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We report the synthesis of sterically unhindered boron-doped
m-conjugated polymers via polymerization of organo-dilithium
reagents with boron trichloride. The resulting polymer exhibits
Lewis acidity and catalyzes the transesterification of methyl benzo-
ate. This performance is attributed to the electron-accepting
ability, and thermally labile Lewis acid—base interactions, facilitat-
ing catalytic turnover.

Lewis acidic boron-doped =-conjugated polymers have
attracted considerable attention due to their potential in a
wide range of applications, including optoelectronics, gas
storage, sensors, and catalysts."”” Owing to their high mole-
cular weight and extended conjugation, these polymers are
typically associated with advantageous properties such as
improved charge transport, efficient light absorption, mole-
cular adsorption, good thermal and chemical stability,
enhanced processability, and ease of handling. Furthermore,
their macromolecular nature enables the formation of robust
solid-state materials, making them suitable for heterogeneous
applications such as catalysis and sensing. A boron atom sur-
rounded by aryl groups is electron-deficient due to the vacant
p orbital. This characteristic endows boron-containing com-
pounds with unique properties, particularly as a Lewis acid.
Previously reported boron-doped n-conjugated polymer struc-
tures have often been composed of bulky substituents, such as
mesityl or 2,4,6-tri(isopropyl)phenyl groups, and these poly-
mers were primarily utilized for the detection of small anions,
such as fluoride ions (Scheme 1a).> Incorporating boron atoms
with less bulky substituents is a promising strategy to enhance
the Lewis acidity of m-conjugated polymers and expand their
potential applications in catalysis and molecular recognition.
For instance, triphenylborane (BPh;) exhibits significantly
stronger Lewis acidity than trimesitylborane (BMes;), high-
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lighting the effect of steric hindrance on Lewis acid strength.®
Recently, Xue et al. reported boron-containing polythiophenes
bearing less hindered substituents, which showed high
responsiveness to triethylamine and pyridine through Lewis
acid-base interactions (Scheme 1b).”> The polymers were syn-
thesized via transmetallation reactions between organotin
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Scheme 1 Synthesis methods of the boron-doped polymers.
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monomers and boron-containing electrophiles, which are
used for the construction of triarylborane-containing poly-
mers. Although organotin reagents are commonly used for
constructing triarylborane structures, their limited reactivity
often requires harsh reaction conditions.” This restricts the
choice of monomers to electron-rich species. Moreover, it has
been reported that Sn-C bond is further deactivated upon
incorporation of an electron-deficient borane moiety,'® which
would hinder the formation of the desired polymer structures.

In this study, we report on the synthesis of Lewis acidic
boron-doped =n-conjugated polymers without bulky substitu-
ents such as mesityl groups. To explore suitable conditions for
polymer formation, both organolithium and Grignard reagents
were employed as nucleophilic coupling partners with boron
trichloride. These reagents differ in their reactivity and com-
patibility with electron-deficient boron centers, and their com-
parison was expected to provide insight into the optimal syn-
thetic route. To probe the Lewis acidity of the resulting
polymer, pyridine was employed as a Lewis base, and its
coordination was confirmed spectroscopically; upon heating,
the coordinated pyridine was released, indicating reversible
Lewis acid-base interactions. Polymerization was anticipated
to influence the molecular architecture and Lewis acid-base
interactions, potentially resulting in catalytic properties dis-
tinct from those of the small-molecule analogues. Arylboranes
are well known to function as Lewis acid catalysts;>*!'™
therefore, we selected the transesterification of methyl benzo-
ate as a model reaction to evaluate the catalytic performance
of our polymer.

Several organodimetallic reagents were reacted with boron
trichloride to obtain the corresponding polymers (Scheme 1c).
These polymers were assumed to be unstable; therefore, their
isolation, characterization, and potential applications were
performed after treatment with pyridine. Initially, polymeriz-
ation was attempted using 1,4-benzenediiodomagnesium and
boron trichloride (Table 1, entry 1). However, no polymeric

Table 1 Optimization of polymer synthesis conditions?

L O™
B

CI<,.Cl

B” 4 -

& Et,0, 1t, 24 h

A M

B n
M = Li, Mgl BX, X=Clor Ar

Entry Organometal A : B molar ratio Product (mg)
1 IMgCeH Mgl 1:1.5 0
2 LiCgH,Li 1:1.5 80
3 LiC¢H,Li 1:2.0 30
4 LiCeH,Li 1:1.0 30

“Reaction conditions: A: 1 M boron trichloride solution in heptane
(1.0 mL) and B: organometal reagent solution in diethyl ether were
reacted under an argon atmosphere, and the mixture was stirred at
room temperature for 24 hours. Then, diethyl ether (10 mL) and pyri-
dine (18.2 mmol) were added to quench the reaction.
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product was obtained after work-up. This might be attributed
to the resulting polymer becoming electron-deficient during
the reaction, rendering the intermediate insufficiently active
for further propagation. For comparison, no polymer was
obtained using trimethoxyborane as a boron source, possibly
due to the lack of electrophilicity of the boron -center.
Similarly, polymerization does not proceed when dimethoxy-
mesitylborane is reacted with a Grignard reagent derived from
1,4-dibromobenzene.'® To address this issue, we employed 1,4-
dilithiobenzene, which is generally more reactive than the
corresponding Grignard reagent. The reaction of this lithium
reagent with boron trichloride successfully afforded an in-
soluble polymer (Table 1, entry 2). To investigate the polymer
structure, we conducted "'B NMR analysis. The spectra indi-
cated the presence of triarylborane units coordinated with pyr-
idine, along with signals corresponding to B-O bonds and tet-
raarylborate moieties (Fig. 1a). Pyridine-borane adducts such
as pyridine-BPh; are known to be air-stable and resistant to
oxidation and hydrolysis, avoiding conversion to phenyl-
boronic acid. Based on this analogy, we infer that the B-O
bonds observed are likely formed by replacement of residual
B-Cl groups during the quenching process. To study the effect
of stoichiometry on polymer formation, reactions were con-
ducted using either one or two equivalents of the lithium
reagent. The use of two equivalents resulted in only a small
amount of polymer (Table 1, entry 3). The product exhibited
poor solubility in organic solvents, and its "'B NMR spectrum
did not provide meaningful information. Likewise, one equi-
valent of the lithium reagent also yielded a small amount of
polymer (Table 1, entry 4). However, in this case, ''B NMR ana-
lysis revealed the presence of both triarylborane-pyridine com-
plexes and B-O bonds, even though one equivalent is insuffi-
cient for stoichiometric formation of triarylboranes. These
findings suggest that when 1.5 equivalents of the lithium
reagent are used, substitution of B-Cl by B-Ar may proceed
beyond the triarylborane stage, leading to overreaction and for-
mation of tetraarylborates. Once tetraarylborates are formed,
the remaining reagent becomes insufficient for further triaryl-
borane formation, leaving unreacted B-Cl groups, which are
subsequently converted into B-O bonds during the pyridine
quenching step.

The polymer synthesized using 1.5 equivalents of the
lithium reagent and boron trichloride exhibited the highest
degree of polymerization. Accordingly, we conducted further
analyses of this polymer. First, Fourier-transform infrared
(FT-IR) spectroscopy analysis was performed. The IR spectrum
of the polymer displayed peaks at 1454 cm™" and 1618 cm ™,
which are also observed in the spectrum of the BPh;-pyridine
complex (Fig. 1b). These peaks have been reported to corres-
pond to pyridine coordinated to Lewis acid sites, with their
positions known to shift depending on the strength of Lewis
acidity."®"” Therefore, the observed peak positions suggest
that the polymer possesses moderate Lewis acidity, compar-
able to that of BPh;. Next, we investigated the thermal stability
of the polymer. Thermogravimetry-mass spectrometry (TG-MS)
was employed to directly monitor the release of pyridine

This journal is © The Royal Society of Chemistry 2025
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Fig.1 (a) B NMR spectrum of the polymer synthesized using 1.5
equiv. of dilithiobenzene, measured in THF-dg, (b) IR spectra of (i) the
polymer-pyridine complex and (ii) BPhs-pyridine complex, and (c) TG-MS
spectrum of the polymer-pyridine complex.

associated with weight loss during heating.'®'® The TG curve
indicated a weight loss of 26% up to 275 °C under a helium
atmosphere (Fig. 1c). At 195 °C, the mass spectrum revealed a
signal at m/z = 79, corresponding to pyridine. Given that the
boiling point of free pyridine is approximately 115 °C, the
observed release at higher temperatures implies strong coordi-
nation between pyridine and the Lewis acid sites in the
polymer. A similar phenomenon has been reported for boron-
containing polythiophenes, which exhibit weight loss associ-
ated with the release of pyridine at around 150 °C.?

Next, we evaluated its catalytic performance as a metal-free
Lewis acid catalyst. The polymer was applied to the transesteri-
fication of methyl benzoate.*® To facilitate the removal of pyri-
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dine and activate the Lewis acid sites, the reaction was con-
ducted at 180 °C. Under these conditions, the polymer cata-
lyzed the formation of octyl benzoate with a yield of 83% using
15 wt% of the catalyst in 1 hour (Table 2, entry 1). This result
suggests that pyridine was successfully removed from the
polymer, thereby exposing the Lewis acid sites responsible for
catalysis. For comparison, BPh; was tested as a model of a
small-molecule Lewis acid catalyst. However, the reaction pro-
ceeded with poor efficiency (Table 2, entry 2); the polymer
yielded a product 6.4 times greater than that obtained with
BPh;. We also tested the BPh;-pyridine complex as a model
Lewis acid-base adduct. However, the reaction yield remained
very low even after prolonged reaction time (Table 2, entry 3).
This low reactivity can be attributed to the strong complexation
between pyridine and BPh; within the molecule, making acti-
vation of the Lewis acid site difficult under the given con-
ditions. TG-MS analysis of the BPh;-pyridine complex revealed
that pyridine (m/z = 79) was not released until approximately
200 °C, and the subsequent complete weight loss was ascribed
to the vaporization or decomposition of the complex (Fig. S1).

To further investigate the importance of pyridine removal,
the polymer was used as a catalyst in a sealed tube. Under the
condition, the reaction did not proceed (Table 2, entry 4), sup-
porting the conclusion that thermal activation and the release
of pyridine from the reaction system are essential for catalytic
activity. Additionally, pyridine alone was tested as a Lewis base
catalyst. While a small amount of product was obtained after
12 hours, the catalytic activity was negligible (Table 2, entry 5).

Finally, trimesitylborane (BMes;) was examined as a model
of a sterically hindered boron compound. Although BMes;
catalyzed the reaction with a yield of 60% (Table 2, entry 6),
its efficiency was lower than that of the polymer. This is
likely due to the bulky mesityl groups, which may limit the
accessibility of the boron center and hinder its catalytic
performance.

To elucidate the results, the reaction mixtures after catalysis
using BPh;, BMes;, and the polymer were analyzed by ''B
NMR in THF (Fig. S9-11). In the case of BPh;, the formation of

Table 2 Transesterification of methyl benzoate?

o (0]
> Catalyst (15 wt%) _CgH17
0" + 1t-octanol ————— 0
180°C,1h

Entry Catalyst Yield” (%)
1 Polymer 83

2 BPh; 13

3 BPh;-pyridine 0

4° Polymer 3

57 Pyridine 0

6 BMes; 60

“Reaction conditions: methyl benzoate (0.5 mmol); 1-octanol
(2.5 mmol); catalysts (15 wt% of methyl benzoate). ? Determined by GC
using dodecane as an internal standard. “The reaction in a sealed
tube. ? The yield was up to 21% for 12 hours.
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Fig. 2 GEl calculations for (a) BPhs and (b) the polymer structure with
the model units highlighted.

B-O species was observed, indicating decomposition of BPh;
during the reaction. In contrast, BMes; maintained its struc-
ture after the reaction. These results suggest that the lower
yield observed with BPh; is primarily due to its decomposition.
For the polymer, B-O formation was also suggested, similar to
BPh;; however, due to the potentially higher catalytic activity
of the polymer, the overall yield was higher than that with
BMess;.

To investigate the effect of boron atoms at the para position
of the benzene ring, we calculated the Global Electrophilicity
Index (GEI), a widely used quantitative and base-independent
measure of Lewis acidity.”" BPh; (Fig. 2a) and 1,4-phenylene-
bis(diphenylborane) (Fig. 2b) were used for the GEI calcu-
lations. The resulting GEI values for BPh; and 1,4-phenylene-
bis(diphenylborane) were 2.022 eV and 2.353 eV, respectively.
These results indicate that the introduction of boron at the
para position enhances the molecule’s electron-accepting
ability.

In summary, we have synthesized a sterically unhindered,
boron-doped n-conjugated polymer via the direct reaction of
organodilithium reagents with boron trichloride. Unlike con-
ventional boron-containing polymers, the boron centers in our
system are incorporated into the polymer backbone without
bulky substituents, allowing greater accessibility of the Lewis
acid sites. This structural feature enables the polymer to func-
tion as an efficient metal-free Lewis acid catalyst, as demon-
strated in the transesterification of methyl benzoate.
Compared to small-molecule Lewis acids such as BPh; and
BMes;, the polymer exhibited superior catalytic activity. This
performance is attributed to the electron-accepting ability, and
thermally labile Lewis acid-base interactions, facilitating cata-
lytic turnover. These findings present a molecular design strat-
egy for developing thermally stable and tunable boron-doped
n-conjugated polymers as a new class of metal-free Lewis acid
catalysts.
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