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Abstract
We report a novel method for synthesizing degradable polymers based on 1,5-shift radical isomerization polymerizations of vinyl
ethers with transferable atoms or groups and in-between acid-cleavable ether linkages in the side chains. In particular, vinyl ethers
with side chains composed of thiocyano and p-methoxybenzyl ether groups underwent radical isomerization polymerizations via
1,5-shifts, in which a vinyl ether radical abstracted the cyano group intramolecularly to generate a thiyl radical and result in a
polymer with a p-methoxybenzyl ether linkage in the main chain. The obtained polymer was easily degraded into low molecular-
weight products with HCl solution. Furthermore, the copolymerization with vinyl acetate proceeded via 1,5-shift isomerization to
introduce cleavable linkages in the main chains of the copolymers, which were similarly degraded.

Introduction

The development of degradable polymers is among the
most promising solutions to the environmental issues
caused by accumulation of plastics worldwide [1–5]. Vinyl
polymers are commodity plastics and exhibit high durability
because the main-chain C–C bonds are more stable than
labile carbon-heteroatom bonds, such as those in polyesters.
However, the high stability causes inherently poor degrad-
ability, which must be overcome for sustainable develop-
ment of the vinyl polymers. Various strategies are used to
increase the degradation of vinyl polymers, and the incor-
poration of heteroatoms in the main chains during poly-
merization is the most straightforward method.

Regarding radical polymerization, extensive studies on the
syntheses of degradable vinyl polymers have recently been

reported [6–41]. Although radical polymerization leads to (co)
polymerization of a wide variety of C=C bonds in vinyl
monomers, direct radical polymerization of unsaturated carbon-
heteroatom bonds (C=X) is generally more difficult than ionic
polymerization [35]. One of the most typical methods used to
incorporate heteroatoms in the main chain involves radical
isomerization ring-opening polymerization of exo-methylene
and related compounds that contain degradable linkages, such as
the esters in cyclic structures [7–32]. Various cyclic monomers,
such as cyclic ketene acetals [7–20], thionolactones [21–32],
and others [33, 34], have been synthesized and copolymerized
with common vinyl monomers to yield vinyl copolymers with
degradable linkages in the main chains. These studies demon-
strated that isomerization copolymerization of the cyclic
monomers was a useful method unique to radical chemistry and
was based on β-scission. However, design of the cyclic mono-
mers is crucial because ring-retaining polymerization can also
occur simultaneously depending on the monomer structure. In
addition, syntheses of cyclic monomers are generally difficult.

Another unique reaction in radical chemistry is the 1,5-shift
of an atom or group, wherein the radical undergoes rearrange-
ment via a transition state with a six-membered ring [42–46].
The driving force for this reaction is the formation of a radical
with enhanced stability due to the rearrangement. Diverse atoms
and groups, such as hydrogen, halogen, cyano, and aryl groups,
can migrate in radical-mediated reactions [45, 46]. This reaction
is prevalent in organic syntheses and in radical polymerizations
[47]. For example, during radical polymerizations of vinyl
monomers, such as ethylene [48, 49], acrylates [50], vinyl
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chloride [51], and vinyl acetate [52], a 1,5-shift reaction transfers
the growing radical species to the polymer main chain, which is
commonly referred to as a “backbiting reaction”. In this reac-
tion, the growing radical species abstracts the hydrogen from the
pen-penultimatemonomer unit through a 6-membered transition
state, resulting in a polymer with branched chains. This reaction
is essential for the production of low-density polyethylene
(LDPE) via radical polymerization of ethylene under high
pressure and high temperature [48, 49]. However, the 1,5-
hydrogen shifts occurring in the radical polymerizations of these
common monomers are not intentionally used to prepare
designed polymers.

In 1988, a unique 1,5-shift isomerization radical poly-
merization was reported by Sato et al. [53–56], who
designed and used vinyl ethers with transferable hydrogen
atoms or cyano groups in the pendant groups (Scheme 1).
Since radical addition homopolymerization of vinyl ethers
is generally difficult except for the recently reported radical
homopolymerization under specific conditions [57, 58], the
radical can undergo a 1,5-shift through intermolecular
abstraction of the hydrogen or cyano group to form a more
stable radical species. Furthermore, the resulting electron-
deficient radical adds relatively easily to the electron-rich
carbon‒carbon double bond of a vinyl ether to induce 1,5-

shift isomerization radical polymerization. Since the pen-
dant group is incorporated into the main chain of the
polymers via the 1,5-shift, a strategic monomer design can
enable the syntheses of degradable vinyl polymers, which
are different from those based on β-scission radical chem-
istry for cyclic monomers.

Herein, we synthesized degradable vinyl polymers via
1,5-shift radical isomerization polymerization of vinyl
ethers with cleavable bonds as well as transferable atoms or
group in the pendant groups (Scheme 1). We prepared vinyl
ethers with acid-cleavable p-methoxybenzyl ether bonds
and an abstractable hydrogen atom or cyano group at the
5-position relative to the methine carbon of the vinyl group.
We investigated radical homopolymerizations and copoly-
merizations with common vinyl monomers to introduce
degradable p-methoxybenzyl ether linkages into main
chains via 1,5-shift radical isomerization.

Experimental procedure

Materials

Vinyl acetate (VAc) (TCI, >99.0%), methyl acrylate (MA)
(TCI, >99.0%), methyl methacrylate (MMA) (TCI,
>99.8%), diethyl malonate (TCI, >99.0%), ethyl acetate
(KANTO, >99.5%), dimethyl formamide (DFM) (KANTO,
>99.5%), and n-octane (TCI, >99.5%) were distilled over
calcium hydride under reduced pressure before use. p-
Methoxystyrene (pMOS) (TCI, >98.0%), ethyl vinyl ether
(TCI, >98.0%), Pd(OAc)2 (TCI, >98.0%), phenanthroline
(Aldrich, >99%), NaI (TCI, >99.0%), potassium thiocya-
nate (Aldrich, 99%), tetrabutylammonium bromide (TCI,
>98.0%), N-bromosuccinimide (TCI, >98.0%), and NaH
(60%, dispersion in paraffin liquid) (TCI) were used as
received. Dimethyl 2,2’-azobisisobutyrate (MAIB) (Wako,
>95%) was purified by recrystallization from methanol.
2,2′-Azobis(N-butyl-2-methylpropionamide) (VAm-110)
(Wako, >95%) was purified by recrystallization from n-
hexane. THF (KANTO, >99.5%; H2O < 0.001%) and
toluene (KANTO, >99.5%; H2O < 10 ppm) were dried and
deoxygenized by passing them through columns of a glass
contour system before use.

Synthesis of 3,3-bis(ethoxycarbonyl)-1-[4’-
methoxyphenyl]propyl vinyl ether

3,3-Bis(ethoxycarbonyl)-2-[4’-methoxyphenyl]propyl vinyl
ether (1) was synthesized by the following procedure. 2-
Bromo-1-(4-methoxyphenyl)ethanol (P) was first synthe-
sized by the reaction between p-methoxystyrene and N-
bromosuccinimide. p-Methoxystyrene (34.0 mL, 275 mmol)
was slowly added to a mixture of N-bromosuccinimide

Scheme 1 Syntheses of degradable vinyl polymers by 1,5-shift radical
isomerization polymerization of vinyl ethers with transferable X and
cleavable bonds in the side chains
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(64.5 g, 360 mmol), acetone, and H2O in a 1000 mL flask at
0 °C. The reaction mixture was gradually warmed to 20 °C.
After 2 h, the product was extracted with CHCl3 and
washed with water. The solvent was removed under reduced
pressure to give the crude product. After purification by
column chromatography on silica gel with n-hexane/Et2O
(7/3) as an eluent, P was obtained as a yellow oil (38.0 g,
2.03 mmol, 55% yield, 90% purity).

Then, 2-bromo-1-(p-methoxyphenyl)ethyl vinyl ether
(P’) was synthesized by transetherification between P and
ethyl vinyl ether. Pd(OAc)2 (443 mg, 2.00 mmol), 1,10-
phenanthroline (537 mg, 300 mmol), P (23.8 g, 100 mmol),
ethyl vinyl ether (144 mL, 1.50 mol), and CH2Cl2 (80 mL)
were placed in a 500 mL round-bottom flask under dry
nitrogen. Then, the reaction was warmed to 40 °C and
refluxed. After 110 h, the reaction was quenched by cooling
to room temperature. The product was extracted with CHCl3
and washed with distilled water. The solvent was removed
by evaporation to generate the crude product. After pur-
ification by column chromatography on silica gel with n-
hexane/Et2O (7/3) as the eluent, P’ was obtained as a col-
orless liquid (10.4 g, 40.4 mmol, 42% yield, 94% purity).

2-Iodo-1-(p-methoxyphenyl)ethyl vinyl ether (P”) was
synthesized by a reaction between P’ and sodium iodide
(NaI). NaI (6.80 g, 47.0 mmol), P’ (7.53 g, 30 mmol), and
acetone (50 mL) were placed in a 200 mL round-bottom
flask. Then, the reaction was warmed to 56 °C and refluxed.
After 70 h, the reaction mixture was quenched by cooling to
room temperature. The product was extracted with CHCl3
and washed with distilled water. The solvent was removed
by evaporation to give P” as a colorless liquid (7.16 g,
23.5 mmol, 84% yield, >99% purity).

Finally, 1 was synthesized by the reaction between
sodium diethyl malonate and P”. Diethyl malonate
(2.30 mL, 15 mmol) was added dropwise into the mixture
containing NaH (60%, dispersion in paraffin liquid) (0.60 g,
15 mmol) and DMF (94 mL) in a 300 mL round-bottom
flask at 0 °C. After 2 h, P” (4.50 g, 15 mmol) was added
dropwise into the reaction mixture. After 1.5 h, the reaction
was warmed to 60 °C. After 28 h, the reaction was quen-
ched by cooling to room temperature. The product was
extracted with Et2O and washed with distilled water. The
solvent was removed by evaporation to afford the crude
product. After purification by recycling preparative size-
exclusion chromatography (SEC) with CHCl3 as the eluent,
1 was obtained as a colorless liquid (1.62 g, 4.82 mmol,
32% yield, >99% purity). 1H NMR (CDCl3, r.t.): δ 1.27 (t,
3H, CH2CH3, Jvic= 7.1 Hz), 1.28 (t, 3H, CH2CH3, Jvic=
7.1 Hz), 2.35 (m, 1H, CHCH2CH), 3.55 (dd, 1H,
CH2CH(CO2Et)2, Jvic= 6.4 and 8.0 Hz), 3.97 (dd, 1H,
CH2= CH, Jgem= 1.6 Hz, Jvic= 6.4 Hz), 4.15–4.24
(m, 5H, CH2=CH and CH(CO2CH2CH3)2), 4.76 (dd, 1H,
OCH(C6H4OCH3)CH2, Jvic= 4.8 and 8.8 Hz), 6.32 (dd, 1H,

CH2= CHO, Jvic= 6.4 and 14.0 Hz), 6.88 (d, 2H, Ar-H3,
H5, Jvic= 8.8 Hz), 7.22 (d, 2H, Ar-H3, H6, Jvic= 8.8 Hz).
13C NMR (CDCl3, r.t.): δ 14.1 (CO2CH2CH3), 36.9
(CHCH2CH), 48.9 (CH(C(O)OCH2CH3)2), 55.4
(CO2CH2CH3), 61.6 (OCH3), 78.7 (OCHCH2CH), 89.9
(CH2= C), 114.1 (Ar-C3, C5), 127.6 (Ar-C2, C6), 132.7
(Ar-C1), 150.4 (CH2= C), 159.4 (Ar-C4), 169.2 and 169.4
(C(O)OCH2CH3).

Synthesis of 2-thiocyanato-1-[4-methoxyphenyl]
ethyl vinyl ether (2)

2-Thiocyanato-1-[4-methoxyphenyl]ethyl vinyl ether (2)
was synthesized by a reaction between 2-bromo-1-(p-
methoxyphenyl)ethyl vinyl ether (P’) and potassium thio-
cyanate (KSCN). P’ (17.1 g, 67 mmol) was slowly added to
a mixture of KSCN (9.74 g, 100 mmol), tetra-
butylammonium bromide (10.8 g, 33 mmol), and DMF
(500 mL) in a 1000 mL flask at room temperature. The
reaction mixture was gradually warmed to 80 °C. After
50 h, the product was extracted with Et2O and washed with
water. The solvent was removed under reduced pressure to
give the crude product. After purification by column chro-
matography on silica gel with n-hexane/Et2O (7/3) as the
eluent, 2 was obtained as a colorless liquid (11.2 g,
47.6 mmol, 67% yield, >99% purity). 1H NMR (CDCl3,
r.t.): δ 3.21 and 3.31 (dd, 2H, CH2SCN, Jvic= 4.8 and
8.8 Hz, Jgem= –13.2 Hz), 3.82 (s, 3H, OCH3), 4.10 and 4.30
(dd, 2H, CH2=CH, Jgem= 2.4 Hz, Jvic= 14.4 Hz, Jvic=
6.8 Hz), 4.97 (dd, 1H, OCH(C6H4OCH3)CH2, Jvic= 4.8
and 8.8 Hz), 6.32 (dd, 1H, CH2= CHO, Jvic= 6.8 and
14.4 Hz), 6.92 (d, 2H, Ar-H3, H5 Jvic= 8.9 Hz), 7.25 (d,
2H, Ar-H2, H6, Jvic= 8.9 Hz). 13C NMR (CDCl3, r.t.): δ
40.4 (CH2S), 55.5 (OCH3), 78.8 (OCHCH2), 91.1 (CH2=
C), 112.4 (SCN), 114.5 (Ar-C3, C5), 127.7 (Ar-C2, C6),
129.9 (Ar-C1), 149.7 (CH2=C), 160.6 (Ar-C4).

Radical polymerization of 2

Radical polymerization of 2 was performed with the syringe
technique under dry nitrogen in sealed glass tubes. A typical
example of the polymerization procedure is provided below.
Compound 2 (0.69mL, 3.20mmol), MAIB (0.32mL,
500mM solution in EtOAc, 0.16mmol), n-octane (0.20mL)
as an internal standard, and EtOAc (0.40mL) were placed in a
baked 25mL graduated Schlenk flask with a three-way stop-
cock at room temperature. The total volume of the reaction
mixture was 1.60mL. Immediately after mixing, aliquots
(0.40mL each) of the solution were distributed by syringe into
baked glass tubes, which were then flame-sealed under a
nitrogen atmosphere. The tubes were immersed in a thermo-
statted oil bath at 60 °C. At predetermined intervals, the
polymerization was terminated by cooling the reaction mixture
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to –78 °C. The monomer conversion was determined by 1H
NMR (160 h, 28%). The quenched solutions were evaporated
to dryness to give the polymer product (Mn= 2100, Mw/
Mn= 2.44, Mn: number-average molecular weight, Mw:
weight-average molecular weight).

Radical copolymerization of 2 and VAc

Radical copolymerization of 2 and VAc was performed with
the syringe technique under dry nitrogen in sealed glass
tubes. A typical example of the polymerization procedure is
given below. Compound 2 (0.30mL, 1.4 mmol), VAc
(1.16 mL, 12.6 mmol), AIBN (0.23mL, 500mM solution in
EtOAc, 0.12 mmol), n-octane (0.20 mL) as an internal stan-
dard, and EtOAc (0.40 mL) were placed in a baked 25mL
graduated Schlenk flask with a three-way stopcock at room
temperature. The total volume of the reaction mixture was
2.29 mL. Immediately after mixing, aliquots (0.32 mL each)
of the solution were distributed by syringe into baked glass
tubes, which were then flame-sealed under a nitrogen atmo-
sphere. The tubes were immersed in a thermostatted oil bath
at 60 °C. At predetermined intervals, the polymerization was
terminated by cooling the reaction mixture to –78 °C. The
monomer conversion was determined by 1H NMR (190 h,
33% for 2 and 37% for VAc). The quenched solutions were
evaporated to dryness to give the polymer product (Mn=
4000, Mw/Mn= 2.21).

Degradation of poly(2)

The degradation of poly(2) was performed with the syringe
technique under dry nitrogen in a baked tube equipped with
a three-way stopcock. A typical example of the reaction is
given below. The degradation reaction was initiated by the
addition of an HCl solution (0.27 mL of 1.00M aqueous
solution, 0.27 mmol) via a dry syringe into a polymer
solution containing poly(2) (24.7 mg, Mn= 2100, Mw/
Mn= 1.64) in THF (3.0 mL) at 60 °C. After 94 h, the
reaction was quenched with methanol containing a small
amount of triethylamine. The quenched reaction was diluted
with CHCl3, washed with a saturated NaHCO3 aqueous
solution and distilled water, evaporated to dryness under
reduced pressure, and vacuum-dried to afford the degrada-
tion product (Mn= 210, Mw/Mn= 1.34).

Measurements

1H and 13C NMR spectra were recorded with a JEOL ECS-
400 spectrometer operating at 400MHz. The Mn and Mw/Mn

values of the product polymers were determined by SEC in
THF at 40 °C with two polystyrene gel columns [TSKgel
MultiporeHXL-M (7.8 mm i.d. × 30 cm) × 2; flow rate
1.0 mL/min] or in DMF containing 100mM LiCl at 40 °C on

two hydrophilic polymer gel columns [Tosoh α-M + α
−3000 (7.8 mm i.d. × 30 cm); flow rate 1.0 mL/min] (for the
products after degradation); the columns were connected to a
JASCO PU-2080 precision pump and JASCO RI-2031
detector and calibrated with 10 standard polystyrene samples
(Agilent Technologies; Mp= 575–2783000, Mw/
Mn= 1.02–1.23; Mp: peak molecular weight). Recycling
preparative high-performance liquid chromatography
(HPLC) was performed with a JAI LC-5060 liquid chroma-
tograph equipped with JAI UV800LA UV and RI-700 LA
detectors using JAIGEL-2HR (60 cm × 2.0 cm (i.d.)) × 2
columns and CHCl3 as the eluent at room temperature. The
glass transition temperature (Tg: midpoint of the transition) of
the polymer was recorded with a DSC 250 differential
scanning calorimeter (TA Instruments Inc.). Certified indium
and sapphire were used for temperature and heat flow cali-
bration. All samples were first heated to 120 °C at 10 °C/min,
equilibrated at this temperature for 5 min, and then cooled to
–80 °C at 10 °C/min. After being held at that temperature for
5 min, the sample was reheated to 120 °C at 10 °C/min. All Tg
values were obtained from the second scan after removing the
thermal history. Thermogravimetric analyses (TGA) were
performed with a Q500 system (TA Instruments Inc.) at 5 °C/
min under N2 gas flow.

Results and discussion

Monomer synthesis

Novel vinyl ethers possessing a degradable p-methox-
ybenzyl ether group and an easily abstractable hydrogen (1)
or cyano group (2) in the side chain were prepared
according to Scheme 2. First, p-methoxystyrene and

Scheme 2 Syntheses of vinyl ethers with transferable hydrogen atoms
or cyano groups and acid-cleavable p-methoxybenzyl ether groups in
the side chains. NBS N-bromosuccinimide, Phen 1,10-phenanthroline,
TBAB tetrabutylammonium bromide
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N-bromosuccinimide (NBS) were reacted in H2O to pro-
duce 2-bromo-1-(4-methoxyphenyl)ethanol (P’), which was
then subjected to transetherification with ethyl vinyl ether
using Pd(OAc)2 and phenanthroline. The bromo group of
the resultant vinyl ether (P”) was iodinated using NaI.
Finally, the obtained vinyl ether (P”’) was subjected to a
nucleophilic substitution (SN2) reaction with sodium mal-
onate, resulting in a vinyl ether with a malonate group with
an abstractable hydrogen atom and an in-between p-meth-
oxybenzyl ether group (1) (Fig. S1). The other vinyl ether
with a thiocyano group (2) was prepared by an SN2 reaction
between P” and potassium thiocyanate (Fig. S2). These
monomers were expected to undergo radical isomerization
polymerization through the formation of stable malonate or
thiyl radicals via 1,5-transfers of hydrogen or cyano groups,
respectively.

Radical homopolymerizations of 1 and 2

Radical polymerization of 1 was first examined with AIBN
or VAm-110 used as the radical initiator at 60 °C or 110 °C,
respectively, in chlorobenzene. Whereas the vinyl ether
moiety was consumed in both cases (conversion = 59% at
110 °C and 18% at 60 °C), the resultant products were only
oligomers (Mn= 600–700) (Fig. S3). This result differed
from those previously obtained for a vinyl ether with an
ethyl malonate group in the side chain (CH2=
CHOCH2CH2CH(CO2Et)2), in which the Mn values were
approximately 5000 [56]. These results indicated that the
1,5-hydrogen shift of 1 was inhibited by the steric hindrance
between the bulky p-methoxybenzyl group adjacent to the
vinyl ether radical and the bulky malonate group around the
hydrogen atom.

Then, radical polymerization of 2 with a less bulky
thiocyano group was investigated with MAIB in EtOAc at
60 °C or VAm-110 in DMF at 110 °C, where radical
initiators without cyano groups were used to determine the

ratio of the 1,5-shift of the cyano group in 2 more accu-
rately. In both cases, the monomer conversions reached ca.
30%, although the reactions were slow (Fig. 1A). Whereas
only the oligomer was produced at 110 °C (Mn= 600),
polymers with Mn= 2100 were obtained at 60 °C (Fig. 1B).
The formation of low molecular weight oligomers was
attributed to concurrent β-scission of the C–O bond adjacent
to the growing radical species followed by the formation of
stable benzyl radicals and aldehyde chain ends, which was
confirmed by a small peak in the 1H NMR spectrum of the
product obtained even at 60 °C (Fig. S4). The β-scission
could have occurred more frequently at higher temperatures
to result in lower molecular weight oligomers.

The polymers obtained at 60 °C were analyzed with 1H and
13C NMR spectroscopy. Compared with that of the monomer
(2) (Fig. 2A), the 1H NMR spectrum clearly indicated that the
polymers were formed, as indicated by the disappearance of
the vinyl groups, broad peaks, and peaks originating from the
MAIB radical initiator (Fig. 2C). In the 13C NMR spectra of
the polymers (Fig. 2D), a new peak (Y) assignable to the
transferred cyano group was observed at 117 ppm, while an
original peak (X) of the cyano group adjacent to the sulfur atom
(Fig. 2B) was hardly observed. These results suggested that the
1,5-hydrogen shift polymerization of 2 occurred pre-
dominantly. Furthermore, a 2D NMR analysis revealed that
the peaks at 3.8–4.4 ppm were assignable to the methine
proton (b’) adjacent to the transferred cyano group (Y)
(Fig. S6). The ratio of the 1,5-shift units to the total monomer
units was calculated from the integral ratios of b’ and b to be
85%. Alternatively, the ratio calculated by 13C NMR using the
peaks of the same quaternary carbon in the cyano group, X and
Y, was 92%, which was almost identical to that determined by
1H NMR. Thus, 2 mainly underwent 1,5-shift radical iso-
merization polymerization to form a polymer with benzyl ether
bonds in the main chain.

The thermal properties of the obtained poly(2) were
evaluated by DSC and TGA. The DSC analysis showed a
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glass transition temperature (Tg) of 18 °C, which was higher
than that of poly(benzyl vinyl ether) (Tg= –5 °C) [59]
(Fig. S7A). The thermal decomposition temperature (Td5:
5% weight loss temperature) was 189 °C, which was lower
than that of common poly(vinyl ether)s (poly(n-butyl vinyl
ether): Td5= 290 °C) [60] because weak ether (C–O) and
thioether (C–S) bonds were incorporated into the polymer
main chains (Fig. S7B).

Degradation of the homopolymer

The p-methoxybenzyl ether linkage can be cleaved with an
acid catalyst [61]. The degradation reaction of the obtained
polymer was examined with HCl in a mixture of THF/H2O
(9/1 v/v) at 60 °C. The SEC data of the obtained products
were significantly shifted to the low molecular weight
region (Mp= 200, Mn= 210) (Fig. 3). In addition, the 1H
NMR spectrum of the products obtained from another
sample showed that the peaks of the p-methoxybenzyl ether
groups at approximately 4.5 ppm completely disappeared
and that all peaks became sharp and complicated (Fig. S8).
The 1H, 13C, and 2D NMR analyses revealed that the
degraded products contained oligomers with hydroxy and
olefin chain ends (Fig. S9). These results confirmed that the
polymers were successfully degraded via cleavage of p-
methoxybenzyl ether linkages in the polymer main chains.

Thus, a designed vinyl ether (2) with p-methoxybenzyl
ether and thiocyano groups in the side chains underwent
1,5-cyano-group-shift radical isomerization polymerization

predominantly to afford degradable polymers with acid-
cleavable p-methoxybenzyl ether linkages in the main
chains.

Radical copolymerization with common vinyl
monomers

Then, radical copolymerizations of 2 and common vinyl
monomers, including conjugated and unconjugated mono-
mers (such as MA, MMA, and VAc), were investigated for

Fig. 2 1H and 13C NMR spectra
of 2 (A, B) (CDCl3, r.t.) and
poly(2) (C, D) (CDCl3, 55 °C)

Fig. 3 Degradation of poly(2) with an HCl solution: [monomer unit]0/
[HCl]0= 30/1000 mM in THF/H2O at 60 °C
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the syntheses of degradable vinyl copolymers by introdu-
cing degradable p-methoxybenzyl ether linkages into the
main chains. The radical copolymerizations were examined
by using MAIB as a radical initiator in EtOAc at 60 °C, and
the feed ratio of 2 to the comonomer was 1:9. In all cases,
both monomers were consumed, suggesting that copoly-
merization occurred. However, in the cases of MA and
MMA, the consumption of 2 was slower than those of the
conjugated comonomers (Fig. 4B, C). In contrast, in the
case of VAc, both monomers were consumed almost
simultaneously, although the reaction was slow (Fig. 4A).
The molecular weights of the products were 3000–18,000
depending on the comonomers.

The obtained products were then analyzed with 1H and
13C NMR. The 1H NMR spectra of all products showed
peaks derived from 2 in addition to the peaks assignable to
each vinyl comonomer unit (Fig. 5). The incorporation
ratios calculated from the integral ratio of those peaks were
10% for VAc, 11% for MA, and 2% for MMA. These
values were consistent with the values calculated from the
feed ratio and monomer conversions.

Furthermore, the 13C NMR spectra clarified the presence
or absence of 1,5-cyano group shifts during the copoly-
merizations. In the case of VAc as the comonomer, the peak
(Y) originating from the transferred cyano group was clearly
observed at 117 ppm, while a peak (X) assignable to the
original cyano group nearly disappeared (Fig. 5D). The
ratio of 1,5-shift propagation was similarly calculated from
the ratio of the b and b’ integrals in the 1H NMR (Fig. 5A).
The value was 96%, which was higher than that for the
homopolymerization of 2. Thus, 2 also underwent pre-
dominant 1,5-shift radical isomerization propagation during
copolymerization with VAc. A similar 1,5-cyano-group-
shift radical isomerization propagation for copolymerization
with VAc was also found when 2-thiocyanoethyl vinyl ether
(CH2= CHOCH2CH2SCN) was used [56]. However, in the
case of MA and MMA, almost no peak assignable to the
migrated cyano group was observed (Fig. 5E, F), suggesting

that 1,5-shift isomerization propagation rarely occurred and
that the copolymerization proceeded via vinyl addition
propagation of 2. This occurred because the electron-rich
vinyl ether radical derived from 2 easily reacted with the
electron-deficient C= C bonds of MA and MMA to
undergo radical copolymerization without the 1,5-shift
radical rearrangement.

To clarify the copolymerization of 2 and VAc, the
monomer reactivity ratio was determined with the Kelen-
Tüdös method (Fig. S11). The r1 and r2 values were 13.4
and 2.1, respectively. The r1 value was completely different
from that obtained in the radical copolymerization of n-
butyl vinyl ether (M1) and VAc (M2) (r1= 0, r2= 3.7) [62],
in which radical homopolymerization of the alkyl vinyl
ether did not occur. However, the tendency for the r2 value
was similar, indicating that the VAc radical reacted pre-
ferentially with the VAc monomer. Compared with those
obtained in the radical copolymerization of
2-thiocyanatoethyl vinyl ether and VAc (r1= 2.63,
r2= 0.92) [56], the r1 in the present study was much larger.
This indicated that 2 was more likely to form a homo-
sequence than 2-thiocyanatoethyl vinyl ether, probably due
to the Thorpe-Ingold effect caused by the bulky substitution
of 2, which induced faster 1,5-shift isomerization.

The thermal properties of the obtained copolymers were
evaluated with DSC and TGA (Fig. S12). The Tg of the
copolymers with VAc was 22 °C, which was lower than that
of poly(VAc) (30 °C) but slightly higher than that of poly(2)
(18 °C) obtained via 1,5-shift polymerization (see above). In
contrast, the Tg values of the copolymer with MA (21 °C)
and MMA (115 °C) were slightly higher than those of the
homopolymers (Tg= 10 °C for poly(MA), 105 °C for
PMMA) [59], most likely due to incorporation of the bulky
side chain of 2 without isomerization in these copolymers.
The Td5 values of all the copolymers were over 200 °C but
were lower than those of the homopolymers (Td1= 284 °C
for poly(VAc), Td5= 336 °C for poly(MA) and 312 °C for
poly(MMA) Td1: 1% weight loss temperature) [26, 63, 64]

Fig. 4 Time-conversion curves
(A–C) and SEC curves (D) for
radical copolymerization of 2
with VAc, MA, and MMA
before and after degradation:
[2]0/[vinyl monomer]0/[MAIB]
0= 600/5400/50 mM in EtOAc
at 60 °C. [2 unit]0/[HCl]0= 30/
1000 mM in THF/H2O at 20 °C
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due to incorporation of the labile C–O and C–S bonds in the
main and side chains.

Degradation of the copolymers

Finally, degradation of the copolymers obtained with
VAc, MA, and MMA (vinyl monomer:2= 9:1 feed ratio)
was investigated. The degradation reactions were con-
ducted similarly with HCl solutions. The SEC curves of
the products obtained from the copolymers with VAc after
90 h shifted to the low molecular weight range, in which
the Mn values decreased significantly from 3100 to 400. In
addition, the Mp values decreased from 5500 to 1500
(Fig. 4D). The SEC curves of the products obtained from
the copolymers with MA and MMA were also shifted to
the low molecular weight ranges even though 2 was
incorporated without the 1,5-shift radical rearrangement.
However, the decreased ratios of the Mn values for these
copolymers were lower than that for the copolymer with
VAc. These slight decreases were attributed to cleavage of
the side-chain p-methoxybenzyl ether linkages followed
by the formation of side-chain hydroxyl groups, which
retarded elution of the resulting copolymers via

undesirable interactions with the packed gels in the SEC
columns. These degradation studies also confirmed that 2
underwent 1,5-shift isomerization propagation during the
copolymerization with VAc.

Conclusion

In conclusion, we developed a novel approach to synthe-
sizing degradable polymers based on the 1,5-shift radical
isomerization polymerization of acyclic monomers. The
suitable monomer was a vinyl ether with thiocyano and an
intervening 4-methoxybenzyl ether group in the side chain.
The polymerization proceeded preferentially via a 1,5-shift
of the cyano group at the 5-position to the vinyl ether
radical followed by formation of the thiyl radical. The ratio
of 1,5-shift isomerization units to the total monomer units
was close to 90%. The obtained polymers were easily
degraded into low molecular weight products with HCl used
as an acid catalyst. Furthermore, 1,5-shift isomerization
propagation also occurred during the copolymerization with
VAc to generate a copolymer with acid-cleavable ether
linkages in the polymer main chains. This method offers a

Fig. 5 1H and 13C NMR spectra
(CDCl3, 55 °C) of the
copolymers from VAc (A, D),
MA (B, E), and MMA (C, F)
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novel guide for designing degradable polymers and will
address the environmental issues resulting from plastics
pollution.
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