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Abstract

We found radical polymerization of vinyl boronic acid pinacol ester (VBpin) was accompanied by
a back-biting chain transfer reaction to polymer backbone and thus branched chains were generated
via the propagation from the mid-chain radical. The subsequent oxidation for the boron pendant
afforded a branched poly(vinyl alcohol) (PVA), which was certainly supported by NMR structural
analyses. The synthesis of the branched PVA is inaccessible via radical polymerization of vinyl
acetate (VAc) and subsequent saponification because the VAc polymerization favors the chain
transfer reaction to pendant methyl group over that to the backbone. Our effort was also directed
to tuning branch degree via copolymerization of VBpin with VAc for studies in effects of branch

degree on the physical properties, such as solubility in water and crystallization in bulk state.
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Introduction

Poly(vinyl alcohol) (PVA) is an important class of vinyl polymers not only in chemical
industry but also in academic research due to its water-solubility, crystallinity, biocompatibility,
biodegradability, and the application as polarizing plating film.'> PVA is generally synthesized
through radical polymerization of vinyl acetate (VAc) and saponification because the monomer,
i.e., vinyl alcohol, is unstable due to rapid keto-enol tautomerization to acetaldehyde (Figure 1a).
Many researchers have made much effort on controlling of polymerization behavior of VAc, which
is an unconjugated monomer, as seen in stereospecific polymerization in fluoroalcohol for tacticity
control® as well as reversible deactivation radical polymerization using thioester-based chain
transfer agent’ or cobalt complex.!”!! Vinyl alcohols protected by silyl or benzyl groups are also
usable as the precursor monomers of PV A for cationic polymerization and tacticity control via the

stereospecific polymerization has been studied.!?

Organoboron compounds are used as intermediates for synthesis of functional molecules
through C-B bond transformations.!*!® One of the most reliable transformations is oxidation of
boron to hydroxy group, and thus an organoboron compound can be regarded as the precursor of
alcohol. For instance, a selective C-H borylation is used for transformation of inert alkane to
valuable alcohol,” and asymmetric hydroboration is helpful for preparing chiral alcohol.?*! Given
the transformation feature of carbon-boron bond into carbon-hydroxyl, polymerization of boron-
pendant monomer is interesting for synthesis of the precursor for PVA and the related hydroxy-
pendant polymers (Figure 1b). Indeed, some types of boron-pendant monomers have been studied
for synthesis of PVA and the derivatives. Our group found the radical polymerization ability of
isopropenylboronic acid pinacol ester (IPBpin), which is commercially available as the substrate

of organic reaction such as Suzuki-Miyaura cross coupling.?>?* The vinylidene-type monomer
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showed high homopolymerization ability as well as copolymerizability with common conjugated
monomers such as styrene.?* Post-polymerization oxidation afforded poly(a-methyl vinyl alcohol)
and its copolymer. As for the vinyl-type monomer, VBpin was available as a comonomer in radical
copolymerization of conjugated monomers such as styrene.?”> The copolymerization and
subsequent oxidation afforded the styrene-V A copolymer, which had been inaccessible due to the
poor copolymerization ability of VAc with conjugated monomers. We also found anthranilamide-
protected vinylboron monomer was also available in radical copolymerization with styrene.?
Klausen’s group have reported another-type boron monomer bearing azaborine pendant.?’
Interestingly, the character of the monomer is like styrene because of the aromaticity of the pendant
structure. Thus, the monomer underwent not only radical copolymerization with styrene but also
syndio-specific coordination polymerization with titanium catalyst,”” enabling synthesis of
styrene-PVA copolymer and syndiotactic PVA. Chen’s group designed pinacol ester -protected
boron monomers bearing trifluoromethyl*® or fluoro groups on the vinyl moiety?! to synthesize
novel PVA-based fluorinated copolymers via radical copolymerization with vinyl acetate aiming

at repellency of both water and oil.

As shown above, there are some examples of boron monomers for synthesizing PVA and
the derivatives. However, the radical homopolymerization and subsequent oxidation for synthesis
of PVA remains unexplored. Our previous study in radical copolymerization of VBpin with
styrene revealed the molecular weight of the resultant copolymers was decreased as the feed ratio
of VBpin was increased.” The trend was not observed in the radical copolymerization of IPBpin
with styrene, and thus the vinyl-type monomer presumably triggered some chain transfer reaction.
Furthermore, Klausen et al. reported the chain transfer reaction to toluene (i.e., solvent) took place

very severely during the polymerization of their vinyl-type monomer.*? Thus, synthesis of high
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molecular weight polymer via radical homopolymerization of vinyl-type boron monomer is likely
not so straightforward. In this research, we performed radical polymerization of VBpin under some
conditions to examine the effects on the molecular weight (Figure 1c). Subsequently, thus obtained
poly VBpin of relatively high molecular weight was converted into PVA via oxidation. We then
noticed formation of branched PVA from the structural analyses, and the irregular structure was
likely formed via the back-biting chain transfer reaction of VBpin radical species. Such branched
PV As cannot be directly synthesized via radical polymerization of VAc and saponification,**?* and
the synthetic route with VBpin is rather valuable. Furthermore, we performed the radical
copolymerization of VBpin with VAc and the PVA transformation to tune branch degree. The

physical properties such as crystallinity and water solubility were also evaluated.
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Figure 1. (a) Conventional synthesis of PVA using VAc as a vinyl alcohol precursor, (b) Syntheses
of PVAs and their derivatives using boron-pendant monomers, (c) This work: PVA synthesis

through radical homopolymerization of VBpin followed by pendant oxidation.

Result and discussion

In radical homopolymerization of VBpin, we investigated effects of temperature, monomer
concentration, and the existence of a-methyl group (Figure 2). The polymerization condition of

first attempt was as follows; [VBpin]/[AIBN] = 4000/40 in toluene at 60 “C (Figure 2a). Although
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the conversion of VBpin reached high value (72%) in 24 h, the poly(VBpin) exhibited low number-
average molecular weight (M, = 3000). In the '"H NMR spectrum, the poly(VBpin) showed peaks
at 5.5-5.8 ppm that is likely derived from olefin group, and the peak integration ratio of the olefin
group to the sum of peak b, ¢, and d at 0.5-1.8 ppm attributed to repeating units of poly(VBpin)
(Issss/losas) was 8.7x1073. These results indicated side reactions such as disproportionation and
back-biting followed by B-scission take place during polymerization. The bulk polymerization at
60 °C afforded relatively high molecular weight (M, = 6,600, Figure 2b) and lowering the
polymerization temperature to 30 °C allowed further increase in molecular weight (M, = 11,700,
Figure 2c and S1). Along with the increase in molecular weight, the olefin ratio Issss/lys.1s was
decreased (2.4x103, 8.7x10*, respectively). The correlation suggests the suppression of the olefin
generation is essential for increasing the molecular weight of the polymer. In the case with a-
methyl-type monomer, i.e., IPBpin, the condition of the solution polymerization ([IPBpin]/[AIBN]
= 4000/40 in toluene at 60 °C) afforded the polymer of apparently high molecular weight (M, =
30,300). The peaks from olefin protons were hardly observed in the 'H NMR spectrum, although
such a-methyl-existing monomer could undergo a disproportionation giving olefin terminal more
frequently than the vinyl-type monomer. Thus, the olefin generation for the polymerization of
VBpin cannot be attributed to disproportionation. On the other hand, in radical polymerization of
acrylate, back-biting reaction of growing radical species to backbone methine carbon can take
place unlike that of methacrylate.>>3¢ The resultant mid-chain radical species after hydrogen
abstraction undergo either chain growth giving branch chain or chain cleavage via B-scission
giving olefin terminated chain.’” The olefin generation and corresponding decrease in molecular

weight is likely caused by the back-biting reaction.
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Figure 2. Effects of conditions (concentration and temperature) for radical polymerization of
VBpin on molecular weight and structure of the resultant polymer in comparison with that of

IPBpin.

We found the backbiting reaction giving branched polymers rather interesting because the
following oxidation affords the branched PVA, which cannot be synthesized via radical
polymerization of VAc and subsequent saponification. The distinguished feature of the product
encouraged us to perform the oxidation of poly(VBpin) (M, = 11,700), which was obtained via the
bulk polymerization of VBpin at 30 °C, with H,O, in NaOH aqueous solution. Figure 3a and b
showed '"H NMR spectra of the resultant polymer in D,O and DMSO-d® in comparison with those

of the common PV A synthesized via radical polymerization of VAc and subsequent saponification.

https://doi.org/10.26434/chemrxiv-2024-5cxxm ORCID: https://orcid.org/0000-0003-4540-7827 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-5cxxm
https://orcid.org/0000-0003-4540-7827
https://creativecommons.org/licenses/by-nc-nd/4.0/

In DO, the polymer gave a spectrum similar to the common PVA, but some additional peaks
appeared and in particular a striking peak was observed at 3.5-3.8 ppm. On the other hand, 'H
NMR spectra in DMSO-d¢ gave the three peaks characteristic to hydroxy group of PVA3 and some
additional peaks were also observed. The existence of hydroxy group was supported by FT-IR
spectrum, where a broad peak corresponding to the stretching vibration of hydroxy group [v(OH)]
was clearly observed around 3200 cm! (Figure 3c). Importantly, the overall shape of the FT-IR

spectrum was quite similar to that of PVA from VAc.
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Figure 3. (a) Transformation of poly(VBpin) to PVA and structural analyses by 'H NMR in D,0O

(b) and DMSO-d* (¢), and FT-IR (d) spectra (blue: PVA from VBpin, red: PVA from VAc).
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The detailed structure of the polymer obtained through oxidation of poly(VBpin) was further
analyzed through *C and 'H-'*C DEPT-HSQC NMR measurements (Figure 4). In C NMR
spectrum, four peaks were mainly observed, and the corresponding carbon type was clarified
thorough DEPT measurement and comparison with PVA from VAc (Figure 4a and S2-4). The
peaks around 43-47 ppm and 64-70 ppm were common to PVA: the former was assigned to
methylene (2° carbon, Ca); the latter was to methine protons (3° carbon, Cb). The two peak groups
around 57-60 ppm and 74-77 ppm were specific to the polymer obtained through oxidation of
poly(VBpin). The former peak at 57-60 ppm, which was negative in DEPT, was likely assigned to
2° carbon carrying hydroxy group (Cc). The latter at 74-77 ppm, which was silent in DEPT, was
to 4° carbon carrying hydroxy group (Cd). These assignments were further confirmed by HSQC
measurement (Figure 4b). The unknown proton peak c¢ at 3.7-4.0 ppm in '"H NMR spectrum was
clearly correlated to the carbon Cec around 57-60 ppm that is 2° carbon carrying hydroxy group.
The plausible reason for the formation of the 2° and 4 ° carbons attaching hydroxy group is that
the back-biting reaction occurs during radical polymerization of VBpin. The ratio of the 4° carbon
to the whole repeating unit or “Branch Degree (BD)” was estimated by the following equation
with the integral ratios [Int(x), x = a-c] of the peak from methylene proton (a) and those from two
types of backbone protons (methine b and methylene c) attaching hydroxy pendant: BD =1 — {(Int
(b) + Int (c)/2) | Int (a)/2}. Consequently, BD of the resultant PVA was determined as 10.1 %.
Furthermore, the BD of the PVA was also evaluated by quantitative '*C NMR analysis, resulting

in the similar value as the aforementioned BD (Figure S7).
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Figure 4. Structural analysis of PVA synthesized from VBpin by NMR in D,0: (a) *C NMR and

DEPT; (b) 'H-"*C DEPT-HSQC.

The plausible process for the formation of branched PVA is shown in Figure 5. Chain-transfer
reaction of growing radical species occurs to the backbone methine carbon via back-biting reaction
like radical polymerization of acrylate monomer. In the reaction, the secondary propagating radical
is transferred to tertiary mid-chain radical, which is stabilized by vacant p-orbital of boron side
chain. The reaction was found to be exothermic from DFT calculation (Figure S8), and thus the
chain-transfer reaction is competitive to the propagation. The tertiary mid-chain radical species via
the back-biting reaction undergoes either [3-scission causing decrease in molecular weight or
initiation giving branched structure. The polymerization at lower temperature and under higher
monomer concentration could promote the formation of branched structure rather than 3-scission,

which causes the higher molecular weight. The branched PVA is inaccessible via radical
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polymerization of VAc and saponification, where the chain transfer occurs not to the backbone but
to the acetyl pendant yielding branched structures and the following saponification afford linear
PVA 341t is also supported by DFT calculation that the backbiting to backbone is less favorable in

polymerization of VAc (Figure S8).
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Figure 5. Proposed mechanism for the formation of branched PVA via radical polymerization of

VBpin (a) in comparison with VAc (b).

We then came up with the idea of controlling the branch degree in PVA through radical

copolymerization of VBpin with VAc (Figure 6a). Radical copolymerization of VBpin with an

12
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excess of VAc ([VBpin]y/[VAc], = 20/80) was then performed in toluene at 60°C. Both monomers
were consumed, and the conversion values were gradually increased (Figure S5). The
copolymerization in 4 hours gave the copolymer [poly(VBpin-co-VAc)] having M, of 11,100 and
almost 1:1 of the unit ratio (Figure S5). We then performed the oxidation reaction with H,O, in
conjunction with NaOH for the copolymer expecting conversion of the pendant groups of the both
unit into hydroxyl group (Figure S6). '"H NMR spectrum of the resulting polymer was similar to
that of the branched PV A obtained via homopolymerization of VBpin. As expected, the BD value
became lower (7.6%) than that from the homopolymerization of VBpin (BD = 10.1%), though no
difference was observed in FT-IR spectrum (Figure 6b). The quantitative '*C NMR analysis also

supported the lower BD (Figure S7).
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Figure 6. (a) Radical copolymerization of VBpin with VAc for tuning branch degree of PVA. (b)
Structural analyses of PVA obtained via radical copolymerization of VBpin with VAc
([VBpin]o/[VAc], = 20/80) by 'H NMR and FT-IR spectra (upper) in comparison with PVA via

radical polymerization of VBpin (lower).

Thus, three types of PVA of different BD, i.e., 10.1% (B-PVAy,,), 7.6% (B-PVA;s), and 0%
(linear, L-PVA), were synthesized via homopolymerization or copolymerization of VBpin and
VAc. The difference among three types of PVA was characterized by SEC combined with multi
detector of light scattering (LS) and viscosity. Hydroxy groups of the PVA samples were
acetylated via the reaction with acetic anhydride for the SEC analyses with THF as eluent and the
structures of the resultant PVAc samples, B-PVAc,;, B-PVAc;,, and L-PV Ac were identified by
'"H-NMR and FT-IR (Figure S9). Figure 7a shows the plots for absolute molecular weight against
retention volume and their SEC traces for the three PVAc samples. Figure 7b shows double

logarithmic plots of intrinsic viscosity ([7]) against absolute molecular weight (M,,) fitted by Mark-
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Houwink-Sakurada equation ([7] = KM®) and Figure 7c summarizes the parameters obtained from
these measurements. The branched polymers (B-PVAc;s and B-PVAc, ;) showed higher absolute
molecular weight than linear counterpart (L-PV Ac) at most of retention volumes as seen in Figure
7a. The trend is consistent with the difference of other branched polymers from linear ones due to
the more compact conformation of the branching structure.®#° The o values of the branched
polymers (B-PVAc;¢ and B-PVAc,;) were obviously smaller (o = 0.63 and 0.58) than that of L-
PVAc (a = 0.83), suggesting the globule-like conformation of the branched polymers. The clear
decrease in a depending on the branch degree might indicate an existence of long branched chain,
because polyethylene having short branch chains is known to show similar a value to the linear

analogue even though the intrinsic viscosity becomes lower.*!.
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Figure 7. SEC-LS-Viscometry measurement of acetylated PVA samples with different BD: (a)
Molecular weight vs. retention volume plots (plain: absolute molecular weight, dashed: SEC
curve); (b) Mark-Houwink-Sakurada plots; (c) the summarized data [M, (LS) was calculated by
M, (LS) and M,,/M,; DP, (LS) was caluclated by M, (LS) and the molecular weight of VAc (86.09

g/mol)]

Finally, we investigated the impact of branched structure of PV A on the physical properties. The
thermal properties of the three types of PV As were evaluated by differential scanning calorimeter
(DSC). Figure 8a shows the heating profiles of the samples. Both B-PVA;¢ and B-PVA,,, did not
show any peaks from the melting point, whereas L-PVA showed the melting point peak (7}, = 221
°C) (Figure S10-12). Therefore, the crystalline property of branched PV As was found to be poor.
The low crystallinity of branched PV A was also supported by XRD measurement (Figure 8b); the

branched PVAs only showed a broad peak (20 ~ 18°) in contrast to the linear analogue giving
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sharp diffraction peaks at 11°, 16°, 20°, and 23°corresponding to (100), (001), (IOi and 101), and

(200) reflections.*? The branched PVAs did show different solubility in solvents including water
(Figure 8c and S13). In general, heating is required to dissolve PVA in water due to high
crystallinity. However, the branched polymers were dissolved immediately in water without
heating because of the low crystallinity. The branched polymers also showed different solubilities

in DMF (Figure S14); they were easily dissolved in contrast to linear one.

(a) (b)
B-PVA
—~ [B-PVAq0.1 —~ i
2 3
S [B-PVA, &
s 2
o |L-PVA @ B-PVA; ¢
o o :
§ £ (101) (101)
T
(100) (001) (200) L-PVA
Tm=221°C
100 150 200 250 10 20 30 40
Temperature ("C) 20 (degree)
(c)
Water (R.T.)* Water (100 °C)* DMF** DMSO* Methanol***
B'PVA10.1 + + + + -
B-PVA; ¢ + + + + -
L-PVA - + - + -
+:Soluble, -: Insoluble * 2.5 wt%, **1 wt%, ***0.1 wt%

Figure 8. Physical properties of PVAs (B-PVA,y;, B-PVA;4, and L-PVA): (a) DSC curves; (b)

XRD profiles; (c) solubility test for water and polar organic solvents.
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Conclusion

In conclusion, we found that radical polymerization of VBpin proceeded along with back-biting-
type chain transfer affording branched polymers and the branched structure was preserved after
oxidation of the boron pendant. Thus, the synthesis of branched PVA, which is inaccessible via
radical polymerization of VAc and subsequent saponification, was achieved. VBpin showed the
copolymerization ability with VAc leading to syntheses of branched PV As having different BD.
The resultant branched PV As showed lower crystallinity and better solubility in water than the
linear counterpart. Amorphous PV A has potential applications for bio-related researches, and thus

the use of VBpin as a precursor for syntheses of PVAs are of great interest.

Supporting Information
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Detailed description of synthetic procedures, experimental methods, IR, 1H and 13C NMR
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