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Exhaustive Baeyer-Villiger oxidation: a tailor-made
post-polymerization modification to access challenging
poly(vinyl acetate) copolymers

The intrinsic differences between small molecules and
polymers restricts the effective translation of existing
small-molecule synthetic methodologies into efficient
post-polymerization modifications. To address this, Professor
Le Li's group introduce a novel approach, namely the Direct
Optimization on Polymers (DOP) approach, to bridge the

gap between small-molecule methodologies and polymer
post-modification methods. To showcase the DOP approach,
Professor Li and co-workers directly optimized Baeyer-Villiger
(BV) oxidation on poly(methyl vinyl ketone) and its copolymers
to enable an exhaustive BV post-polymerization modification
which is particularly effective for preparing synthetically
challenging poly(vinyl acetate) copolymers.
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The discovery of exhaustive (nearly quantitative) post-polymerization modifications (PPM) relies heavily on
the efficiency of their corresponding small-molecule protocols. However, the direct translation of existing
small-molecule protocols into PPM methods has never been guaranteed due to the intrinsic differences
between small-molecule substrates and polymers. Herein, we introduce the direct optimization on
polymers (DOP) as a complementary approach to developing exhaustive PPM reactions. As proof of the
DOP concept, we present an exhaustive Baeyer-Villiger (BV) post-modification which cannot be
accessed by conventional approaches. This user-friendly methodology provides general access to
synthetically challenging copolymers of vinyl acetate and more activated monomers (MAMs) including
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Introduction

Complementary to conventional polymerization approaches,
post-polymerization modification (PPM) represents another
appealing strategy for polymer synthesis." Polymer chemists
continuously seek ideal PPM reactions where an exhaustive
(nearly quantitative) functionalization can be achieved. The
most common approach to access such transformations is the
adaption of the corresponding small-molecule synthetic meth-
odologies. The most notable examples include “click” reactions*
and multicomponent reactions.'>®> However, the translation of
small-molecule protocols to polymers is not straightforward.
Indeed, the development of an exhaustive PPM reaction is even
more technically challenging than that of its small-molecule
prototype in many cases (Scheme 1A and Fig. S17). An exhaus-
tive PPM reaction requires both a high degree of mechanistic
fidelity and sufficient functionalization rates to prevent the
production of defects,* chain scission or cross-linking,'>* since
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narrow-dispersed block copolymers.

Furthermore, a scalable one-pot

copolymerization/exhaustive BV post-modification procedure was developed to produce such materials
showing improved performance over regular PVAC.

any side reaction will negatively alter the properties of the
resultant polymers. Such stringent requirements greatly limit
the reaction diversity® of exhaustive PPM methods. An addi-
tional bottleneck for the development of PPM methods is the
intrinsic difference between small-molecule substrates and
polymers (e.g. reactivity, solubility, and packing/aggregation)
which has been greatly overlooked (Scheme 1B). Indeed, the
adaption of “mismatched” small-molecule protocols into PPMs
was often fruitless. Therefore, we speculated that direct opti-
mization on polymers (DOP) could constitute a new strategy and
potentially accelerate the discovery of PPM reactions. In the
DOP approach, polymer substrates will be used as model
compounds for optimization, and the unique properties of
polymers will be considered from the beginning of
development.

To validate the effectiveness of the DOP approach, we aimed
to develop an exhaustive Baeyer-Villiger (BV) post-modification
of poly(methyl vinyl ketone) and its copolymers (Scheme 1C).
Such a method can be applied to prepare challenging copoly-
mers of vinyl acetate (VAc) and more activated monomers
(MAMs),” whose reactivities are mismatched in copolymeriza-
tion.* In our proposal, commercially available methyl vinyl
ketone (MVK) would be used as a “masked-VAc” monomer since
MVK readily copolymerizes with other MAMs® and is also
compatible with multiple reversible deactivation radical poly-
merization (RDRP) techniques.’

We were aware that significant challenges might occur
during the development. Although small-molecule BV oxida-
tion' protocols were rich in literature, multiple side-reaction

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d2sc03492a&domain=pdf&date_stamp=2022-10-17
http://orcid.org/0000-0001-6909-7400
http://orcid.org/0000-0001-9027-7748
http://orcid.org/0000-0003-2223-1013
http://orcid.org/0000-0003-0330-2808
http://orcid.org/0000-0003-2843-5543
http://orcid.org/0000-0001-5550-2997
https://doi.org/10.1039/d2sc03492a
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sc03492a
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC013040

Open Access Article. Published on 06 2022. Downloaded on 01.03.26 19:51:17.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Edge Article Chemical Science

A. Fundamental Challenges in Post-polymerization Modification
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C. Proof of Concept: Development of an Exhaustive BV Post-modification to Access Challenging Poly(VAc-co-MAM)s
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Scheme 1 Accessing synthetically challenging poly(VAc-co-MAM)s with an exhaustive Baeyer-Villiger post-polymerization modification.

pathways such as aldol reaction/condensation,” undesired a polymer substrate has never been established. Apparently, the
oxidation' and radical cleavage' were known to be associated development of an exhaustive oxidative PPM reaction remains
with BV oxidation. Such side reactions could introduce defects a challenging task. However, recent accomplishments* in
into the polymer backbone and negatively affect the molar mass  oxidative PPMs encouraged us to explore the proposed chem-
and dispersity (D) of the polymers. In addition, uncertainty istry. For instance, Klausen'*¢ and Ouchi*** individually devel-
regarding the regioselectivity of the proposed BV post- oped highly efficient oxidative PPMs for their customized
modification must be considered since such selectivity for boron-containing polymers using organoboron oxidation

chloroform, (0:3 M) « Significant chain scission.

mCPBA (4.0 equiv) CON Challenges for BV post-modification:
n —_____~ /Pi)( o 4 o * Incomplete functionalization.
Me” S0 Me“Y0 T
Me

3a 4a
a) — Commercial PMVK b) —— Commercial PMVK <) — Commercial PMVK

——40°C/8h 37 % conv. ——50°C/8h 52 % conv. ——60°C/8h 71 % conv.
——40°C/24h 73 % conv. ——50°C/24h 77 % conv. ——60°C/24h 85 % conv.

40°C/ 48 h 79 % conv. 50°C/48 h 80 % conv. 60°C/48h 92 % conv.

M, (kDa) 69.0 655 32.2 M, (kDa) 69.0 28.3 23.1 M_(kDa) 69.0 382 236
1 14 6 18 0 2 24 1 17 16 18 0 22 24 i ; 14 16 18 20 Z3
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Fig.1 The influence of temperature and reaction time on the BV oxidation of PMVK in chloroform. SEC traces of commercial PMVK 3a before
and after BV oxidation at (a) 40 °C, (b) 50 °C and (c) 60 °C with different reaction time.
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Fig.2 BV oxidation of PMVKs using high-yielding conditions optimized for the small-molecule model. SEC traces before and after BV oxidations:
(a) acid catalyst, mCPBA as oxidant, (b) in the presence of inorganic base, mCPBA as oxidant, (c) MMPP and other peroxyacids as oxidant (see the

detailed conditions in Table S3.}).

chemistry.'® Herein, we report an exhaustive Baeyer-Villiger
(BV) post-modification as the first example developed by the
DOP approach. This BV post-modification provides a general
method to prepare a wide range of synthetically challenging
homopolymers, statistical, and block copolymers of VAc.

Results and discussion
Initial attempts using classical BV protocols

Pioneering efforts'® to bring BV oxidation into the field of PPM
suffered from a lack of reactivity and/or significant chain scis-
sion. Conventional BV oxidation conditions' appeared to be
destructive and incompatible with ketone-containing polymers.
To obtain more mechanistic details, we decided to re-
investigate this transformation using PMVK as a substrate."”

We first evaluated the influence of temperature and reaction
time using a commercial PMVK sample (Fig. 1 and Table S27).
The BV oxidations of PMVK were conducted using a typical
protocol of chloroform as a solvent and m-chloroperoxybenzoic
acid (mCPBA) as an oxidant. Although higher conversions were
obtained with prolonged periods at elevated temperatures, the
molar mass of the polymers decreased significantly. Noticeably,
our kinetic studies revealed that the BV post-modification pro-
ceeded rapidly during the early stage, but became sluggish after
24 h. Consistent with the earlier investigations,'® our results
also suggested that the standard BV oxidation conditions were
not efficient enough to complete the proposed post-
modification of PMVK. Other oxidants such as hydrogen
peroxide and peracetic acid were also evaluated but inferior
results were obtained.

Table 1 The effect of solvent on the BV oxidation of commercial PMVK 3a“

mCPBA (4.0 equiv)

o

Me”™ ~O

3a (M, = 66.0 kDa, D = 2.54)

solvent (0.3 M)

Me” ~O
Me

4a

Entry Solvent Conversion® (%) M, ssc” (kDa) P°  Entry Solvent Conversion” (%) M, gsc’ (kDa) D°

1 CHCl; 55 36.1 2.18 12 DMF 11 60.8 2.53
2 CH,ClI, 44 41.9 2.27 13 n-Hexane 86 64.0 2.43
3 1,2-Dichloroethane 52 61.9 2.50 14 Toluene 34 63.6 2.61
4 EtOAc 23 63.9 2.45 15 (Trifluoromethyl)benzene 80 63.7 2.44
5 THF 14 60.8 2.58 16 Fluorobenzene 71 69.8 2.61
6 Et,O 26 63.3 2.55 17 Chlorobenzene 75 71.3 2.57
7 Dioxane 12 62.1 2.56 18 m-Dichlorobenzene 79 67.7 2.49
8 EtOH 22 60.8 2.53 19 o-Dichlorobenzene 81 65.4 2.46
9 (CF;),CHOH 16 55.2 2.49 20 1,2,4-Trichlorobenzene 85 68.5 2.38
10 MeCN 16 54.1 2.43 21 1,2,4-Trichlorobenzene?  >99 49.4 2.29
11 N-Methylpyrrolidone 12 59.6 2.58 22 1,2,4-Trichlorobenzene®™® >99 66.4 2.42

“ Standard condltlons PMVK 3a (41.7 mg, containing 0.60 mmol repeating units), mCPBA (2.40 mmol), and solvent (2.00 mL) stirred at 50 °C for
8 h. ? Determined by '"H NMR of the crude products using 1,1,1,3-tetrachloropropane as an internal standard. ° Determlned by SEC (THF) analysis

relative to polystyrene standards. ¢
mmol) and dry mCPBA were employed.

1748 | Chem. Sci, 2022, 13, 1746-11754

Reaction was run for 24 h 1nstead of 8 h. The M,/D of PMVK was 61.4 kDa/2.54. * Hexamethyldisiloxane (1.20
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Fig.3 Exhaustive BV oxidation of commercial PMVK homopolymers. Co
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mparison of (a) 'H NMR spectra and (b) **C NMR spectra before and after

exhaustive BV oxidation of commercial PMVK 3a. The NMR spectra were recorded using CDCls as a solvent.

Unsuccessful attempts at the translation of small-molecule
protocols to PMVK

A small-molecule model using 3-hexylundecan-2-one as
a substrate was established at the outset of this study. A large
number of high-yielding conditions from the literature were
screened and modified (Table S1T). Unfortunately, the direct
translation of small-molecule protocols to the post-
modification of PMVK completely failed (Fig. 2 and Table
S37). The M, of the polymers decreased significantly with the
use of either acids or bases (Fig. 2a and b). In addition, the use
of alternative oxidants such as peracetic acid (PAA), tri-
fluoroperoxyacetic acid (TFPAA), and magnesium monoperox-
yphthalate hexahydrate (MMPP) gave even worse results
(Fig. 2c).

The failure of the translation of the small-molecule model to
PMVK suggests that the reactivity of a molecule with a single
functional group such as 3-hexylundecan-2-one is quite
different from that of PMVK. For a polymeric substrate, the
electronic and steric interactions between functional groups
can significantly affect its reactivity and possibly induce addi-
tional side reactions. Therefore, a small-molecule model would
not always be able to guide the development of synthetic
methods for polymers and other macromolecules.

We speculated that multiple side reactions could be
responsible for the unsuccessful BV oxidation of PMVK. For

example, acid-induced radical generation® which is reported to
be able to initiate even at low temperatures could cause
significant chain scission. In addition, oxidative decomposi-
tion'” instigated by excessive oxidants, or Aldol-type condensa-
tions™ promoted by acid or base could also complicate the
proposed PPM. A combination of a literature survey and our
preliminary results suggested that a comprehensive evaluation
of PMVK under BV conditions was required. Accordingly, we
turned our focus to the DOP approach in the following studies.

Development of the BV oxidation of commercial PMVK
homopolymers

We first identified that the combination of carbon-13 and
proton nuclear magnetic resonance spectroscopy (**C and 'H
NMR) was a reliable method to quantitatively characterize both
PMVK and its product after BV oxidation. Errors relating to C-H
decoupling of >C NMR were evaluated and calibrated by 'H
NMR prior to use.

The effect of solvent was first investigated under a set of
standard conditions (Table 1). Less polar solvents generally gave
higher conversions while polar solvents were found to be
problematic. Dichloromethane and chloroform, two common
solvents for BV oxidation, were not suitable for the corre-
sponding PPM due to both significant polymer degradation and
only moderate reaction rates. Surprisingly, the optimal solvents

a) —— Commerical PMVK b) —— Commercial PMVK 100| c) —— Commercial PMVK
—— PVAc via BV oxidation —— Commercial PVAc —— Commercial PVAc
—— PVAc via BV oxidation —— PVAc via BV oxidation
80
M,: 64.4 kDa, D: 2.46 M,: 61.9 kDa, ©: 2.50 J(\Afn T.349°C g
° X 60 OAc
OAC Ac” n 7:39.4°C S 4
OAc ¢ =
oac
20
N,, T;434°C
OAc
0
12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 20 20 0 20 40 60 80 100 0 200 400 600 800
Time/ (min) Temperature/ (°C) Temperature/ (°C)

Fig.4 Characterization of PVAc 5a prepared by exhaustive BV post-modification of PMVK 3a. Comparison of (a) SEC, (b) DSC, and (c) TGA data of

PMVK 3a, commercial PVAc and PVAc 5a obtained by BV oxidation.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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a) MVK: St=28:72 —— PMVK-co-PS b) MVK: St =51:49 —— PMVK-co-PS €) MVK: St=75:25 —— PMVK-co-PS
—— PVAc-co-PS —— PVAc-co-PS —— PVAc-co-PS

via BV oxidation

M,:24.5kDa, D: 1.89 M,: 23.9 kDa, D: 1.79

et

Ac Ph

M,: 36.3 kDa, D:2.04 M,: 34.4 kDa, D: 1.90

via BV oxidation via BV oxidation

M,: 37.3 kDa, D:2.56 My: 37.2 kDa, D: 2.06

NCDM Ncof\/f
X y X y
OAc Ph Ac

Ph

15 16 17 18 19 20 21 22 23 24 25 26 27 14 15 16 17 18 19 2 21 22 2B X B B 1415 16 17 18 19 20 21 22 23 24 25 B 27
time/ (min) Time/ (min) Time/ (min)
d) MVK: AN = 81: 19 —— PMVK-co-PAN €) MVK: MA = 84: 16 —— PMVK-co-PMA
—— PVAc-co-PAN —— PVAc-co-PMA
via BV oxidation via BV oxidation

Mp: 14.3 kDa, D:2.43 M,: 12.6 kDa, D: 2.33

M,:40.5kDa, D: 222 M,: 39.2 kDa, D: 2.31

y
CO,Me

1 7 18 19 20 21 22 23 24 25 2
Time/ (min)

1415 16 17 18 19 20 21 22

Time/ (min)

3 24 25 26

Fig. 5 Synthesis of statistical copolymers of VAc and various monomers. SEC traces before and after the exhaustive BV oxidation of MVK
statistical copolymers: (a) MVK/St (28/72) statistical copolymer 6a, (b) MVK/St (51/49) statistical copolymer 6b, (c) MVK/St (75/25) statistical
copolymer 6¢, (d) MVK/AN (81/19) statistical copolymer 6d and (e) MVK/MA (84/16) statistical copolymer 6e.

were found to be halogen-substituted aromatic solvents such as
fluorobenzene, chlorobenzene and 1,2,4-trichlorobenzene,
which are rarely used in BV oxidation. Their improved perfor-
mance may be partially attributed to the enhanced stability of
these solvents to oxidative conditions. Among the solvents
tested, 1,2,4-trichlorobenzene was found to be optimal in terms
of both conversion and M,. The BV post-modification pro-
ceeded smoothly in the first 8 h, but the M,, of the functional-
ized polymers declined with prolonged periods. We conjectured
that the accumulation of m-chlorobenzoic acid was likely the
cause of this phenomenon.

We speculated that a “precise” buffer could perhaps main-
tain the pH of the reaction mixture within a narrow window
where polymer degradation would not occur. Indeed, even
a subtle deviation from the “ideal” pH range could potentially
induce chain scission. Initial efforts using various aqueous
buffers were unsuccessful. Control experiments indicated that
excessive water affected both the reaction rate and molar mass
in a negative manner. Gratifyingly, an extensive screening (>700
experiments) of inorganic salts and organic additives revealed
that hexamethyldisiloxane (TMS),O (Tables S5-S7t) was able to
buffer the system effectively. We conjectured that (TMS),0

Table 2 Screening of BV oxidation conditions for RAFT homopolymer 3b in 1,2,4-trichlorobenzene®

M

Me” ~O

3b (M, = 12.5 kDa, & = 1.07)

mCPBA (4.0 equiv),
additive (0.2 equiv)

1,2,4-trichlorobenzene (0.3 M)

CON
(éix oo
Me” O \]7
Me
4b

Entry Additive Conversion” (%) M, (kDa) P*

Entry Additive Conversion” (%) M, (kDa) DP°

14 Hexamethyldisiloxane n.a. 2.1 1.63
2¢ n.a. >99 4.4 1.43
3 Triethylamine 90 10.7 1.30
4 N,N-Diisopropylethylamine 88 10.0 1.32
5 2,6-Lutidine 61 13.1 1.18
6 NH,HCO; 96 9.4 1.29
7 NH,OAc 83 6.9 1.34
8 Benzamide 99 10.7 1.25

9 1,3-Diphenylurea 69 4.3 1.39
10 p-Toluenesulfonamide 98 3.3 1.35
11 Urea >99 13.5 1.15
12 Thiourea 98 11.8 1.21
13 Ammonium carbamate 87 6.9 1.37
14 Methyl carbamate 98 3.6 1.38
15 t-Butyl carbamate >99 13.0 1.16

“ Standard conditions: RAFT homopolymer of MVK 3b (41.7 mg, containing 0.60 mmol repeating units), mCPBA (2.40 mmol), additive (0.12 mmol),
and solvent (2.00 mL) stirred at 50 °C for 24 h unless noted otherwise. ® Determined by 'H NMR of the crude products using 1,1,1,3-
tetrachloropropane as an internal standard. ¢ Determined by SEC (THF) analysis relative to polystyrene standards. ¢ Hexamethyldisiloxane (1.20
mmol) and dry mCPBA were employed. * mCPBA was used without drying.

1750 | Chem. Sci,, 2022, 13, 1746-11754 © 2022 The Author(s). Published by the Royal Society of Chemistry
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—— PMMA-b-PVAC —— PEA-b-PVAC —— PVAc-b-PMA-b-PVAc

via BV oxidation

M,: 14.4 kDa, D: 1.23  M,: 14.0kDa, D: 1.18 My: 14.4 KDa, D: 1.12
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e | | et

Iy
CO,Et OAc

y x
CO,Me OAc

via BV oxidation via BV oxidation

My: 22.8 kDa, D:1.13  M,: 20.0kDa, D: 1.14

et

CO,Me Ac
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C&Me OAc Ac
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Fig. 6 Synthesis of block copolymers of VAc and various monomers. SEC traces of (a) PMMA-b-PMVK di-block copolymer 7a, (b) PEA-b-PMVK
di-block copolymer 7b and (c) PMVK-b-PMA-b-PMVK tri-block copolymer 7c before and after exhaustive BV oxidation.

z | (1.0 equiv)
AIBN,
1) 1,2,4-trichlorobenzene, NCDM
A~ Me 70°C, 24 h x Y
Me\n/o i
o 2) dry mCPBA, (TMS),0, o [ J
40°C,24h

MVK
522.7 mg, 7.50 mmol

PVAc-co-PS 10

After heating for 10 min =
e i i

Fig. 7 One-pot synthesis of PVAc-co-PS 10 and its adhesive perfor-
mance. Images of glass slide lap joints bonded with PVAc (a) before
and (b) after stirring in 80 °C water for 10 min, or PVAc-co-PS 10 (c)
before and (d) after stirring in 80 °C water for 12 h.

slowly reacted with the m-chlorobenzoic acid accumulating
during the oxidation to form a neutral trimethylsilyl m-chlor-
obenzoate species. Further suppression of chain scission by
drying the commercial mCPBA reagent provided an optimal BV
protocol for the exhaustive functionalization of PMVK. The
optimal condition was obtained in Table 1, entry 22, Further
experiments indicated that 4.0 equiv. of mCPBA was not
required. Indeed, 1.2 equiv. of mCPBA was sufficient to
complete the reaction, although a slower rate was observed.

Exhaustive BV oxidation of commercial PMVK homopolymers

With the first exhaustive functionalization condition in hand,
we then conducted a BV oxidation of commercial PMVK on
a preparative scale. In addition to "H NMR and "*C NMR, the
resulting polymer was fully characterized by size exclusion
chromatography (SEC), Fourier transform infrared spectroscopy

© 2022 The Author(s). Published by the Royal Society of Chemistry

(FT-IR), differential scanning calorimetry (DSC), and thermog-
ravimetric analysis (TGA).

The 'H NMR and **C NMR spectra of the polymer samples
before and after oxidation are displayed in Fig. 3. The peak at
0 = 4.87 ppm was assigned to the protons attached to carbon
b’ of the post-modified polymer (Fig. 3a, bottom). Meanwhile,
the peaks at 6 = 2.3-2.7 ppm, corresponding to the protons
attached to the carbon b of PMVK, disappeared after the
oxidation (Fig. 3a, top). These results indicated that the BV
oxidation completely transformed the PMVK homopolymer into
a PVAc homopolymer. The *C NMR spectra also provided
additional evidence. In Fig. 3b, the carbonyl signal of the ketone
of PMVK (6 = 210.2 ppm) disappeared completely after the
oxidation, while a carbonyl signal corresponding to an ester
appeared at 170.4 ppm. In addition, the conversion of PMVK to
PVAc was further confirmed by FT-IR.

The M,, and D of the resulting PVAc polymer 5a were ob-
tained by SEC (Fig. 4a). A slightly higher M, and a similar D were
obtained after functionalization. The SEC traces indicated that
our protocol successfully suppressed chain scission and cross-
linking without affecting the molar mass and H. Meanwhile,
glass transition temperature (T,) data was collected using
differential scanning calorimetry (DSC) (Fig. 4b). The T, of PVAc
5a obtained by the exhaustive BV oxidation was close to the T, of
the commercial PVAc sample. In contrast, the T, of PMVK 3a
was slightly lower. Furthermore, the thermogravimetric analysis
(TGA) of this sample after oxidation displayed a two-staged
curve, which is analogous to that of PVAc (Fig. 4c). The initial
degradation stage possibly relates to the elimination reaction of
the side groups while the second stage may relate to the
degradation of the polymer backbone. As a comparison, the
TGA of the original PMVK sample exhibited a one-stage curve.

Exhaustive BV oxidation of statistical copolymers of MVK and
various monomers

Although PVAc-derived copolymers are highly valuable, many
PVAc copolymers, in particular those involving more activated
monomers (MAMs), are rarely accessible by conventional
copolymerization approaches.* Indeed, copolymerization
cannot occur effectively since VAc and MAMs have disparate
reactivity ratios.®* Encouraged by our success using PMVK
homopolymers, we expected that our exhaustive BV post-
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modification would provide a general solution for the synthesis
of poly(VAc-co-MAM)s.

Firstly, we prepared a number of PMVK-co-PSs with differing
MVK/St feed ratios (20/80, 50/50, and 80/20) under AIBN-
initiated free radical polymerization. The reactivity ratios of
MVK and St monomers (ryykx = 0.29, s = 0.35)* indicate that
PMVK-co-PS copolymers favor a statistical distribution. As ex-
pected, almost identical MVK/St ratios (28/72, 51/49 and 75/25,
respectively) were obtained in the resulting copolymers.
Subsequently, the prepared PMVK-co-PS copolymers were
functionalized using the BV protocol developed for the PMVK
homopolymers. Unexpectedly, it was observed that the rates of
BV oxidation for PMVK-co-PS copolymers were higher than of
the PMVK homopolymers. The enhanced rates appeared to be
proportional to the percentages of styrene units within the
PMVK-co-PSs. Following the same trend, the rates of chain
scission and cross-linking also increased. Gratifyingly, with
careful tuning of the reaction temperature, a set of exhaustive
modification conditions for PMVK-co-PS were achieved at 45 °C
(MVK/St = 75/25), 40 °C (MVK/St = 51/49), and 35 °C (MVK/St =
28/72), respectively (Table S10t1). Under these optimized
conditions, the M, and D were well controlled (Fig. 5). The
reactivity differences between the PMVK homopolymers and
PMVK-co-PS copolymers can be tentatively attributed to the fact
that phenyl groups are less electron-withdrawing than acetyl
and acetoxy groups. Mechanistically, the reaction rate of BV
oxidation can be affected by the electronic properties of the
migrating group. As a comparison, the direct copolymerization
of VAc and St was also conducted. It was found that only 1% of
the VAc monomer copolymerized while 94% conversion of St
was obtained. Accordingly, the resulting copolymer was
predominately composed of St. Besides PVAc-co-PS, PVAc
copolymers with other MAMs such as acrylonitrile (AN), and
methyl acrylate (MA) were also successfully prepared. Under the
optimal BV conditions of 50 °C and 24 hours, PMVK-co-PAN and
PMVK-co-PMA copolymers were fully converted to their corre-
sponding PVAc-co-PAN and PVAc-co-PMA copolymers, respec-
tively. No obvious chain scission or cross-linking were observed
in the SEC traces (Fig. 5). All of the prepared statistical copoly-
mers were thoroughly characterized. The “comonomer” ratios
in the functionalized copolymers were consistent with the ratios
of the starting copolymers (Tables S10 and S12%). Analysis of
NMR spectral data (Fig. S4-S87) confirmed that nearly all MVK
units were converted to VAc units. FT-IR, DSC, and TGA data
(Tables S11 and S137) further supported the NMR spectra result.

Exhaustive BV oxidation of block copolymers of MVK and
various monomers

In addition to the synthesis of statistical copolymers, the
synthesis of block copolymers of VAc and MAMs remains
challenging as well.”® Encouraged by our success in the
synthesis of statistical poly(VAc-co-MAM)s, we anticipated that
our BV post-modification strategy could be expanded to the
synthesis of PVAc block copolymers with MAMs. Firstly, we
prepared a number of PMVKs and poly(MAM-b-MVK)s via RDRP
techniques. Although the atom transfer radical polymerization
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(ATRP) of vinyl ketone monomers'® is presently inaccessible,
Wooley's RAFT protocol¥ offered us an effective method to
synthesize narrow-dispersed PMVKs and PMVK block copoly-
mers. Unfortunately, none of our established BV protocols for
the statistical copolymers were compatible with the post-
modification of narrow-dispersed PMVK homopolymers.
Significant degradation of the polymer architecture occurred in
all cases (Table S81). We speculated that the degradation was
most likely caused by the end-group of the RAFT polymers.
Indeed, this hypothesis was later verified by the fact that
a RAFT-derived polymer without a sulfur-based end group®
performed well using our BV protocol (Table S87).

Previous studies indicated that sulfonic acid might be gener-
ated by the oxidation of the sulfur-based end-groups in the RAFT
polymers.?® Although TMS,0 was unable to buffer the more
acidic -SO;H group, we speculated that another additive might
neutralize both m-chlorobenzoic acid and the additional sulfonic
acid. Significant efforts at using common bases as a buffer met
with little success since the pH of the reaction mixture changed
dynamically. Indeed, a fluctuating pH, no matter if higher or
lower, could be detrimental to the PPM. Gratifyingly, ¢-butyl
carbamate and urea were later identified as the most effective
additives after a laborious screening (Tables 2 and S9f). With
a modified procedure using 0.2 equiv. of urea as an additive, the
PMVK homopolymer prepared by RAFT was nearly quantitatively
transformed into a PVAc polymer without obvious chain scission
or cross-linking. The structural integrity of the resulting PVAc
polymer was verified by 'H and >C NMR (Fig. $31), and FT-IR.
Furthermore, the MALDI-TOF MS (matrix-assisted laser
desorption/ionization time-of-flight mass spectroscopy) spec-
trum indicated a spacing of 86.1 which is consistent with the
molar mass of a Vac repeating unit (Fig. S131).

The modified BV protocol using the urea additive was further
applied to the synthesis of PVAc block copolymers. Two di-block
copolymers, poly(methyl methacrylate)-block-poly(methyl vinyl
ketone) (PMMA-b-PMVK, M, = 14.0 kDa, PMMA/PMVK = 7.7/
6.3) and poly(ethyl acrylate)-block-poly(methyl vinyl ketone)
(PEA-b-PMVK, M,, = 13.9 kDa, PEA/PMVK = 8.6/5.3), and one
“ABA”-type tri-block copolymer, PMVK-b-PMA-b-PMVK (M,, =
20.0 kDa, PMVK/PMA/PMVK = 5.2/10.3/4.5), were synthesized
by sequential RAFT polymerization. Subsequently, these three
PMVK block copolymers were completely functionalized by the
urea-modified BV protocol, with PMMA-b-PVAc, PEA-b-PVAc,
and PVAc-b-PMA-b-PVAc being obtained without apparent
degradation (Fig. 6 and Fig. S9-S11%). Notably, all of these
copolymers were prepared using nearly identical conditions,
and thereby the careful tuning of conditions for different MAMs
is not required. This is distinct from the methods using
switchable RAFT agent” and dual RDRP agents* where the
choice of polymerization parameters and RDRP techniques
were important.*®

Scalable one-pot synthesis of PVAc-co-PS and its improved
performance over PVAc adhesive

To streamline the preparation of poly(VAc-co-MAM)s, we
developed a one-pot copolymerization/exhaustive BV post-

© 2022 The Author(s). Published by the Royal Society of Chemistry
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modification procedure (Fig. 7, top). This convenient and scal-
able process allows us to synthesize PVAc-co-PS on a gram scale
from MVK and St monomers directly without the purification of
the PMVK-co-PS precursor. Noticeably, the use of 1,2,4-tri-
chlorobenzene as a solvent for copolymerization was crucial for
this process. Although the comprehensive properties of PVAc-
co-PS 10 are yet to be investigated, this copolymer has exhibited
an improved performance over the standard PVAc adhesive in
our preliminary tests, especially when applied in aqueous
conditions at elevated temperatures. The adhesive strength of
PVAc-co-PS was maintained after 12 h of heating at 80 °C in
water while that of regular PVAc was lost in 10 min under
identical conditions (Fig. 7, bottom).

Conclusions

Baeyer-Villiger oxidation, a historically important trans-
formation in small-molecule organic chemistry, has now
emerged to be an efficient PPM reaction for PMVK and its
copolymers. Initial unsuccessful attempts on a small-molecule
model led us to develop and re-investigate the BV oxidation
directly on PMVK polymers. After the elucidation of multiple
factors affecting reaction kinetics and side reactions, a set of
unique BV oxidation conditions have been developed and are
able to completely functionalize PMVK and its copolymers
without obvious chain scission or cross-linking.

With this unique BV post-modification method in hand, we
successfully prepared a broad array of poly(VAc-co-MAM)
statistical copolymers that are rarely accessed by direct copoly-
merization. In addition, a number of PVAc di-block and tri-
block copolymers with narrow molecular weight distributions
were synthesized using this post-modification method. A gram-
scale one-pot process was additionally developed to demon-
strate the potential of a scalable production of such copolymers.
The material properties and potential applications of the
prepared poly(VAc-co-MAM) copolymers will be reported in due
course.

In addition, we recognize that re-investigating a reaction
using polymer substrates could be a valuable approach for the
development of other PPM reactions, particularly when the
direct translation of small-molecule protocols has failed. By
applying this approach, the post-modifications of other
commodity polymers such as poly(acrylic acid) and polyketones
are currently being investigated in our laboratory.
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