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Abstract

A series of boron-functionalised exo-norbornene monomers bearing boronic ester groups
were synthesised via a condensation reaction and subsequently polymerised through
ring-opening metathesis polymerisation (ROMP) to afford well-defined poly(norbornene-
B-arylene-dioxaborepine)s. The incorporation of Lewis acidic boron centres into the
norbornene-derived polymer backbone enables access to coordination-active macromolecu-
lar systems with tuneable interactions towards nucleophilic species. The resulting polymers
demonstrate enhanced structural definition and stability, thereby confirming the robustness
of the synthetic approach and the successful incorporation of boron functionalities into
ROMP-derived architectures. This work establishes a general and efficient strategy for the
preparation of boron-containing ROMP polymers, providing a versatile platform for the
development of coordination-responsive polymeric materials.

Keywords: boron; boronic ester; Grubbs ruthenium catalysts; polymer; ring-opening
polymerisation; ROMP

1. Introduction
In recent years, there has been increased interest in ring-opening metathesis polymeri-

sation as an exquisite tool for acquiring linear-based polymers from strained, electron-rich
cyclic unsaturated molecules [1]. This process allows for facile synthesis of polymeric or
copolymeric linear chains bearing diverse features with different side-chain-substituted
functional groups, for purposes such as conducting polymers [2–7], stereoregular fluo-
ropolymers [8,9], electroluminescent materials [10–13] or graft copolymers [14–16]. With
the discovery of carbene-type ruthenium catalysts (Grubbs catalysts), which, to some extent,
are tolerant to polar groups and water, it has become more prevalent to use these initiators
in ROMP [6,7,12,13,15,16]. What is more, the reaction can be easily controlled, resulting in
low-polydispersity index of forming polymeric chains [17–20]. Boronic esters are an inter-
esting group of compounds obtained by reaction between diol moieties and either boronic
acids in the condensation process or corresponding dibromides in the process of alcoholy-
sis [21,22]. These two methods exhibited the highest product yields in comparison to others.
In the past, these compounds had their application in the synthesis of optically active
aldehydes and alcohols in high optical purity [23] or as protective groups in carbohydrate
chemistry [24]. The presence of alkoxy groups and relatively stable boron–oxygen bonds
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allows the preparation of durable chemical compounds linked with different functional
groups. To this day, one of the most widespread applications of boronic ester-containing
compounds is the Suzuki–Miyaura cross-coupling reaction, which enables the formation
of new carbon–carbon bonds between an organohalide and a boronic ester. Such boronic
esters are often prepared via Miyaura borylation using bis(pinacolato)diboron (B2pin2) [25].

In addition, boron atoms present in structure of both monomers and polymer back-
bones may prove to be of interest, e.g., by binding with nucleophilic compounds such as
amines [26–30] or phosphines [31] thus forming B-N or B-P coordination bonds. To date,
the fact that boro-organic compounds exhibit electrophilic properties has been used in
medicine by binding dopamine [32–34] and saccharide [35–40] molecules, in the reduction
of amides, aldehydes and ketones [41–43], in improving conductivity in polymers (po-
lianiline) [44] and reducing steric hindrance of others (PBZT) [45], as sensors [46,47] or in
BNCT therapy [48,49]. However, to the best of our knowledge, there is very little informa-
tion on norbornene-based polymeric materials containing boron-based functional groups
in various structural configurations, prepared via ROMP polymerisation [50–54]. Our
previous studies regarding the norbornene-based polymers bearing silicon [55], organo-
silicon-styryl-based boronic esters [56] and ferrocene-boronic derived material [57] confirm
the possibility of further development of the subject presented herein. With regard to the
organometallic polymerisation of norbornene-type structures it is worth mentioning the
importance of endo-/exo-isomers of substituted norbornene. In studies on the reactivity of
dicyclopentadiene, the endo-isomer was found to be less than a magnitude reactive than
its exo-form. This can be attributed to steric interactions between the endo substituent of
the approaching monomer and the substituents of the cyclopentane ring, to which the
propagating centre is bound. A second reason for this phenomenon is the formation of an
intramolecular complex between the ruthenium centre (in case of ROMP) and the adjacent
vinylene double bond [58].

What is more, Lewis acidic boron centres have emerged as versatile functional motifs
in polymeric materials owing to their ability to reversibly coordinate nucleophilic species
through Lewis acid-base interactions. Such interactions provide an effective strategy
for tuning the electronic structure and physicochemical properties of boron-containing
materials. In particular, triarylborane-based polymers and porous polymer networks
have demonstrated selective recognition and binding of fluoride and other nucleophilic
anions, resulting in substantial modulation of charge-transfer processes and photophysical
properties [59–62]. Coordination of nucleophiles to electron-deficient boron centres can
induce pronounced changes in absorption and fluorescence, enabling the development
of colorimetric and fluorometric sensors, molecular recognition systems, and stimuli-
responsive luminescent materials with tuneable optical outputs [59–63].

Beyond sensing applications, reversible boron-donor coordination offers unique op-
portunities for the design of adaptive and dynamic polymeric materials. Dynamic B-N
interactions have been shown to facilitate bond exchange processes, regulate network
rearrangement, and promote self-healing behaviour through reversible association and dis-
sociation mechanisms [64–66]. Such interactions can simultaneously enhance mechanical
robustness and enable autonomous recovery, thereby providing access to polymeric systems
with tuneable mechanical and functional properties [66]. Consequently, coordination-active
boron centres represent far more than simple recognition sites and constitute valuable
structural elements for the development of responsive optical materials, self-healing poly-
mers, molecular recognition platforms, and other advanced functional systems based on
controllable Lewis acid-base interactions [59–66].

This paper presents an efficient method for the synthesis of new 5-norbornene-2-
exo-3-exo-dimethyl-[(dioxaborepine)] derivatives by condensation reaction followed by
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ring-opening metathesis polymerisation, resulting in polymer chains with high yield of
products, see Scheme 1. An example of coordination process will also be presented as an
application for binding nucleophilic type moieties.

Scheme 1. General overview of research.

An example of the coordination process will also be presented as an application for
binding nucleophilic molecules. This process may demonstrate the effective removal of
potentially hazardous substances from the environment.

2. Results and Discussion
2.1. Preliminary Studies

The main objective of the preliminary studies was to develop an effective and selective
synthetic pathway that would be feasible for all of the boronic acids combined in this work.
In order to achieve that goal, ethylene glycol and 1,3-propanediol have been separately
mixed with phenylboronic acid in a weakly polar solvent—toluene and highly polar
reaction medium—THF for 2 h at room temperature, see Scheme 2. The resulting boronic
esters 0a and 0b are commercially available substances; however, it was important to
oversee the progress of the reaction and especially the time required for full condensation.
After approximately 2 h, both GC-MS and infrared spectroscopy indicated absence of
ethylene glycol or 1,3-propanediol (conversion over > 99%) and the presence of the desired
product. Moreover, the phenylboronic acid was also completely consumed (over > 99%).
The IR monitored the disappearance of the broad C-OH bands of both substrates in the
range of 3000 cm−1 and 3650 cm−1 and formation of an intense peak between 1100 cm−1

and 1300 cm−1 that corresponds to the C-O stretching vibration that can be attributed
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to the -H2C-O-B-ether part. The secondary purpose of this research was to observe if
and to what extent cyclic boroxines could be formed as by-products via GC-MS. In this
case, no formation of any by-products was visible (other than H2O). The use of both
analytical methods provided information on the composition of the reaction mixture and
allowed optimisation of the process with full control over the conditions. The tests in
THF and toluene showed the latter to be better in terms of isolation of the final product,
which has been analysed with standard spectroscopic methods (FT-IR, 1H NMR, 13C NMR)
along with GC-MS. While infrared spectroscopy, mass spectrometry and proton nuclear
magnetic resonance provided confirmation of the synthesis of desired product, the 13C
NMR lacked one peak responsible for the B-C bond. Investigation on the subject provided
information that this connection is not always visible via carbon nuclear magnetic resonance,
which has been acknowledged by the literature references [67–70]. This phenomenon was
observed further on in the case of the monomers and polymers (for the results, see the
Supplementary Materials).

Scheme 2. Preliminary studies: the condensation reaction of phenylboronic acid with diols.

The optimisation tests of the reaction conditions described above indicated that toluene
was the optimal environment. In this solvent, following complete conversion of the reac-
tants, a two-phase system was observed, in which the presence of water did not cause the
formation of a byproduct. Moreover, this elementary synthetic protocol does not necessi-
tate the utilisation of a Dean–Stark trap. In the case of THF, the drying step with MgSO4

necessitated an extended drying time and additional rapid filtration through SiO2.

2.2. Synthesis of Monomers

Condensation reaction proved to be a very easy and efficient way to synthesise ROMP-
prone monomers (M1–M7) (Table 1). In each case, optimisation of reaction conditions was
performed [71]. The conditions vary in temperature and time, depending on solubility of
specific boronic acid. Only in the case of M1 was full dissolution of boronic acid observed
at room temperature.

The rest of the reactions required heating for full conversion of substrates. In each of
the cases presented, the synthesis occurred rather rapidly, within 1–7 h, monitored by IR
(Figure 1) and GC-MS analysis. More importantly, no by-products other than H2O were
observed with the exception of M7, where vinylbiphenyl was formed and a purification
process was required by washing the monomer with hexane and decanting the liquid
phase, thus obtaining a much lower yield of desired product. All of the products formed
crystalline solids easily soluble in organic polar solvents (DCM, CHCl3, THF) and a little
less soluble in weakly polar ones (toluene). Analytical data along with NMR spectra are
available in the Supplementary Materials.
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Table 1. Condensation reaction of diol and boronic acids.

Entry R T
[◦C]

Time
[h]

Isolated Yield
[%]

M1 rt 3 99

M2 75 7 97

M3 80 6 97

M4 80 6 97

M5 80 4 98

M6 40 1 95

M7 40 2 54

Figure 1. IR spectres comparison (blue line—phenylboronic acid, green line—NBE-diol, red line—
compound M1).
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Additional tests of M1 were carried out to verify the stability of B-O-C and B-C bonds
in the resulting boronic esters. In small vials, M1 was dissolved in THF or MeOH with
addition of K2CO3 or KOH and stirred for 24 h. This was followed by GC-MS analysis,
which showed no signs of boronic ester decomposition—neither NBE-diol nor boroxine
were present in the mixture (see Scheme 3).

Scheme 3. Hydrolysis test of M1.

The conducted studies of boronic esters indicate an exceptional stability in the pres-
ence of weak and strong bases. This phenomenon confirms the possible application of
norbornene-based boron compounds in coordination process as sensors.

2.3. X-Ray Discussion

Furthermore, the solid-state structures of all monomers (M1-M7) were determined
by X-ray crystallography (see Figures S2–S7 in the Supplementary Materials), according
to Scheme 4. Crystals suitable for X-ray analysis were obtained by slow evaporation of
CH2Cl2 at 3–5 ◦C [72]. As far as we know, there is only one example of crystallographic
characterisation of a boron norbornene ester, the ferrocenyl exo-derivative [57].

Scheme 4. The structure of the M1 molecule, together with a line (red, dotted) showing the ideal
conformation of the exo-isomer.

One of the structures (M1) is shown below in Figure 2.

 

(A) (B) 

Figure 2. A perspective view of the independent molecule of M1 (A) and ORTEP view of M1
(B). Thermal ellipsoids are shown at 50% probability level. Selected bond length (Å) and angle
(deg.): C11-C12 1.306(4), O-B-O 125.4(4), O-B-C 117.8(3) and 116.8(3), O6-B7 = 1.362(4) and 1.353(4),
B7-C13 = 1.548(5).

X-ray measurements of all monomers provided confirmation of the findings from
previous spectroscopic analyses. Moreover, the X-ray projections for the compounds under
discussion have been compiled, thus allowing clear observation of the differences and
deviations occurring depending on the substituents at the boron atom, as illustrated in
Figure 3. The different substituent positions on the boron atom in compounds M1-M7 did
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not impose significant steric hindrance on the vinylene fragment of the norbornene ring.
Consequently, catalyst access to the double bond remained unhindered, facilitating the
formation of the metallacyclobutane intermediate during the polymerisation.

Figure 3. The superimposed X-ray projections for exo-monomers M1-M7. Different deviations of
substituents at the boron atom while maintaining the exo-conformation of the norbornene fragment.

Available identification methods confirmed that by appropriately designing the syn-
thetic route, we obtained a group of exo-monomers that are very reactive in ring-opening
metathesis polymerisation (ROMP). In order to verify this hypothesis, the following experi-
ments were conducted.

2.4. ROMP Polymerisation of New exo-Norbornene-B-(arylene)dioxaborepines

The polymerisation process proceeded very rapidly with full conversion of monomers
in most cases resulting in formation of solids upon precipitation from DCM in hexane. All
of received polymers P1, P3, P5, P6, P7 were purified by successive precipitations in hexane
and vacuum-dried. The resulting materials of P1, P5, P6, P7 showed good solubility in
common organic solvents such as THF, CHCl3 and CH2Cl2. It was observed that during
the polymerisation process of P3 the polymeric material started to precipitate from the
mixture shortly after the introduction of the Grubbs initiator (around 3 min from the start).
Furthermore, the resulting material showed difficulty in dissolving; however, upon mixing
the material with CHCl3 and CH2Cl2, it was possible to dissolve the formed precipitate
and purify it. Polymers P2 and P4 materials also precipitated during the reaction but were
found to be insoluble. Optimisation of the reaction allowed us to obtain polymers with
high yields, ranging from 88–98% in a short amount of time, mostly up to 3 h with full
conversion of the monomers. Reaction conditions are available in Table 2. For analytical
data and NMR spectra, see the Supplementary Materials.

As the reaction progressed, the rate of consumption of the monomer was observed by
1H NMR, and more specifically by the analysis of the vinylic region of norbornene unit.
“Sharp” resonances at around 6.30–6.00 ppm of the monomer vinylene group (-HC=CH-
norbornene) faded, while “broad” resonances coming from the inner vinylene groups of
the polymer (-HC=CH-cyclopentane) at 5.50–5.00 ppm increased in intensity (see Figure 4).

In the case of soluble polymers P1, P3, P5, P6, P7, full consumption of the vinylene
groups of monomers has been confirmed on 1H NMR spectra with no visible alkene
resonances in 6.30–6.00 ppm region, as can be observed in the Supplementary Materials.
During the course of the study, we noticed that the polymerisation process tended to
proceed very rapidly. For monomer M1, additional examinations were performed. An
increase in temperature resulted in the formation of an insoluble film-type product. The
procedure was therefore modified, using only room temperature, also for the rest of the
monomers. It was even observed that reducing the polymerisation time and changing the
molar ratio of the catalyst ensured full conversion of monomer within 5 min (Table 3).
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Table 2. ROMP of norbornene-B-(arylene)-dioxaborepines [a].

Entry Monomer Time
[h]

Molar Ratio
[Mon]:[Cat.]

Isolated Yield
[%]

P1 M1 2.5 100:1 97
P2 [b,c] M2 1 50:1 97

P3 M3 3 100:1 97
P4 [b,c] M4 0.5 100:1 99

P5 M5 2.5 100:1 98
P6 M6 1 100:1 90
P7 M7 1 100:1 88

[a] Reaction conditions: DCM, room temperature, G1 [Ru(=CHPh)Cl2(PCy3)2]. [b] Material insoluble
(undetermined structure by NMR). [c] TGA measurement performed.

Figure 4. Monomer and polymer 1H NMR comparison.

Table 3. ROMP of M1 in the presence of G1 Grubbs initiator [a].

Test
Number

Molar Ratio
[Mon]:[Cat.]

T
[◦C]

Vol.
[mL]

Time
[h] Product

1 200:1 40 3.5 3 film
2 200:1 rt 1 21 Polymer
3 200:1 rt 2 3 Polymer
4 100:1 rt 11 2.5 Polymer
5 100:1 rt 2 0.12 Polymer

[a] Reaction conditions: DCM, G1, conversion 100%.

In the cases of P2 and P4, the products obtained via ROMP (see Scheme 5) were
found to be insoluble in both polar and non-polar solvents (THF, DCM, toluene, EtOH,

https://doi.org/10.3390/molecules31183151

https://doi.org/10.3390/molecules31183151


Molecules 2026, 31, 3151 9 of 20

n-hexane), although the form of the final product resembled that of the other materials.
Additional polymerisations under different conditions did not result in acquisition of
soluble fractions of the polymers that could be used for NMR analysis. Other conditions
included: temperature range (r.t.–40 ◦C), time (2 min–3 h), monomer/catalyst ratio (50:1,
100:1) and solvent volume (2.5; 3; 4; 5; 10 mL). The difficulties encountered during the
polymerisation of P2 and P4 may be attributed to the bulky and rigid aromatic substituents
containing a large number of aromatic rings, which could reduce the efficiency of chain
propagation during ROMP. As a consequence, the formation of low-molecular-weight
species and oligomeric fractions instead of well-developed polymer chains cannot be
excluded. This may also be supported by the solubility difficulties of the P3 polymer.

Scheme 5. ROMP polymerisation of M2 and M4.

Other studies have been carried out to investigate the effect of different generations of
Grubbs catalyst on the structure of polymers (see Figure 5). In this case, two polymerisations
P1a and P1b were carried out under similar conditions on M1. Interestingly, the use
of the first generation (G1) in P1a resulted in formation of polymeric matrices with a
predominantly trans-isomer (blue graph), while the use of the second generation (G2)
in P1b gave mainly the cis-isomer (red graph), which can be observed on the 1H NMR
spectra of both products. This examination confirms previous reports concerning the E/Z
selectivity of ruthenium-based catalysts in metathesis-type processes [73]. The results of
this experiment can be seen in Supplementary Materials.

Figure 5. G1 (blue line)/G2 (red line) catalysts influence on trans-/cis- (E/Z) ratio of the polymeric
chains.
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Gel permeation chromatography with light-scattering detector (GPC/SEC-MALLS) in
DCM showed good molecular values of the polymers (Table 4). In addition, the polymers
had fairly narrow size distributions (ÐM = 1.6–2.1), with the exception of P3 (ÐM = 3.1),
which was probably due to the short distance of the phenanthrene substituent from the
poly(norbornene) matrix, providing more rigidity and steric hindrance in the structure
affecting the polymer-chain conformation. The obtained number average molecular weights
ranged from approximately Mn ≈ 0.75 × 104–5.60 × 104 g/mol while weight average
molecular weights ranged from Mw ≈ 1.40 × 104–9.15 × 104 g/mol. Additional GPC
measurements conducted on the P1 showed that the polymerisation time has a significant
impact on the ÐM index. Shorter polymerisation (5 min) resulted in formation of polymeric
chains with broader mass distribution, while the prolongation of the process (21 h) allowed
the synthesis of chains bearing more similar masses. While polymers P2 and P4 were found
to be insoluble, the GPC measurements were not feasible.

Table 4. GPC results—mass parameters [a].

Polymer Time
[h]

Mn
(×104)

Mw
(×104)

ÐM
(Mw/Mn)

P1 [b] 21.0 5.60 9.15 1.6
P1 0.12 3.95 8.15 2.1
P3 3.0 2.15 6.60 3.1
P5 2.5 5.05 8.50 1.7
P6 1.0 1.15 2.45 2.1
P7 1.0 0.75 1.40 1.8

[a] Conditions: DCM, polystyrene standards, 0.8 mL/min, T = 30 ◦C, ÐM (as a PDI = MW/Mn). Molar
ratio–[cat.]:[monomer] = 1:100, except P1; [b] [cat.]:[mon.] = 1:200; GPC analysis results, multiplied
by the factor x 0.5, recalculated according to the literature recommendations, are the actual mass
parameters (see Supplementary Materials p. 51).

2.5. TGA Study

Further research has been conducted on the nature of thermal stability (TGA) on
polymers P1–P7. For polymers P2 and P4, the insoluble fractions were investigated. TGA
analysis showed 2–5 step weight loss process on heating up to 1000 ◦C under nitrogen
atmosphere. Depending on the “hanging” functional group attached to the polymeric chain,
the thermal stability differs in each case. The P1 polymer decomposed in the four step
process starting from around 175 ◦C with a continuous degradation—the maximum weight
loss was observed for temperature ranges: 175–332 ◦C (9% weight loss with maximum at
322 ◦C), 332–416 ◦C (maximum at 393 ◦C, 35% weight loss) and 416–510 ◦C (maximum at
434 ◦C, 27% weight loss), 510–626 ◦C (maximum at 536 ◦C, 4% weight loss). The lower
thermal stability observed for P2 may be related to a lower degree of polymerisation
achieved during ROMP and the possible formation of oligomeric species. Such low-
molecular weight fractions are generally more susceptible to thermal degradation than high-
molecular weight polymer chains. At 300 ◦C already a 20% weight loss was being observed
and the weight losses were visible at temperature ranges: 115–196 ◦C (maximum at 158 ◦C,
5% weight loss), 196–329 ◦C (maximum at 308 ◦C, 21% weight loss), 329–400 ◦C (maximum
at 372 ◦C, 34% weight loss), 400–513 ◦C (maximum at 430 ◦C, 16% weight loss), 513–855
◦C (maximum at 641.0 ◦C, 10% weight loss). In the case of P3, the initial decomposition
starts at around 154 ◦C and ends at 407 ◦C with 56% weight loss (maximum at 391 ◦C).
The second step was seen between 407 and 511 ◦C (maximum at 435 ◦C, 24% weight loss).
The P4 polymer, that also proved to be insoluble during the synthesis, showed multiple
decomposition steps starting at temperature range 114–239 ◦C (maximum at 209 ◦C, 11%
weight loss), followed by 239–393 ◦C (maximum at 337 ◦C, 56% weight loss), 393–506 ◦C
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(maximum at 403 ◦C, 8% weight loss), 506–609 ◦C (maximum at 539 ◦C, 3% weight loss). The
decomposition of P5 polymer started from 140 to 239 ◦C (maximum at 203 ◦C, 1% weight
loss), followed by 239–387 ◦C (maximum at 339 ◦C, 59% weight loss), 387–517 ◦C (maximum
at 441 ◦C, 26% weight loss). Despite being one of the least thermally stable polymers,
presumably due to the presence of bulky bromine substituents, it was the only sample
that exhibited a less continuous degradation process and maintained its stability until the
first maximum in the DTG curve was reached (see Supplementary Materials). Polymer
P6 showed weight losses in the following temperature ranges: 171–347 ◦C (maximum at
319 ◦C, 8% weight loss), 347–515 ◦C (maximum at 428 ◦C, 65% weight loss). Polymer P7
started to decompose quickly and continuously from the start with weight losses in the
following temperature ranges: 29–90 ◦C (maximum at 65 ◦C, 1% weight loss), 90–182 ◦C
(maximum at 153 ◦C, 4% weight loss), 182–359 ◦C (maximum at 295 ◦C, 18% weight loss),
359–512 ◦C (maximum at 407 ◦C, 41% weight loss). The final residue yields were in the
range 8.9–35.1 at 1000 ◦C. Results of the TGA measurements can be observed in Table 5
and in the Supplementary Materials.

Table 5. TGA results [a].

Polymer Td5

(◦C)
Td10

(◦C)

First Step
of Thermal

Decomposition
(Weight Loss

(%))
Top Temp.

(◦C)

Second Step
of Thermal

Decomposition
(Weight Loss

(%))
Top Temp.

(◦C)

Third Step
of Thermal

Decomposition
(Weight Loss

(%))
Top Temp.

(◦C)

Fourth Step
of Thermal

Decomposition
(Weight Loss

(%))
Top Temp.

(◦C)

Fifth Step
of Thermal

Decomposition
(Weight Loss

(%)) Top Temp.
(◦C)

P1 292.8 336.6 174.9–331.6 (8.7)
Max. 322.4

331.6–416.3 (34.7)
Max. 393.6

416.3–510.4 (26.5)
Max. 433.9

510.4–626.1 (4.0)
Max. 536.1 ----

P2 183.4 242.3 115.1–196.4 (5.1)
Max. 158.0

196.4–328.9 (20.6)
Max. 308.3

328.9–399.5 (33.9)
Max. 372.4

399.5–513.1 (15.5)
Max. 430.1

513.1–854.7 (9.9)
Max. 641.0

P3 290.3 351.2 154.1–406.9 (55.9)
Max. 391.1

406.9–511.1 (24.1)
Max. 434.8 ---- ---- ----

P4 182.0 220.9 113.7–239.4 (10.7)
Max. 208.9

239.4–393.4 (56.1)
Max. 337.0

393.4–505.7 (8.0)
Max. 402.5

505.7–608.6 (2.8)
Max. 539.4 ----

P5 312.9 321.3 139.9–238.8 (0.6)
Max. 202.6

238.8–387.4 (59.0)
Max. 338.5

387.4–516.5 (25.7)
Max. 441.1 ---- ----

P6 300.8 360.4 170.9–347.0 (8.2)
Max. 319.9

347.0–514.5 (65.0)
Max. 428.0 ---- ---- ----

P7 197.9 263.0 29.0–89.5 (0.7)
Max. 65.2

89.5–181.6 (3.6)
Max. 152.9

181.6–359.1 (18.2)
Max. 295.4

359.1–511.8 (40.5)
Max. 407.0 ----

[a] Conditions: determined by TGA analysis: N2, 10 ◦C/min; 25–1000 ◦C; total weight loss (%): P1
(~84), P2 (~86), P3 (~86), P4 (~85), P5 (~91), P6 (~78), P7 (~64) up to 981 ◦C.

To the best of our knowledge, there are no other similar linear materials with that
organoboronic ester structure documented in the literature. However, when compared to
cross-linked products containing siloxane-boronic ester fragments, the temperature value
of the stable thermal “plato” range ends at temperatures of approximately 200–250 ◦C,
and for compounds P1–P7 in the range from 60 ◦C to 135 ◦C (temperature range with
a maximum mass loss of 0.2–0.3%). A significant proportion of the mass loss of P1-P7
polymeric materials commences at temperatures above 430 ◦C; however, minor mass losses
have been observed at temperatures exceeding 900 ◦C. The products previously referenced
undergo complete decomposition at temperatures ranging from 495 to 500 ◦C [74,75].

The thermal decomposition (TGA) of organic compounds under oxygen-free condi-
tions is a complex process that can proceed in multiple directions, ultimately leading to
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the formation of various pyrolysis products such as gases, semi-volatile substances and
carbon. It should be noted that the TGA process under discussion involves the decom-
position of polymeric materials in a dry, inert nitrogen atmosphere, i.e., typical pyrolysis.
Therefore, the stage of double-bond oxidation in the polynorbornene matrix should be
disregarded. In consideration of the probable decomposition mechanism, the bond energies
of boron-organic and organic compounds that demonstrate a fragmentary similarity to the
compounds under analysis were taken into account. The bond energies of boron esters (B-
O) range from 520 to 540 kJ/mol, boron-carbon (B-C) from 460 to 480 kJ/mol, and organic
compounds (O-C) from 350 to 400 kJ/mol. The bond energies of carbon (single C-C) range
from 350 to 410 kJ/mol, those of double C=C bonds from 610 to 630 kJ/mol, and those
of C-H bonds from 413 kJ/mol [76]. A detailed analysis of the numerical energy values
reveals that structural decomposition may proceed in the following order: simultaneous
cleavage of single C-C carbon bonds and -O-C- ester bonds, followed by fragmentation of
the polymer matrix. It has also been demonstrated that the carbon bonds of the matrix itself
undergo cleavage. In the next stage, thermal cleavage of the boron-carbon bond (>B-C)
originating from the substituent fragment at the boron atom occurs. For these groups
of substituents, the decomposition process is initiated by the initial loss of a hydrogen
atom from the aromatic rings and double bonds. This results in the formation of various
additional hydrocarbons, such as methane or acetylene. Furthermore, the decomposition
mechanism of the boron ester moiety, i.e., the -boron-oxygen-carbon- (-B-O-C-) bond, must
be considered separately. This process is likely to cause dehydration and condensation,
leading to the formation of boron anhydrides and boroxine, in addition to the formation of
a protective char layer. The formation of the char is characterised by the cleavage of -B-O-C-
bonds, resulting in the formation of boron oxide, for example, B2O3. Additionally, DSC
measurements were performed. Detailed analysis of the temperature curves revealed no
significant energy changes indicative of typical glass transition temperatures (Tg).

2.6. Coordination Studies

Coordination tests with amines have been performed to assess the applications of pre-
pared polymeric materials as potential sensor systems. As previously stated, boron-based
compounds usually exhibit Lewis acidic character that allows them to form coordination
bonds with nucleophilic moieties. The studies started with tests on models 0a, 0b and
monomer M1 mixed with different electron-donating compounds, such as pyridine, piperi-
dine, or diisopropylamine in various solvents (toluene, diethyl ether, n-hexane, DCM).
Eventually, optimisation of reaction conditions resulted in successful tests on model 0b
using DMAP as the nucleophilic moiety with THF as a solvent according to Scheme 6.

Scheme 6. The coordination process of 0b with DMAP.

The reason why DMAP coordinated may be attributed to cumulative effects, such as
the Hammett’s equation or the resonance effect in the aromatic ring bearing additional
electron-donating group (-N(CH3)2) in para- position which increased the activity of the
aromatic ring, thus making it more basic (pKa = 9.70) from pyridine (pKa = 5.29) [77,78].
White crystals have been obtained as the product C1 of the described process, which was
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analysed using nuclear magnetic resonance (1H NMR, 13C NMR, 11B NMR). It was found
that the coordination can be confirmed by the shift of the boron peak on the 11B NMR
spectrum. In the case of this model (see Figure 6), a shift can be noted from 27.17 ppm
(substrate) to 26.34 ppm (product).

Figure 6. Coordination scheme and 11B NMR shifts comparison of model reaction in coordination
process; uncoordinated boronic ester 0B (red line), coordinated boronic ester C1 (blue line).

The positive results of the research on the coordination process of amino derivatives
to boronic ester model 0b convinced us to use the optimized reaction conditions in tests
with the exemplary monomer M1 and polymer P1, according to Scheme 7.

Scheme 7. DMAP coordination effect on boron ester derivatives M1 and P1.

The research was therefore conducted on monomer M1 and polymer P1 using the same
conditions as before. Once again, the shifts changed between the monomer (26.79 ppm),
coordinated monomer C2 (24.60 ppm) and coordinated polymer C3 (20.28 ppm), see
Figure 7.

Furthermore, the coordination effect was corroborated by X-ray structural studies
with monomer M1 and 4-dimethylaminopyridine (DMAP). Crystals suitable for X-ray
analysis were obtained by slow evaporation of a toluene solution of C2 at 3–5 ◦C [79].
This measurement indicates the existence of a coordination bond N→B, formed by the
endocyclic nitrogen atom, see Figure 8.
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Figure 7. Coordination scheme and 11B NMR shifts of monomer (uncoordinated—red line), coordi-
nated monomer C2 (green line), coordinated polymer C3 (blue line).

Figure 8. A perspective view of the independent molecule of C2 as an ORTEP view. Thermal
ellipsoids are shown at 50% probability level. Selected bond length (Å) and angle (deg.): C11-C12
1.315(5), O-B-O 117.1(2), B-N 166.0(3), O-B-C 109.5(2) and 110.3(2), O6-B7 = 1.445(3) and 1.451(3),
B1-C1 = 1.623(4).

Furthermore, this study provides compelling evidence that, in the resulting molecule,
DMAP arranged almost perpendicularly to the norbornene fragment and the phenyl
substituent bonded to the boron atom, as illustrated in Figure 8.

3. Materials and Methods
3.1. Materials

The chemicals were obtained from the following sources: toluene (99.8%), methy-
lene chloride (DCM, 99.8%), n-hexane (99.5%), tetrahydrofuran (99.8%) were purchased
from Chempur (Piekary, Poland) and P.O.Ch. Gliwice (Gliwice, Poland), 5-norbornene-
2-exo-3-exo-dimethanol (>97%), ethylene glycol (>99%), 1,3-propanediol (>99%), phenyl-
boronic acid (95%), pyrene-1-boronic acid (95%), 9-phenantracenylboronic acid (97%),
10-bromoanthracene-9-boronic acid (97%), 3,5-dibromophenylboronic acid (98%), trans-2-
(4-methylphenyl)vinylboronic acid (97%), trans-2-(4-biphenyl)vinylboronic acid (95%), pyri-
dine (99%) and 4-dimethylaminopyridine (99%), deuterated chloroform (CDCl3) (>99.8%),
Grubbs catalyst 1st generation C43H72Cl2P2Ru [RuCl2(=CHPh)(PCy3)2], Grubbs catalyst
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2nd generation C46H65Cl2N2PRu [RuCl2(=CHPh)(PCy3)(IMesH2)], from Aldrich (St. Louis,
MO, USA), ethyl vinyl ether (99%) from Merck (Darmstadt, Germany), magnesium sulphate
(MgSO4) from EuroChem (Zug, Switzerland). Acquired solvents—toluene, methylene chlo-
ride, tetrahydrofuran and n-hexane were stored over molecular sieves, type A4. Methylene
chloride used in polymerisation was kept in Schlenk’s system in inert atmosphere over
molecular sieves type A4.

3.2. Synthetic Procedures
3.2.1. General Procedure for the Synthesis of Norbornene-B-(arylene)-dioxaborepines

A two-neck round bottom flask equipped with magnetic stirring bar was charged with
5-norbornene-2-exo-3-exo-dimethanol, toluene and adequate boronic acid. Depending on
the type of boronic acid used, the reaction was then heated in an oil bath for a specific
amount of time. The progress of the reaction was monitored by FT-IR and GC-MS analyses.
For isolation, the reaction mixture was cooled at room temperature and magnesium sul-
phate was inserted in order to remove any trace of water in the setup. After 3 h, the mixture
was filtered through G4 funnel, the organic solvent was removed by rotary evaporator to
obtain the desired product. NMR spectroscopic analysis confirmed the formation of the
expected products. For details concerning preparation, see the Supplementary Materials.

3.2.2. General Procedure of Ring-Opening Metathesis Polymerisation Reaction (ROMP) of
exo-Norbornene-B-(arylene)-dioxaborepines

A two-neck glass reactor under argon equipped with magnetic stirring bar was loaded
with adequate monomer (M1–M7), methylene chloride, 1st or 2nd generation Grubbs
catalyst. The molar ratio between the reactants was as follows: [olefin]:[Ru=CHPh] = 50:1,
100:1 or 200:1. The solution was stirred for a certain amount of time at room temperature,
after which an excess (≈150 µL) of ethyl vinyl ether was added in order to terminate
the reaction. The obtained mixture was then concentrated and polymeric materials were
precipitated by adding the rest of the solution dropwise to the n-hexane. In the next
step, the hexane was decanted and the polymer was dissolved once again in methylene
chloride and then precipitated. This step was repeated to remove any residual catalyst
that may have remained in the mixture. Finally, polymer was dried under vacuum. NMR
spectroscopic analysis confirmed the conversion of the monomer along with formation of
expected polymer. For details concerning preparation, see the Supplementary Materials.

3.3. General Procedure of Amine Coordination Process

Monomer/polymer/model was dissolved in THF in a glass vial equipped with
magnetic stirring bar. Upon full dissolution, DMAP was added and the mixture was
stirred for 3–24 h, after which the solvent was evaporated under vacuum. The products
were identified by NMR and X-ray studies. For details concerning preparation, see the
Supplementary Materials.

4. Conclusions
An effective, simple method of obtaining boronic esters has been developed with

formation of previously not reported materials. An additional optimisation of the conden-
sation reaction was performed, acquiring high isolation yields of products. Most of the
monomers presented herein proved to be prone to the ring-opening metathesis polymerisa-
tion process. More importantly, through the modification of conditions, it was possible to
control the resulting polymeric chains length and mass. Supplementary investigation has
also revealed the impact of the chosen catalysts on the structure of polymeric chains and
their E/Z ratio. Additional research confirmed the possibility of nucleophilic coordination
with boronic esters both in monomer and polymer forms. All the structural features men-
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tioned above form the basis for future physico-chemical studies of the materials obtained,
with a view to developing optical sensors or photo-induced systems based on polymers of
this type. Furthermore, the presented research findings on the coordination observed at
the Lewis centre formed by the boron atom point to a new application: materials capable
of capturing amino-derived pollutants from aquatic environments or for the design of
layered systems. In the future, it might also be of interest to expand the library of com-
pounds to include other p-block elements, such as phosphorus or germanium. Furthermore,
it would be advisable to explore other modifications towards biologically active boron
ester derivatives.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules31183151/s1, X-ray structures of monomers: M1 as
Figure S1, M2 as Figure S2, M3 as Figure S3, M4 as Figure S4, M5 as Figure S5, M6 as Figure S6, M7
as Figure S7; NMR Spectra (1H NMR, 13CNMR, 11B NMR) of preliminary model compounds: 0a
as Figures S8–S9, 0b as Figures S10–S12, Monomers: M1 as Figures S13–S15, M2 as Figures S16–S18,
M3 as Figures S19–S21, M4 as Figures S22–S24, M5 as Figures S25–S27, M6 as Figures S28–S30, M7
as Figures S31–S33, Polymers: P1/P1a as Figures S34–S36, P1b as Figure S37, P3 as Figures S38–S40,
P5 as Figures S41–S43, P6 as Figures S44–S46, P7 as Figures S47–S49, Coordinated compounds: C1
as Figures S50–S52, C2 as Figures S53–S55, C3 as Figures S56–S58; GPC analysis for polymers: P1
as Figures S59 and S60, P3 as Figure S61, P5 as Figure S62, P6 as Figure S63, P7 as Figure S64; TGA
curves for polymers: P1 as Figure S65, P2 as Figure S66, P3 as Figure S67, P4 as Figure S68, P5 as
Figure S69, P6 as Figure S70, P7 as Figure S71; Combined X-ray data as: Tables S1–S3 [80–87].
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ROMP Ring-opening metathesis polymerisation
ÐM Polydispersity index (as a PDI = MW/Mn)
TLC Thin-layer chromatography
NMR Nuclear magnetic resonance
GC-MS Gas chromatography/mass spectrometry
FT-IR Fourier transform infrared
TGA Thermogravimetric analysis
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PCy3 Tricyclohexylphosphine
DMAP 4-dimethylaminopyridine
THF Tetrahydrofuran
G4 funnel G4 glass filter, with a pore size of 10 to 16 micrometres (µm)
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