kinetic plots of decarboxylation at 125-250 °C afforded straight lines (Figure S2A-E). The
Arrhenius plot (Figure S2F) afforded an E, value of 76.4 kJ-mol ™!, which was much smaller than
that of pendant degradation (193 kJ-mol ™). Because the decarboxylation rate was higher than that
of pendant degradation, the selective synthesis of SA from poly-MBDO was impossible. In other
words, both the hydrolysis and decarboxylation should be promoted to obtain a single product
from the aromatic pendants of poly-MBDO.

The slower hydrolysis of poly-MBDO than decarboxylation of SA is attributed to the poor

affinity of poly-MBDO to water. The degree of pendant group degradation after heating at 200°C
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for 60 min, estimated as the sum of the SA and phenol yields, was 52%. This experimental point
exists on the straight line of the pseudo-first-order kinetic plot, suggesting that the reaction
mechanisms did not change from the early stage to this stage. On the other hand, regarding the
degradation at 250 °C, the pseudo-first-order kinetic constant k of poly-MBDO was estimated from
Arrhenius' equation and E, to be 2.93 x 1072s”!. However, that calculated from the first two
experimental points was 1.23 x 107's”!. The reason for larger experimental values than the
prediction was attributed to be the change of the rate-determining step. For the hydrolysis above
250 °C, the rate-determining step might not be the polymer dissolution, because water become a
less polar solvent with smaller dielectric constant. Furthermore, it is possible that main-chain
scission occurred before complete pendant degradation, and the polymer was converted to more
hydrophilic fragments. Such changes would cause the change in a rate-determining step. Therefore,
heating at higher than 250 °C are effective to convert poly-MBDO into phenol with high selectivity
in a shorter time.

In all experiments, the generation of SA followed by the that of phenol, suggesting
decarboxylation not from the pendant groups but from SA. Therefore, the decarboxylation can be

explained as a retro-Kolbe-Schmidt reaction (Scheme 2).

_H
OH OH CEE OH
A

S

Scheme 2. Retro-Kolbe-Schmitt reaction.

Conclusions
The hydrolysis of poly-MBDO using high-temperature water resulted in the complete

degradation of the aromatic pendants into phenol via SA, whereas MCS was incomplete, affording
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multiple products, including AA. This behavior is different from that of hydrolysis using strong
bases or strong acids, in which AA and SA are selectively obtained. This difference was attributed
to the slow hydrolysis of the 1,3-dicarbonyl skeleton.* Nevertheless, phenol was recovered in an
almost quantitative yield with high purity above 250 °C. In particular, 5 min is sufficient for
hydrolysis at 300 °C. The weight-based resource recovery was 53%, whereas the carbon-based
resource recovery was 61%.

SA is industrially produced via the Kolbe-Schmidt reaction between phenol and CO,.3*
Therefore, it was possible to reproduce SA and poly-MBDO from phenol. Phenol is used as the
starting material for the synthesis of various fine chemicals. In this context, poly-MBDO
hydrolysis using high-temperature water can be evaluated as poly-MBDO upcycling. The
degradation and recycling of vinyl polymers are significant issues, and no effective methods have
been established except for the depolymerization of polymethacrylates. The approach proposed in
this study, that is, the degradation and upcycling/recycling of vinyl polymers using water, is
exciting, and we hope to further advance the establishment of green technology for vinyl polymer
circulation by water.

Supporting Information.
The following files are available free of charge.

Calibration lines for AA, SA, and phenol, and kinetic analysis of decarboxylation of SA(PDF).
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SA, salicylic acid; AA, acetic acid; MCS, main-chain scission, MBDO, 2-methylene-4H-
benzo[d][1,3]dioxin-4-one; Poly-MBDO, vinyl polymer of MBDO; HPLC, high-performance

liquid chromatography; SEC, size-exclusion chromatography.
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