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Anthranilamide-protected vinylboronic acid:
rational monomer design for improved
polymerization/transformation ability providing
access to conventionally inaccessible copolymersy
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We have studied several protecting groups for vinylboronic-acid derivatives as monomers in radical

polymerizations with the objective to improve the polymerization ability and C-B bond-cleaving post-

transformation performance. Anthranilamide (aam)-protected vinylboronic acid (VBaam) exhibited

experimentally a relatively high polymerization activity, which was theoretically corroborated by density

functional theory (DFT) calculations that revealed a peculiar effect of the interaction between the aam
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Introduction

Organoboron compounds occupy an important position in
contemporary synthetic chemistry due to their unique func-
tionality, reactivity, and transformability. Boron forms stable
covalent bonds with carbon atoms due to its relatively high
electronegativity, while its vacant p-orbital allows the activation
of C-B bonds by nucleophiles, leading to versatile molecular
transformations.' One of the reasons for the high synthetic
utility of organoboron compounds is the ability to tune their
reactivity and transformability based on the choice of the boron
protecting group (Fig. 1a).” For instance, this protecting-group-
dependent reactivity enables the precise synthesis of oligoar-
enes via iterative Suzuki-Miyaura cross-coupling (SMC) reac-
tions via a detachable masking group such as 1,8-
diaminonaphthalene (dan) or N-methyliminodiacetic acid
(mida).>* Anthranilamide (aam) is another class of masking
group for such coupling reactions; Suginome and co-workers
have reported that aam-protected boron moieties act as
a directing group for ortho-selective C-H-activation reactions
due to the affinity of the amide group toward transition-metal
complexes.® Trifluoroborates, i.e., anionic organoborons that
bear three fluorine atoms, are also useful as cross-coupling
substrates and carbon-radical precursors.® The use of such
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groups on the polymerization behavior. The VBaam units in the copolymers can subsequently be
into vinyl alcohols or into ethylene units through C-B-bond-cleaving side-chain
replacement, which affords valuable copolymers such as poly(vinyl alcohol-co-styrene), poly(ethylene-
co-styrene), and poly(ethylene-co-acrylate).

boron-based synthetic chemistry can be expected to broaden
the scope of synthetically accessible molecules.

In the chain-growth polymerization of vinyl monomers, the
element attached to the vinyl moiety and/or the substituent of
the pendant crucially determine the polymerization ability.” For
example, vinyl ether is a monomer with an alkoxy (OR) side
chain on the vinyl group. This monomer is suitable for cationic
polymerizations rather than anionic or radical polymerizations
due to its non-conjugated structure and electron-richness,
although recent studies have shown that it is also able to
engage in radical polymerizations.®? N- or S-vinyl monomers
such as N-vinyl pyrrolidone and vinyl phenyl sulfide can be used
for radical homopolymerizations, and the resulting polymers
have attracted attention due to their heteroatom-oriented
optoelectronic functions.®'® These vinyl monomers with
attached heteroatoms belong to the class of non-conjugated or
less-activated monomers, and usually form less-stabilized
chain-growth radical species. The compatibility of monomers
in copolymerizations is also critically affected by the monomer
character, which depends on the side chain moieties. For
example, it is hard to synthesize poly(vinyl alcohol-co-styrene)
due to the poor copolymerization ability of vinyl acetate and
styrene.'

Recently, we have revealed the radical-polymerization ability
of isopropenyl and vinylboronic acid pinacol ester (IPBpin and
VBpin), in which the boron atom is directly attached to the
olefin moiety.” In contrast to other vinyl monomers that
contain directly connected heteroatoms such as oxygen,
nitrogen, or sulfide, alkenyl boronates show conjugated-type
monomer character due to the moderate stabilization of the
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versatile synthesis of copolymer via C-B bond-cleaving side-chain replacement.

growing carbon-radical species on account of the vacant p-
orbital on boron. Furthermore, the boronyl substituents on
the resulting polymer backbone can be replaced with other
pendants via post-polymerization modifications (PPMs). The
PPM concept has attracted attention as a technique for varying
the properties and functions of polymers,** and the replacement
of boronyl side chains is quite unique because of the possibility
for the introduction of various side-chain elements to overcome
the synthetic limitations in chain-growth polymerizations.** For
example, post-polymerization oxidation of boron pendants
allowed the preparation of poly(a-methyl vinyl alcohol) and
poly(vinyl alcohol-co-styrene), which are difficult to synthesize
due to the poor (co)polymerization ability of the precursor
monomers o-methyl vinyl acetate and vinyl acetate. Thus,
boron-containing monomers may provide access to novel routes
to polymers that overcome the synthetic limitations of hitherto
reported polymerization strategies. Moreover, the synthetic
utility of vinyl azaborines as another class of boron monomers
has been reported by Jikle,"”® Staubitz,' and Klausen."”
Azaborine-type monomers exhibit styrene-like polymerization
abilities, and the side chain can be oxidized to obtain a vinyl
alcohol unit. In the context of these pioneering investigations of
boron-based monomers and the structure-dependent reactivity
of boron reagents in organic chemistry, we focused on the
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design of monomers that contain a boronic acid ester and
amide protecting groups to broaden the synthetic targets in
polymer reactions. We found that aam-protected vinylboronic
acid (VBaam) was a suitable monomer for radical (co)polymer-
izations and that its activity was higher than that of VBpin. The
C-B bond of the VBaam unit was more susceptible to trans-
formations than that of VBpin, which allowed synthesizing
valuable copolymers, such as poly(vinyl alcohol-co-styrene),
poly(ethylene-co-styrene), and poly(ethylene-co-acrylate)
(Fig. 1b). Synthesis of these copolymers is not straightforward
due to poor compatibility of the corresponding monomers for
radical copolymerization.

Results and discussion

We synthesized vinylboronic acid derivatives that carry different
protecting groups on the boron atom and investigated their
ability to serve as monomers for radical polymerizations
(Fig. 2a, Schemes S1 and S2, Fig. S1-S4t). Vinylboronic acid
pinacol ester (VBpin), neopentyl-glycol-protected vinylboronic
acid (VBneop), and free vinylboronic acid [VB(OH),] are cate-
gorized as oxygen-connected boron compounds, whereas dia-
minonaphthalene (VBdan), anthranilamide (VBaam), and N,N'-
diethyl-o-phenylene diamine (VBdepam) are classified as

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Evaluation of the radical-polymerization behavior of vinylboron derivatives: (a) structure of the boron-containing monomers. (b) Time—
conversion plot for the radical polymerization of the vinylboron derivatives. (c) DFT-based evaluation of the radical-stabilization effect of the
boron pendants. (d) Space-filling model for each of the optimized vinylboron derivatives and the sum of the WBI around the boron atom;

calculated at the (U)B3LYP/6-31G(d) level.

nitrogen-connected boron compounds. In contrast to the
B(sp®)-type motif of these compounds, methyliminodiacetic
acid (VBmida) and trifluoroborate (VBF;K) are B(sp®)-type
derivatives.

An excess of these compounds was stirred with 2,2’-azobisi-
sobutyronitrile (AIBN) at 60 °C in THF to examine their radical
polymerization ability (Table S1t). Fig. 2b shows the time-
conversion plots and molecular weights of the products after
24 h. The consumption rates of VBdepam and VBdan were lower
than that of VBpin, and the number-average molecular weight
(M,,) of the products (after 24 h), which was measured by size-

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

exclusion chromatography (SEC; PMMA calibration; Fig. S5a-
ct), was higher. In contrast, the nitrogen-connected derivative
VBaam allowed a faster polymerization and furnished a polymer
with relatively high M,, (M, = 4.6 x 10?; Fig. S5df), albeit that
the polymer partially precipitated during the polymerization,
which is most likely due to interactions between the aam groups
(vide infra). In the case of VB(OH), and B(sp®)-type derivatives
(VBmida and VBF;K), polymerization did not take place (DMF
was used as the solvent instead of THF; Fig. S6t). During the
polymerization of VBneop, an insoluble precipitate formed, and
the product was not soluble in common solvents. Thus, the

Chem. Sci., 2022, 13, 12703-12712 | 12705
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polymerization behavior varied greatly depending on the
substituent on boron. To understand any underlying trends in
the polymerization ability, we used DFT calculations to evaluate
the effect of the boron protecting groups on the stability of the
chain-growth radicals using the dissociation energy (AE) of the
a-C-H group in the ethylboronic-acid derivatives that corre-
spond to the saturated monomers (Fig. 2c). For reference
purposes, we also performed the same calculations for those
compounds that correspond to methyl acrylate (MA) and 1-
heptene as typical conjugated and non-conjugated monomers.
The non-polymerizable monomers that contain an sp’-type
boron (Bmida and BF; ) showed relatively high AE values
(Bmida: 383.2 k] mol™'; BF;: 402.6 k] mol™*). In these mono-
mers, the boron moiety cannot stabilize the neighboring carbon
radical due to its non-conjugated structure, which was sup-
ported by the comparable value obtained for the typical
unconjugated monomer 1-heptene (400.6 kJ mol ). The values
for B(OH), (377.2 k] mol™") and Bneop (374.1 k] mol™") were
lower than and almost equal to those of Bpin (375.1 k] mol ™)
and MA (377.2 k] mol '). The vacant p-orbital in boron can
contribute to the stabilization of adjacent radicals, and thus,
they can be categorized as conjugated monomers. The B-N-
bond-containing vinylboron compounds also furnished
similar AE values (Bdan: 372.9 k] mol'; Baam: 371.3 kJ mol ;
Bdepam: 371.6 k] mol '), suggesting that a similar radical-
stabilizing effect can be expected. However, the values were
only a little lower than those of the B-O counterparts. The p-
orbital of boron is probably occupied by the lone pair of
nitrogen attached to boron, and the antibonding  orbital of the
B-N double bond can contribute to stabilizing the chain-growth
radical in a manner similar to general conjugated monomers.
The vacant p-orbital of boron is known to engage in inter-
molecular interactions with carbon radical species.*® To discuss
the effects of the protecting group from the viewpoint of steric
hindrance, we built space-filling models of the vinylboron
compounds and investigated the sum of the Wiberg bond
indices (WBIs)" of chemical bonds around boron (Fig. 2d). The
boron center of VBpin is obviously protected by the methyl
groups of pinacol (highlighted by the dashed line), and its steric
effect was more striking than those of VB(OH), and VBneop.
Thus, the unfavorable results in the polymerizations of VB(OH),
and VBneop, ie., no polymerization and/or precipitation,
should most likely be attributed to the insufficient protection of
boron in these monomers. On the other hand, the B-N-
containing monomers showed radical polymerization ability,
even though the boron atom seems sterically unprotected. Their
different behavior of the B-O counterparts is related to the
nature of the heteroatoms attached to boron. The B-N-type
monomers show larger WBIs than the B-O monomers, indi-
cating a higher electron-donation effect from the lone pair of
the neighboring nitrogen to boron. The lone-pair-donation
effect likely contributes to the suppression of the attack of the
radical on boron even when little steric protection is available.
This notion is supported by reports in which nitrogen has been
used to suppress the decomposition of relatively unstable
boron-containing compounds.*® Overall, the key factors for the
design of boron monomers for radical polymerizations are: (i)

12706 | Chem. Sci,, 2022, 13, 12703-12712
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the use of an sp>-type boron for the stabilization of the growing
radical, and (ii) kinetic protection of boron from radical species
through steric shielding, e.g., by the pinacol moiety in VBpin, or
thermodynamic protection by electron donation from a lone
pair of electrons on nitrogen, e.g., by diaminonaphthalene in
VBdan.

Next, we used DFT calculations to further investigate the
cause of the higher polymerization activity of VBaam compared
to that of VBpin. For that purpose, we calculated the energy
diagram of the chain-growth reaction (Fig. 3a). The approach of
the VBaam radical to the monomer resulted in a large energy
gain (—34.7 k] mol '), which was attributed to hydrogen
bonding between the protecting groups (C=0---H-N). On the
other hand, such a significant energy gain was not observed in
the case of VBpin (—4.2 k] mol ). Moreover, the transition state
of VBaam was more stable than that of VBpin (VBaam: +20.9 k]
mol'; VBpin: +27.9 k] mol ). The higher activity of VBaam is
partly related to these differences. The obtained transition-state
structure was further analyzed through NBO calculations
(Fig. 3b). The calculations indicated that the intermolecular
interactions between two aam groups based on N-H---N
hydrogen bonding (2.6 k] mol ') and B---N interactions (0.7 kJ
mol ') contribute to a stabilization of the transition state. This
interaction between protecting groups likely causes the faster
polymerization of VBaam. We then examined the effects of
solvent and temperature on the polymerization behavior
(Fig. 3c). When the solvent was changed from THF to DMF,
which is able to interfere with the hydrogen bonding of the
amides, the conversion after 24 h and the molecular weight of
the obtained polymer decreased (entry 1 vs. 2). When the poly-
merization was performed at 30 °C with V-70 as the initiator, the
molecular weight increased, while the polymerization slowed
(entry 3 and 4). These results likely support the contribution of
the protecting-group interaction to the improvement of the
polymerization activity. On the other hand, in the case of VBpin,
the effects of solvent and temperature were smaller, and the
conversions and molecular weights were much lower under all
applied conditions (entry 5-7).

We then studied the copolymerization behavior of VBaam
with common monomers such as styrene (St), methyl methac-
rylate (MMA), methyl acrylate (MA), and N-ethyl maleimide
(EMI), and determined the monomer reactivity ratios (r; and r,
for VBaam as M, ) (Fig. 3d, Tables S2-S6, and Fig. S11-S15%). The
copolymerization with St as M, furnished r; = 0.21 and r, =
2.16; these values indicate that the quantity of VBaam intro-
duced in the 1:1 copolymerization is small. Comparing these
values with those for the copolymerization of VBpin with St (r, =
0.25; r, = 3.77)" revealed that particularly r, is decreased,
indicating that the copolymerization ability of VBaam with
styrene was improved. A similar trend was observed for the
reactivity ratios of the copolymerizations with MA. In the
copolymerizations with MMA, the reactivity ratios of both
components were greatly decreased for VBaam (r; = 0.12; r, =
1.54) relative to those of VBpin (r; = 0.52; r, = 2.83), and thus,
its copolymerization ability was significantly improved. In the
copolymerization of VBaam with EMI, r; was almost zero and r,
became higher than 1; this stands in contrast to the EMI/VBpin

© 2022 The Author(s). Published by the Royal Society of Chemistry
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pair, which afforded low values for both r, and r; meaning
alternation-rich copolymerization. This is probably - at least in
part — due to the lower electron density of the double bond of
VBaam compared to that of VBpin, as supported by "H NMR
spectroscopy (Fig. S161). Thus, we discovered that the protect-
ing group on boron affects the copolymerization behavior. The
time-conversion plots for the copolymerization of VBaam with
common monomers (St, MMA, MA, EMI) were also evaluated,
together with the molecular weight of the resulting copolymers;
the monomer-consumption values were consistent with the
trend in the reactivity ratios, and the molecular weight of the
copolymers reached 3.08 x 10" (Fig. S$17-S207).

Our interest was then directed to the transformability of the
VBaam-containing copolymers in polymer reactions (Fig. 4a).
We chose St as the comonomer to investigate post-
polymerization reactions, mostly on account of its chemical
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robustness. Poly(VBaam-co-St) was prepared via the radical
copolymerization of VBaam and St with a 1:2 monomer molar
ratio (Fig. S21;7 M, = 1.73 x 10% M,, = 3.10 x 10% unit ratio
(m:n) = 19:81, where m is VBaam and n is St). We first per-
formed the transformation into vinyl alcohols via oxidation,
which had previously been achieved in Bpin and azaborin side
chains. In the IR spectrum, the peak derived from the stretching
vibration of the carbonyl group of aam at ~1700 cm '
completely disappeared, and a broad peak at ~3300 cm " that
corresponds to a hydroxy group emerged (black and blue lines
in Fig. 4b and S227). This transformation was supported by the
3C NMR spectrum, in which a peak for the methine carbon
neighboring the hydroxy group was clearly observed (Fig.
$23bt). The transformation was further monitored by "H NMR
spectroscopy (Fig. 4c). The aromatic peaks of anthranilamide
(h, f) disappeared, while a broad peak for the hydroxy group (x)
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Fig. 4 Transformability of the VBaam unit in the copolymer: (a) C—B bond-cleaving oxidation and protonation. (b) FT-IR and (c) *H NMR spectra
of poly(VBaam-co-St), poly(vinyl alcohol-co-St), and poly(ethylene-co-St).

12708 | Chem. Sci, 2022, 13, 12703-12712

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


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2sc05094c

Open Access Article. Published on 26 1401. Downloaded on 16/10/1404 07:21:12 ..

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Edge Article

appeared. On the other hand, the peaks for the phenyl protons
remained virtually unchanged, and thus, the transformation
proceeded without damaging the styrene units. The unit ratio
(m:n) determined by peak integration was 20:80, which is
almost consistent with that before the transformation. Thus,
VBaam is suitable as a precursor monomer for vinyl-alcohol
units, and the synthesis of the styrene/vinyl-alcohol copolymer
was achieved.

The group of Aggarwal has reported the protonation of the
C-B bond in small organic molecules using tetrabutylammo-
nium fluoride (TBAF), Mn(OAc);, and 4-tert-butylpyrocatechol
(TBC).?* This organic reaction encouraged us to explore the
transformation of the VBaam into ethylene units in the polymer
reaction of VBaam-containing copolymers (Fig. S24t). The
reaction of poly(VBaam-co-St) with TBAF/Mn(OAc);/TBC under
conditions similar to those of Aggarwal gave a product whose IR
spectrum contained no peaks from the carbonyl or amine
moieties of aam (1650 and 3200 cm ™). There is a potential risk
that oxidation could occur, which would lead to the introduc-
tion of some hydroxy pendants; however, the occurrence of this
potential side-reaction could be discarded given that a charac-
teristic peak at ~3300 cm ™" was not observed (red line in Fig. 4b
and S2271). In the "*C NMR spectrum, multiple peaks were
observed between 25 and 38 ppm, and these were attributed to
the ethylene moieties in the ethylene-styrene sequence based
on a literature report of copolymers synthesized via coordina-
tion polymerization (Fig. S25t).2> The transformation of the
VBaam unit into an ethylene unit was further supported by 'H
NMR spectroscopy. The peaks derived from the aam protons (c,
d, h, f) disappeared, while a broad peak, most likely derived
from the replacement hydrogen atom (y), appeared at 0.8 ppm.
Importantly, the peak integration ratio was consistent with the
assumption of a quantitative transformation into ethylene
units; the experimentally calculated unit ratio (m : n) was 18 : 82,
which is almost identical to that before the reaction (19:81).
The thermal properties of the polymers were clearly affected by
these transformations (Fig. S26t); the glass-transition temper-
ature (T) of poly(VBaam-co-St) (Ty = 106.1 °C) was higher than
that of the styrene homopolymer (90.9 °C) due to the interaction
between the VBaam units, and the transformation of the VBaam
units lowered the T, [poly(VA-co-St): 86.5 °C; poly(ethylene-co-
St): 68.5 °C]. It should also be noted here that the copolymer of
VBpin with styrene [poly(VBpin-co-St) (m : n = 20 : 80); Fig. S27]
was not quantitatively transformed into the corresponding
ethylene copolymer (73% transformation; Fig. S$281) under
otherwise identical conditions. The almost quantitative trans-
formation of VBaam is probably due to its lower steric demand
than that of VBpin, as shown in the space-filling model in
Fig. 2d, which can enhance the reactivity of the boron center
toward the reactant (fluoride anion or manganese salt). Higher
reactivity of the aam-protected aryl boron center compared to
that of the pinacol-protected boron center has already been
reported for the simple hydrolysis of low-molecular-weight
compounds.>

Copolymers of ethylene with polar monomers such as acry-
lates have attracted attention for materials applications,* and
their synthesis has been attempted via two polymerization

© 2022 The Author(s). Published by the Royal Society of Chemistry
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systems: radical polymerization and metal-coordination poly-
merization. The latter approach tends to afford copolymers with
a low ratio of polar monomer units, albeit that the recent
development of elaborately designed ligands for late transition
metals has allowed higher incorporation ratios of polar mono-
mer units.”* On the other hand, in radical copolymerizations,
increasing the ratio of ethylene units is rather challenging.” In
2017, Chapman et al. described the transformation of acrylic
acid unit for synthesis of olefin-acrylate copolymers.”® Quite
recently, Theato and Sumerlin have independently reported
radical copolymerizations of N-(acryloyloxy)phthalimide with
acrylate, followed by a decarboxylation in the presence of
a hydrogen-atom donor to access ethylene-acrylate copolymers
that are unusually rich in ethylene units.””*®* The copolymeri-
zation ability of VBaam and its transformation into ethylene via
protodeboronation after polymerization could also be expected
to improve the restricted range of ethylene units in acrylate-
ethylene copolymers. We thus examined the radical copoly-
merization of VBaam with tert-butyl acrylate (TBA), followed by
the transformation of VBaam into ethylene. Herein, cyano-
methyl dodecyl trithiocarbonate (CMDT) was used as the chain-
transfer agent for the reversible addition-fragmentation chain
transfer (RAFT) copolymerization in order to ensure a uniform
incorporation ratio of ethylene in the chain (Fig. S29t). The
VBaam:TBA injection monomer molar ratio in the copoly-
merization was 1: 2, and the conversion of the monomers after
8 h was 60% and 81%, respectively (Fig. S29at). The molecular-
weight distributions of the obtained copolymers were not
particularly narrow, but the SEC curves shifted to higher
molecular weight with increasing conversion of both mono-
mers, indicating that the copolymerization was moderately
controlled (Fig. S29bt). The resultant copolymer was subjected
to the aforementioned protodeboronation treatment in order to
transform the VBaam units into ethylene units (Fig. 5a and
S307). The SEC curve of the product largely shifted to lower
molecular weight [M,, (peak top molecular weight) shift: 3.10 x
10* — 1.48 x 10%), supporting a decrease in molecular weight
due to the replacement of the Baam side chain with a proton.
One possible side reaction is hydrolysis to give a boronic-acid
side chain, which would broaden the SEC curve toward higher
molecular weight due to the often-observed intermolecular tri-
merization of boronic acids. However, the SEC curve after
transformation was not broadened (M,,/M,: 2.10 — 2.06), ie.,
this undesired reaction most likely did not take place. The
transformation was further characterized by 'H and *C NMR
spectroscopy. In the "H NMR spectra, the peaks for the aam
aromatic protons (e-h) disappeared, whereas that for the tert-
butyl group (k and k') remained (Fig. 5b). Unfortunately, the
peak from the replacement proton (x) was not clearly detected
due to peak overlap. However, the integration ratio of the peak
for the backbone methine proton of the TBA unit (2.2 ppm)
relative to those of the other peaks (0.5-2.5 ppm) indicated
a19: 81 molar ratio between ethylene and TBA, which is close to
the 22:78 ratio between VBaam and TBA before the trans-
formation, thus supporting an almost quantitative trans-
formation. The "*C NMR spectra were also consistent with the
transformation of VBaam to ethylene (Fig. 5¢); the peaks for the
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Fig.5 Synthesis of poly(ethylene-co-TBA) by C—B bond transformation of poly(VBaam-co-TBA); change in the (a) SEC trace and the (b) *H NMR
and (c) ¥*C NMR spectra. (d) A comparison of the aliphatic region in the 1*C NMR spectra of poly(ethylene-co-TBA) and the TBA homopolymer
(the asterisk denotes the peak from the t-butyl group of a very small amount of TBC). (e) Change in the IR spectra due to protodeboronation. (f)

DSC curves of poly(ethylene-co-TBA) and TBA homopolymer.

aromatic carbons (d) and the carbonyl carbon (e) of the Baam
pendant disappeared, while the peaks characteristic for the TBA
unit (g’ for tert-butyl and f for carbonyl) were retained. We
further characterized the peaks from the aliphatic backbone
carbons at 20-50 ppm in more detail with reference to a report
on the microstructure of a acrylate-ethylene copolymer
prepared via metal-coordination polymerization® to confirm
the transformation to ethylene (Fig. 5d). For comparison, the
TBA homopolymer [poly(TBA)] was also measured; the peaks
overlapping with those in the spectrum of poly(TBA) can be

12710 | Chem. Sci., 2022, 13, 12703-12712

assigned to a sequence of successive TBA units (A-A-A
sequence). We observed peaks from the backbone methine of
the TBA unit [(AAA)-1] and those from the backbone methylene
[(AAA)-2]. Two peaks were present at lower magnetic field than
that of (AAA)-1, which are likely derived from the backbone
methine of a TBA unit neighboring an ethylene unit; the peak at
44.5 ppm was attributed to the sequence AEA (acrylate adjacent
to isolated ethylene), and another at lower magnetic field (46.7
ppm) to AEE (an isolated acrylate with successive ethylene
units). Moreover, some peaks from the methylene carbons in

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the backbone in ethylene were observed from 25 to 35 ppm.
Based on the literature, these peaks were assigned to the
ethylene backbone carbons in an AEA sequence [(AEA)-2 and -3]
and an AEE one [(AEE)-2, -3, and -4]. The relatively small peaks
corresponding to AEE as compared to those of AEA indicate that
successive VBaam units are rare, which is consistent with the
expectations from the monomer-reactivity ratios of VBaam and
acrylate. The selective conversion of aam was also supported by
FT-IR spectroscopy (Fig. 5e and S31%). The stretching vibration
peaks of C=0 and N-H in aam at 1658 cm ' and 3300 cm ™"
disappeared, whereas the C=0 peak of the tert-butyl ester at
1720 em ' clearly remained. The possibility of another side
reactions, such as the hydrolysis of the TBA unit, could be dis-
carded as no carboxylic-acid-derived peak was observed at
~3000 cm . Based on these structural characterizations, we
concluded that poly(VBaam-co-TBA) was successfully converted
into poly(ethylene-co-TBA) via protodeboronation. The T, of the
thus-obtained poly(ethylene-co-TBA) (19.8 °C) was markedly
lower than that of poly(TBA) (28.4 °C) (Fig. 5f). No melting point
was observed due to the low ratio of successive ethylene
sequences.

Conclusions

In this study, we examined the use of various protecting groups
on vinylboronic-acid derivatives in order to increase their
activity in radical (co)polymerizations as well as to provide
access to more versatile transformations in post-polymerization
modifications. Our results suggest that among the protecting
groups tested, anthranilamide (aam) is the most efficient for
both objectives. The crucial points for monomer design that
have emerged in this study are: (a) use of an sp>type boron for
moderate stabilization of the growing radical; (b) suppression
of the attack of radical species on the p-orbital of boron via
electron donation by a neighboring nitrogen; (c) interactions
between two aam groups. The superior transformability of this
protecting group was demonstrated for copolymers of aam-
protected vinylboronic acid (VBaam) with commodity mono-
mers such as styrene and acrylate. The protected boron
pendants in the copolymers were quantitatively converted to
hydroxy groups and protons via oxidation and proto-
deboronation, respectively, leading to valuable copolymers such
as poly(vinyl alcohol-co-styrene), poly(ethylene-co-styrene), and
poly(ethylene-co-acrylate). The tunable polymerization ability
and versatile transformability of this bespoke boron monomer
should be helpful in pushing the boundaries of conventional
polymer synthesis.

Data availability

All experimental data is available in the ESL.}

Author contributions

The study was conceptualized and supervised by T. N. and M. O.
Most of the experiments were conducted by H. S., and the
preliminary study was performed by H. M. DFT-based

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

View Article Online

Chemical Science

investigation was carried out by T. N. The manuscript was
written by T. N. and M. O. The final version of the manuscript
was approved by all authors.

Conflicts of interest

The authors declare no competing financial interest.

Acknowledgements

The authors thank Prof. Takaya Terashima (Kyoto University)
for fruitful discussions. This work was supported by JSPS
KAKENHI grants 19K15622 (T. N.), 22K14724 (T. N.), 17H06453
(M. 0.), 19H00911 (M. 0.), and 20K21222 (M. 0.), as well as by
the Kyoto Technoscience Center (T. N.), the Hattori Hokokai
Foundation (T. N.), and the Tokuyama Science Foundation (T.
N.).

References

1 (@) Boronic Acids: Preparation and Applications in Organic
Synthesis Medicine and Materials, ed. D. G. Hall, Wiley-VCH,
Weinheim, 2nd edn, 2011; (b) C. Sandford and
V. K. Aggarwal, Chem. Commun., 2017, 53, 5481-5494; (c)
C. M. Crudden and D. Edwards, Eur. J. Org. Chem., 2003,
2003, 4695-4712.

2 (@) A. J. J. Lennox and G. C. Lloyd-Jones, Chem. Soc. Rev.,
2014, 43, 412-443; (b) G. Hilt and P. Bolze, Synthesis, 2005,
13, 2091-2115; (¢) O. O. Grygorenko, V. S. Moskvina,
O. V. Hryshchuk and A. V. Tymtsunik, Synthesis, 2020, 52,
2761-2780; (d) C. A. Berg, N. C. Eichenauer and
J. Pietruszka, Pure Appl. Chem., 2012, 84, 2339-2416; (e)
N. Oka, T. Yamada, H. Sajiki, S. Akai and T. Ikawa, Org.
Lett., 2022, 24, 3510-3514.

3 (@) H. Noguchi, K. Hojo and M. Suginome, J. Am. Chem. Soc.,
2007, 129, 758-759; (b) N. Iwadate and M. Suginome, J. Am.
Chem. Soc., 2010, 132, 2548-2549.

4 (a) E. P. Gillis and M. D. Burke, J. Am. Chem. Soc., 2007, 129,
6716-6717; (b) J. Li, S. G. Ballmer, E. P. Gillis, S. Fujii,
M. ]J. Schmidt, A. M. E. Palazzolo, J. W. Lehmann,
G. F. Morehouse and M. D. Burke, Science, 2015, 347,
1221-1226.

5 (@) H. Thara, M. Koyanagi and M. Suginome, Org. Lett., 2011,
13, 2662-2665; (b) T. Yamamoto, A. Ishibashi, M. Koyanagi,
H. Thara, N. Eichenauer and M. Suginome, Bull. Chem. Soc.
Jpn., 2017, 90, 604-606.

6 (a) G. A. Molander and N. Ellis, Acc. Chem. Res., 2007, 40,
275-286; (b) S. Darses and ].-P. Genet, Chem. Rev., 2008,
108, 288-325; (c) J. K. Matsui, S. B. Lang, D. R. Heitz and
G. A. Molander, ACS Catal., 2017, 7, 2563-2575.

7 Principles of Polymerization, ed. G. Odian, Wiley, Hoboken,
4th edn, 2004.

8 (@) S. Sugihara, Y. Kawamoto and Y. Maeda, Macromolecules,
2016, 49, 1563-1574; (b) S. Sugihara, A. Yoshida, T.-a. Kono,
T. Takayama and Y. Maeda, J. Am. Chem. Soc., 2019, 141,
13954-13961.

Chem. Sci., 2022, 13, 12703-12712 | 1271


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2sc05094c

Open Access Article. Published on 26 1401. Downloaded on 16/10/1404 07:21:12 ..

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

9 (@) F. Haff, A. Sanner and F. Straub, Polym. J., 1985, 17, 143-
152; (b) H. Mori, H. Ookuma, S. Nakano and T. Endo,
Macromol. Chem. Phys., 2006, 207, 1005-1017.

10 K. Nakabayashi, Y. Abiko and H. Mori, Macromolecules, 2013,
46, 5998-6012.

11 (a) F. R. Mayo, C. Walling, F. M. Lewis and W. F. Hulse, J. Am.
Chem. Soc., 1948, 70, 1523-1525; (b) T. Nakata, T. Otsu and
M. Imoto, J. Polym. Sci., Part A: Gen. Pap., 1965, 3, 3383-3397.

12 (a) T. Nishikawa and M. Ouchi, Angew. Chem., Int. Ed., 2019,
58, 12435-12439; (b) H. Makino, T. Nishikawa and M. Ouchi,
ACS Macro Lett., 2020, 9, 788-793; (¢) H. Makino,
T. Nishikawa and M. Ouchi, Chem. Commun., 2021, 57,
7410-7413; (d) T. Kanazawa, T. Nishikawa and M. Ouchi,
Polym. J., 2021, 53, 1167-1174; (e) T. Kanazawa,
T. Nishikawa and M. Ouchi, ACS Macro Lett., 2022, 11,
706-710.

13 (a) A. Das and P. Theato, Chem. Rev., 2016, 116, 1434-1495;
(b) K. A. Glinay, P. Theato and H.-A. Klok, J. Polym. Sci.,
Part A: Polym. Chem., 2013, 51, 1-28; (c¢) R. K. Iha,
K. L. Wooley, A. M. Nystrom, D. J. Burke, M. J. Kade and
C. ]J. Hawker, Chem. Rev., 2009, 109, 5620-5686.

14 T. Nishikawa and M. Ouchi, Chem. Lett., 2021, 50, 411-417.

15 W.-M. Wan, A. W. Baggett, F. Cheng, H. Lin, S.-Y. Liu and
F. Jakle, Chem. Commun., 2016, 52, 13616-13619.

16 B. Thiedemann, P. J. Gliese, J. Hoffmann, P. G. Lawrence,
F. D. Sonnichsen and A. Staubitz, Chem. Commun., 2017,
53, 7258-7261.

17 H. L.van de Wouw, J. Y. Lee, E. C. Awuyah and R. S. Klausen,
Angew. Chem., Int. Ed., 2018, 57, 1673-1677.

18 (a) A. Fawcett, J. Pradeilles, Y. Wang, T. Mutsuga, E. L. Myers
and V. K. Aggarwal, Science, 2017, 357, 283-286; (b)
F. W. Friese and A. Studer, Angew. Chem., Int. Ed., 2019, 58,
9561-9564; (c) F. W. Friese and A. Studer, Chem. Sci., 2019,
10, 8503-8518.

19 (@) K. B. Wiberg, Tetrahedron, 1968, 24, 1083-1096; (b)
I. Mayer, J. Comput. Chem., 2007, 28, 204-221; (c)

12712 | Chem. Sci., 2022, 13, 12703-12712

View Article Online

Edge Article

T. Nishida, A. Fukazawa, E. Yamaguchi, H. Oshima,
S. Yamaguchi, M. Kanai and Y. Kuninobu, Chem.-Asian J.,
2014, 9, 1026-1030.

20 (@) P. Koelle and H. Noeth, Chem. Rev., 1985, 85, 399-418; (b)
W. E. Piers, S. C. Bourke and K. D. Conroy, Angew. Chem., Int.
Ed., 2005, 44, 5016-5036.

21 R. Rasappan and V. K. Aggarwal, Nat. Chem., 2014, 6, 810-
814.

22 H. Zhang and K. Nomura, Macromolecules, 2006, 39, 5266-
5274.

23 A. Keyes, H. E. Basbug Alhan, E. Ordonez, U. Ha,
D. B. Beezer, H. Dau, Y.-S. Liu, E. Tsogtgerel, G. R. Jones
and E. Harth, Angew. Chem., Int. Ed., 2019, 58, 12370-12391.

24 (a) S. D. Ittel, L. K. Johnson and M. Brookhart, Chem. Rev.,
2000, 100, 1169-1204; (b) Z. Chen and M. Brookhart, Acc.
Chem. Res., 2018, 51, 1831-1839; (c¢) A. Nakamura, S. Ito
and K. Nozaki, Chem. Rev., 2009, 109, 5215-5244; (d)
A. Nakamura, T. M. J. Anselment, J. Claverie, B. Goodall,
R. F. Jordan, S. Mecking, B. Rieger, A. Sen, P. W. N. M. van
Leeuwen and K. Nozaki, Acc. Chem. Res., 2013, 46, 1438-
1449.

25 (a) S. Liu, S. Elyashiv and A. Sen, J. Am. Chem. Soc., 2001, 123,
12738-12739; (b) S. Liu and A. Sen, J. Polym. Sci., Part A:
Polym. Chem., 2004, 42, 6175-6192; (¢) M. Buback and
H. Dietzsch, Macromol. Chem. Phys., 2001, 202, 1173-1181.

26 R. Chapman, D. Melodia, J. B. Qu and M. H. Stenzel, Polym.
Chem., 2017, 8, 6636-6643.

27 (a) S. Frech, E. Molle, A. ]. Butzelaar and P. Theato,
Macromolecules, 2021, 54, 9937-9946; (b) S. Frech and
P. Theato, ACS Macro Lett., 2022, 11, 161-165.

28 (@) J. B. Garrison, R. W. Hughes, J. B. Young and
B. S. Sumerlin, Polym. Chem., 2022, 13, 982-988; (b)
A. Adili, A. B. Korpusik, D. Seidel and B. S. Sumerlin,
Angew. Chem., Int. Ed., 2022, 61, €202209085.

29 D. Guironnet, P. Roesle, T. Riinzi, I. Gottker-Schnetmann
and S. Mecking, J. Am. Chem. Soc., 2009, 131, 422-423.

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


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2sc05094c

	Anthranilamide-protected vinylboronic acid: rational monomer design for improved polymerization/transformation ability providing access to...
	Anthranilamide-protected vinylboronic acid: rational monomer design for improved polymerization/transformation ability providing access to...
	Anthranilamide-protected vinylboronic acid: rational monomer design for improved polymerization/transformation ability providing access to...
	Anthranilamide-protected vinylboronic acid: rational monomer design for improved polymerization/transformation ability providing access to...
	Anthranilamide-protected vinylboronic acid: rational monomer design for improved polymerization/transformation ability providing access to...
	Anthranilamide-protected vinylboronic acid: rational monomer design for improved polymerization/transformation ability providing access to...
	Anthranilamide-protected vinylboronic acid: rational monomer design for improved polymerization/transformation ability providing access to...
	Anthranilamide-protected vinylboronic acid: rational monomer design for improved polymerization/transformation ability providing access to...


