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Abstract: The structure and properties of 1,3-phenylenediboronic acid are reported. Molecular
and crystal structures were determined by single crystal as well as by powder X-ray diffraction
methods. Acidity constant, thermal behavior, and NMR characterization of the title compound
were also investigated. In addition to the experimental data, calculations of rotational barrier and
intermolecular interaction energies were performed. The compound reveals a two-step acid-base
equilibrium with different pK, values. TGA and DSC measurements show a typical dehydration
reaction with formation of boroxine. In crystals, hydrogen-bonded dimers with syn-anti conformation
of hydroxyl groups form large numbers of ribbon motifs. The 2D potential energy surface scan
of rotation of two boronic groups with respect to phenyl ring reveals that the rotation barrier is
close to 37 kJ-mol~!, which is higher than the double value for the rotation of the boronic group
in phenylboronic acid. This effect was ascribed to intermolecular interaction with C-H hydrogen
atom located between boronic groups. Furthermore, the molecules in the crystal lattice adopt a less
stable molecular conformation most likely resulting from intermolecular forces. These were further
investigated by periodic DFT calculations supported by an estimation of dimer interaction energy,
and also by topological analysis of electron density in the framework of AIM theory.

Keywords: boronic acid; 1,3-phenylenediboronic acid; crystal structure; DSC; TGA; acidity constant;
rotation barrier; DFT, AIM

1. Introduction

Increasing interest in the chemistry of boronic acids and derivatives is connected with their
broad applications in organic synthesis, catalysis, supramolecular chemistry, and material engineering,
as well as in biology and medicine [1-4]. Boronic acids, due to the presence of two hydroxyls in a
flexible B(OH), group, can form various covalent as well hydrogen-bonded supramolecular assemblies.
Dynamic covalent reactivity is the basis of application of boronic acids in the formation of covalent
organic frameworks (COF) [5-8].

Diboronic acids are part of an especially important group due to their possibility of diverse
spatial arrangement and the resulting use in the field of crystal engineering. The properties and
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applications of this class of compounds were recently reviewed [9]. There are numerous papers
on the structures of diboronic acids. Confined only to diboronic acids in which both B(OH),
groups are placed in the same benzene ring, many examples of structures are found in the literature.
For para-phenylenediboronic acid, long chains with primary hydrogen-bonded bridges and secondary
lateral hydrogen bonds between the chains are formed [10,11]. Water and other solvent molecules can
participate in lateral hydrogen bonds in the crystal lattice [11,12]. Ortho-Phenylenediboronic acid can
form several polymorphic forms [13]. Fluoro-substituted ortho-phenylenediboronic acids form several
uncommon crystal structures [14,15].

Compared with several publications on the above-mentioned isomers, much less
attention has been devoted to meta-phenylenediboronic acid. = The crystal structure of
2-methoxy-1,3-phenylenediboronic acid was determined by Dabrowski et al. [16], whereas the structure
of 4-bromo-1,3-phenylenediboronic acid was reported by Luliniski et al. [17]. The structure of a
co-crystal of 1,3-phenylenediboronic acid with 4,4’-bipyridine was also described [18]. However,
neither the structure nor the spectroscopic or physicochemical data for the basic unsubstituted meta
isomer have been described in the literature so far. The aim of the present paper is to characterize
1,3-phenylenediboronic acid both in solid state and in solutions.

2. Materials and Methods

1,3-Phenylenediboronic acid was purchased from Manchester Organics at 98% purity and it was
used without further purification.

2.1. pK, Determination

Potentiometric titrations were performed with a microtitration automatic Cerko-Lab system
equipped with a Schott Blue line N16 pH electrode and a 0.5 mL Hamilton syringe. The pH
glass-electrode was calibrated with four buffer solutions. The resolution of the voltage measurements
was <0.1 mV. The compound was dissolved in an aqueous solution with a constant ionic strength
(0.1 M KClI). The reagent concentrations were: boronic acid: 2.7 x 10~3 M, NaOH solution: 0.0491 M.
Potential was recorded every 30 s.

Spectrophotometric titrations were performed on a Perkin Elmer UV-Vis spectrophotometer
Lambda 650, using quartz cuvettes of a 1-cm light pathlength. Spectrophotometric titrations
were performed under conditions analogous to those used for the potentiometric measurements.
Spectral changes presented as A = f (A) take into account a correction to the dilution of the analyte
during the measurement. All measurements were performed at 298 K.

The dissociation constant values obtained with the potentiometric method were calculated
using a STOICHIO version CV EQUID computer program which uses the non-linear least-squares
Gauss—-Newton-Marquardt method for fitting procedure [19-21].

The values obtained with spectrophotometric method were calculated with the
Henderson-Hasselbalch equation implemented into the Origin Lab software. It is based on
the change in absorption intensity as a function of pH of the solution [22].

2.2. NMR Measurements

'H NMR and 'H-!3C HSQC experiments were done on Bruker Avance 500 MHz. !B NMR and
13C NMR were recorded on Bruker Avance 300 MHz. The residual solvent signals (DMSO) were used
as internal references for 'H and '3C NMR shifts. BF5-OEt, in CDCl; was used as external reference
for ''B NMR spectrum.

2.3. Single Crystal X-ray Diffraction

Crystals of commercial 1,3-phenylenediboronic acid suitable for single crystal X-ray experiments
were obtained by recrystallization from water. Crystal size was 0.2 x 0.2 x 0.3 mm. The X-ray
measurement was performed at 100(2) K on a KUMA CCD k-axis diffractometer (Rigaku, Wroclaw,
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Poland) with graphite-monochromated Mo Ka radiation (0.71073 A). The crystal was positioned
62.25 mm from the KM4CCD camera; 748 frames were measured at 0.8° intervals on a counting
time of 45 s. Data collection, cell refinement and data reduction were carried out with the KUMA
Diffraction programs: CrysAlis CCD and CrysAlis RED [23]. The data were corrected for Lorentz
and polarization effects, but no absorption correction was applied. The structure was solved by direct
methods [24] and refined by using SHELXL [25]. The refinement was based on F2 for all reflections
except for those with very negative F2. The weighted R factor, wR and all goodness-of-fit S values
were based on F2. The non-hydrogen atoms were refined anisotropically. The hydrogen atoms were
located from a difference map and were refined isotropically. The atomic scattering factors were taken
from the International Tables [26]. Crystallographic data for the structure have been deposited in
the Cambridge Crystallographic Data Centre as supplementary publication No. 1874946. Copies of
the data can be obtained on application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (email:
deposit@ccdc.cam.ac.uk). C¢HgB2Oy, M = 165.74, monoclinic C2/c, a = 6.994(1)A, b = 7.124(1)A,
c=15.025(3)A, p = 97.70(3)°, V = 741.87(3)A3, Z = 4, Dy = 1.484 mg/m?, y = 0.117 mm~?, F(000) =
344.0, 20 range for data collection 2.74-25.00°, —8 <=h <=8, —8 <=k <=7, —17 <=1 <= 17, Reflections
collected /unique 2643 /652 [R(int)=0.0514], Goodness-of-fit on F = 1.102, Final R indexes (I >= 20 (I))
were R; = 0.0405, wR? = 0.1005, Final R indexes (all data) were Ry = 0.0449, wR? = 0.1039, Largest diff.
peak/hole were 0.313 and —0.252 e A3,

2.4. X-ray Powder Diffraction (XRPD)

X-ray powder diffraction patterns of solid phase were recorded with a Rigaku MiniFlex X-ray
diffractometer (Danvers, MA, USA) using Cu K« radiation (A = 1.54 A), a tube voltage of 30 kV, and a
tube current of 15 mA. The intensities were measured at 20 values from 2° to 40° at a continuous scan
rate of 1°/min.

2.5. Thermal Analysis

Thermal analysis was performed by means of the TG 209 F1 Nevio with a scan range of 25-300 °C,
scan rate of 10 °C/min, and nitrogen purge of ca. 20 psi.

2.6. Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimetry was performed on a Mettler Toledo DSC 1 with a scan range of
30-300 °C, scan rate of 10 °C/min or 25 °C/min, and nitrogen flow 30 mL/min.

2.7. Theoretical Calculations

2.7.1. CRYSTALQ9 Calculations

To provide more reliable geometries for further computational investigations, atomic coordinates
were subjected to constrained optimization in the CRYSTALO9 program [27,28]. The starting geometry
was taken directly from the X-ray structure. All X-H bonds were elongated to standard neutron
distances prior to optimization [29]. In the first step, the positions of the atoms were optimized,
wherein unit-cell parameters were constrained. Then, all parameters were subjected to the optimization.
The obtained atomic positions (except hydrogen atoms) and unit-cell parameters were very similar to
the experimental ones. The atomic coordinates obtained after periodic optimizations were used for
further computational investigations in Gaussian09 and AIM.

All energy computations within the CRYSTALO9 program package were performed at the
DFT(B3LYP) level of theory with POB triple-zeta valence + polarization basis set (TZVP) [30].
Both Grimme dispersion correction and correction for the basis set superposition error were
applied [31,32]. Ghost atoms were selected up to a 15-A distance from the studied molecule in a
crystal lattice, and were used for the basis set superposition error estimation. The evaluation of
Coulomb and exchange series was controlled by five thresholds, set arbitrary to values of 10~7, 1077,
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1077,1077, 10~%. The condition for the SCF convergence was set to 10~ on the energy difference
between two subsequent cycles. The shrinking factor was equal to 4, which refers to 30-36 k-points
(depending on space group symmetry) in the irreducible Brillouin zone in the case of the studied
system and assured the full convergence of the total energy. The cohesive energy (Eq,) was calculated
as described below: .

Econ = — Eputk = Emol @
where Epyx is the total energy of a system (calculated per unit cell) and E, is the energy of a molecule
extracted from the bulk. Z stands for the number of molecules in the unit cell.

2.7.2. Gaussian09 Calculations

To calculate the dimer interaction energies, single-point calculations on M06-2X/6-311+G** [33-35]
level of theory were performed. The initial geometries were extracted from the CRYSTAL09 optimized
structures. The obtained values were corrected for the basis-set superposition error using the
counterpoise procedure. Based on optimized molecular geometry at the M06-2X/6-311+G** level
of theory [34] a rotation barrier was calculated. Both boronic groups were rotated by 10 degrees in
respect to the phenyl ring, while other parameters were fully optimized. The rotation barrier for
phenylboronic acid was also calculated at the same level of theory, for comparison.

2.7.3. Topological Analysis of Electron Density

Theoretical charge density studies based on the quantum theory of atoms in molecules
(QTAIM) [36,37] were performed using AIM2000 [38]. For this purpose, ab initio calculations for
selected dimers were performed at the M06-2X/6-311+G** level of theory using Gaussian 09.

3. Results

3.1. Acidity Constants

The acid-base equilibria of the title compound are described by a two-stage equation due to the
presence of two boronic groups (Scheme 1).

OH OH
S B=OH ~BmOH
@\ @\ ©\ \\OH
B B- Bz

Scheme 1. The acid-base equilibria of 1,3-phenylenediboronic acid.
The acid-base equilibrium constants K,; and K, are described by the following equations:

B~][H;0*
B4 2H,0 =B 4 HO" Ky = B BT

[B] @
2
B~ 4+2H,0 = B>~ + H;0" K, = W )

The changes in the concentration of individual forms as a function of pH during potentiometric
titrations are shown in Figure 1.
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Figure 1. Species distribution diagram for the potentiometric titration.

Acidity constant (pK,) values were determined both by spectrophotometric and potentiometric
method as described in [39]. Titration curves as well as analysis and fitting of the experimental data
are presented in Supplementary Materials (Figures S1-53). The pK, values are collected in Table 1.

Table 1. pK, values of m-phenylenediboronic acid.

Method Potentiometric Spectrophotometric
PKa1 8.26 £ 0.07 8.31 £0.01
pKa 9.97 £ 0.09 10.11 +0.01

The pK; values determined by both methods show good agreement with each other. The pH-
spectrophotometric titration curves demonstrate the existence of two equilibria, which correspond to
two stages of dissociation. This is confirmed by the course of the absorbance vs pH curve (Figure S1).
Also, the changes in the UV-Vis spectra during titration show that, in the first stage of the reaction,
the absorption increases in almost the entire wavelength range and then the maximum at 274 nm
decreases and shifts hipsochromically (Figure S2). On the curve of potentiometric titration, due to the
small pK, value difference (ApK, = 1.8), there are no inflexions to confirm the reaction model (Figure
S3). However, an almost perfect match of the calculated and measured parameters unambiguously
confirmed the two-stage dissociation model of this boronic acid shown in Scheme 1.

3.2. NMR Spectra

IH, 13C and "B NMR data for the title compounds are collected in Table 2. Due to its
very low solubility in acetone, chloroform and toluene, the spectra were recorded in DMSO-dg.
The assignment of the signals in '*C NMR spectrum was done using 'H->C HSQC experiment
(Figure 2). The one-dimensional spectra are shown in Supporting Materials (Figure S4).
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Table 2. Chemical shifts (ppm) and coupling constants (J) for 1,3-phenylenediboronic acid in DMSO-dg
atom numbering scheme shown at Figure 3.

OH H2 H4, H6 H5
'H NMR 7.81 (dd)
(500 M) broay O U=7E. o TRN,
4] =1.35 Hz =7
C1,C3 &) C4, C6 c5
13C NMR 28
(75 MHz) : 140.3 135.8 126.4
(broad)
11
B NMR -
(96 MHz)
\‘h‘ ‘ ”| M ﬂ |‘|
‘ J
) l‘\ o \\ U L_l R J \‘vﬂk B
124
"3 @‘j 126

F128

130

132

F134

1 {ppm)

A ot

136

138

@ 40

142

A Loy g

44

825 815 8.05 7.95 785 775 765 7.55 745 735 725
f2 (ppm)

Figure 2. 'H-13C HSQC spectrum of the title compound.

OH OH
| 2 |

HO™ SOH

Figure 3. Atom numbering scheme for 1,3-phenylenediboronic acid.
3.3. Thermal Behavior

The thermal stability of the studied system was investigated under an N, atmosphere by DSC as
well as thermal analysis techniques. The amorphous sample purchased from Manchester (Figure 4)
as well as the sample crystallized from water (Figure 5) were investigated. The DSC curves of both
samples do not show any distinct changes corresponding to phase transition, solvent loss, dehydration
or molecular rearrangement processes up to about 150 °C. The dehydration temperature is higher than
observed for monoboronic acids [40]. This fact can be connected with the different crystal structure of
the diboronic compound, compared with the monoboronic ones. Several thermal effects are observed
over a range of about 160-200 °C by DSC (Figures 4 and 5). Those effects are accompanied by a
major mass loss (up to 21%) observed for both investigated samples. The thermal analysis and DSC
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measurements were carried out up to 300 °C and neither additional thermal effects nor sample weigh
loss were observed at temperatures higher than 250 °C.
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Temperature [°C]

Figure 4. The DSC (blue), thermal (red), and differential thermal (red dotted) curves for the
amorphous sample.
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Figure 5. The DSC (blue), thermal (red), and differential thermal (red dotted) curves for the
crystalline sample.

Similar shapes of the DSC and differential thermal curves as well as the total amount of sample
weight loss confirm that all the observed thermal effects fall in with dehydration and water evaporation
processes. The observed weight loss corresponds to the release of two molecules of water, which
resembles typical behavior of arylboronic acids, that dehydrate to corresponding boroxines with the
formation of a six-membered B3;Oj3 ring (Scheme 2) [40]. The dehydration of a difunctional boronic
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system would presumably lead to the formation of a polymeric network. As shown by Yaghi et al., the
controlled dehydration of 1,4-phenylenediboronic acid leads to the formation of porous crystalline
COF-1 material [8]. However, in the case of 1,3-phenylenediboronic acid, the formation of amorphous
polymer can be rather expected due to a different symmetry of the system.

/
_____ B 0 B\ O
= \O—B/ O—B\
(HO),B B(OH), VN /
AT B o]
n — \ /
2nH,0 0—B
0—B
B \O
/
0—E8

Scheme 2. Thermal dehydration of 1,3-phenylenediboronic acid leading to the 2D polymeric structure.
Blue arrows show the polymer propagation.

3.4. Molecular and Crystal Structure

1,3-Phenylenediboronic acid crystallizes in a monoclinic system and C2/c symmetry space group,
with half of molecule as the asymmetric part of the unit cell. The investigated molecule lies on
a twofold axis. In the result, both boronic groups have the same geometry. In the structure of
1,3-phenylenediboronic acid molecules form dimeric units, the most common motif is observed in
the structures of phenylboronic acids. In case of 1,3-phenylenediboronic acid, these dimeric units are
centrosymmetric. The boronic groups show syn-anti conformation of hydroxyl groups. The group
is not coplanar with the phenyl ring fragment. The twist between the boronic group plane and the
phenyl ring plane equals 26.2(2)°. This can be easily affordable since the rotation barrier of a boronic
group (17.5 kJ-mol 1) is relatively small [41] and, hence, the crystal field may easily distort the groups
from planarity. This point was analyzed more in detail (see Theoretical Calculations section of the
paper). Dimers interact in the crystal lattice with other units by hydrogen bonds. The formation of two
intermolecular hydrogen bonds by each boronic unit generates a large number of ribbon motifs, typical
for type II of Bettinger’s classification [42] (Figure 6a). Intermolecular hydrogen bonds between dimers
are slightly weaker than in those of type I, and slightly stronger than hydrogen bonds between units.
Values of hydrogen bond parameters are shown in Table 3. Other selected geometrical parameters are
collected in Supplementary Materials (Table S1).

Table 3. Hydrogen bond geometry (A, ©).

Donor-H d (D-H) d (H..A) <DHA d(D...A) Acceptor, Symmetry Code

021-H21 0.81(2) 1.96(3) 177(2) 2.764(2) 022 [-x+0.5, —y+1.5, —z]
022-H22 0.84(2) 2.03(3) 149(2) 2.788(2) 021 [x+0.5, y—0.5, z]
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1,3-Phenylenediboronic acid dimer.

Displacement ellipsoids drawn at 50% probability Molecular . 1r.1terac’f10ns . m
level 1,3-phenylenediboronic acid (view along
) [010] direction).

~N L L

oSS S

(b)

Figure 6. Infinite ribbon motif (a) and crystal packing of 1,3-phenylenediboronic acid (b).

3.5. X-ray Powder Diffraction (XRPD)

The XRPD measurement was performed to study the homogeneity of the on-shelf (commercial)
sample of 1,3-phenylenediboronic acid. Diboronic acids tend to crystallize in many different
polymorphic and/or solvatomorphic forms, while the crystallization process is strongly influenced by
the conditions [13]. Furthermore, boronic and, especially, diboronic/multiboronic acids can dehydrate
to corresponding boroxines. As a result, different crystal phases may occur in the sample. The results
of XRPD measurements for commercial 1,3-phenylenediboronic acid are shown in Figure 7, together
with the theoretical pattern generated from the single-crystal X-ray structure. Both patterns are very
similar, confirming the presence of only one phase, which is structurally consistent with that obtained
from single-crystal diffraction experiments.
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Figure 7. PXRD patterns obtained for studied compound compared to the theoretical pattern generated
from the single-crystal X-ray structure.

3.6. Periodic DFT Calculations

The calculations in CRYSTALQ9 [27,28] have been carried out to compare the total cohesive
energy of the title molecule with its previously characterized isomer, namely, p-phenylenediboronic
acid. The Gaussian calculations were performed in order to estimate the intermolecular interaction
energy and, in particular, crystal motifs. The periodic DFT calculations carried out in CRYSTALQ9
program at B3LYP/TZVP [30] level of theory show that the cohesive energy of the studied system
(after structure optimisation) is equal to —169.5 kJ-mol~!. It is, thus, similar to the values found
for the structures of p-phenylenediboronic acids [8]. Two types of hydrogen-bonded dimers can
be distinguished in the structure. These are centrosymmetric dimers leading to the formation
of hydrogen-bonded ribbons (Figure 6) (D1) and also dimers formed by the side hydrogen-bond
interactions between boronic groups (D2) that connect neighboring chains (Figure 8). The Gaussian
calculations on M06-2X/6-311+G(d,p) [34,35] level of theory revealed that the interaction energies
are of —46.2 kJ]-mol~! and —38.3 kJ-mol~! for D1 and D2 dimers, respectively, (geometries taken
from the CRYSTALO9 optimized structures). The topological analysis of electron density distribution
reveals that BCP (Bond Critical Point) of O-H ... O hydrogen bonds are characterized by relatively
high values of electron density, p(rgcp), of 0.257 e-A—3 (D1, both hydrogen bonds) and 0.191 e-A3
(D2). The Laplacian of electron density, V20(rgcp), is positive and equals to 3.40 e-A~5 (D1) and 2.86
e-A5 (D2) respectively, indicating strong character of those bonds. In addition to hydrogen-bond
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interactions, the structure is supported by dimeric B ... O interactions formed within D3 type dimers,
and also C-H ... O contacts defining D4 dimers (Figure 9). The calculated interaction energies
for those dimers are —9.0 kJ-mol~! and —2.9 kJ-mol~!, respectively. The AIM analysis shows the
formation of several bond paths between two boronic groups (Figure 9) and also bond paths of C-H
... Ointeraction with a relatively small value of p(rgcp) at BCP of 0.014 e-A= and Vzp(rBCp) equal to
0.20e-A-5.

N \/f‘"//ﬁ
(a)

: & \/‘\

7

© M. CH.O/

-46.2 -38.3 -38.3 -9.0 -2.9

Figure 8. (a) Closest molecular environment (b) with the dispositions of dimeric motifs and (c)
contribution of dimers to total cohesive energy in the crystalline state of m-phenylenediboronic acid.
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Figure 9. Molecular graph showing the formation O-H ... O and C-H ... O interactions within
dimeric motifs D1-D4 together with the disposition of critical points of electron density (Bond Critical
Point (3, —1)—red, Ring Critical Point (3, +1)—bright yellow).

3.7. Rotation Barrier

It has been already pointed out that the rotation barrier for the twist of the boronic group
with respect to the phenyl ring fragment is relatively small. It was estimated as 17.5 kJ-mol ! for
phenylboronic acid (M06-2X/6-311+G(d,p) indicating the planar conformation as the most stable one
(Figure 10) [41]. Although the boronic group does not conjugate effectively with the ring [43,44]
and the meta position does not favor conjugation through the ring, the analysis of the rotation
energy profile for distortion of both boronic groups from planarity leads to interesting findings.
The energy hypersurface, shown in Figure 11, reveals that the barrier is 37.1 k]-mol~! (going from
planar to perpendicular conformations). This is somewhat higher than a doubled value accounted
for by a single group at this level of theory (2 x 17.5 kJ-mol '), indicating a subtle synergic effect.
Indeed, the intramolecular contacts between hydroxyl group and C-H hydrogen atom influence
the relative molecular stabilization energy. Specifically, weak intramolecular C-H ... O interaction
between oxygen atom from syn-conformed hydroxyl group makes the planar conformation more
stable, which results in a rise of the rotation barrier. This effect is partially counterbalanced by
repulsion between hydrogen atoms from a anti-conformed hydroxyl group and aromatic ring (O-H
... H-C). In m-phenylenediboronic acid, three possible planar conformers (depicted on Figure 11)
interact in slightly different ways with the C-H hydrogen atom located in-between boronic groups.
The most stable is the conformation with only one C-H ... O hydrogen bond formed with a central
C-H hydrogen atom. As a result of O and H attraction, the C—-C-H bond angle decreases (116°),
which is a similar behavior observed in the structure of phenylboronic acid, where such angle equals
117°. On the other hand, the C-H ... O interaction partially releases the O-H ... H-C hindrance
with an anti-conformed hydroxyl group from second boronic group (the C—-C-H bond angle is 123°).
Interestingly, it seems that the formation of a second C-H ... O hydrogen bond with the same hydrogen
atom is energetically less favored. This is due to the saturation of the C-H hydrogen atom, while the
outer anti-conformed hydroxyl groups are engaged in unfavored O-H ... H-C contacts (Figure 11).
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Thus, this conformation is less stable by 4.9 k]-mol~! with respect to the most stable one. On the other
hand, it is resembled in the crystal lattice, indicating a strong effect of intermolecular interactions.

20 = AE /kJ'mol’

16 -

12 + H

|

(o) 0]

\B/ \H
8 t
4_

1 1 I 1 I Ll

0 30 60 90 120 150 180

Figure 10. The energy profile for rotation of one boronic groups in respect to the phenylene ring
fragment in phenylboronic acid (light blue) and m-phenylenediboronic acid (navy blue). The dihedral
angle of the second boronic group is fixed to 0°.
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Figure 11. The energy profile for rotation of two boronic groups in respect to the phenylene
ring fragment.

4. Conclusions

1,3-Phenylenediboronic acid was characterized both in solution and in solid state. The acid-base
equilibrium is described by a two-step reaction, which corresponds to two pK; values. The results
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obtained by two methods show good agreement. NMR spectra are typical, and signal assignment was
made on the basis of 'H-1*C HSQC spectrum. The DSC and thermal analyses curves show a typical
dehydration reaction with the formation of boroxines, which probably have an amorphous polymeric
structure. On the basis of the single crystal XRD experiment, it was found that the title compound
molecules form centrosymmetric dimers with the most common syn-anti conformation of hydroxyl
groups. In the crystal lattice, large numbers of ribbon motifs are formed by lateral hydrogen bonds.
The XRPD experimental curve shows very good agreement with a theoretical pattern predicted from
the crystal structure.

Theoretical calculations show that the rotation barrier for the two boronic groups is slightly
higher (37.1 kJ-mol~!) than the double value accounting for the rotation of a boronic group in
phenylboronic acid (17.5 kJ-mol~!). This effect can be ascribed to the presence of a C-H ... O
interaction, which slightly affects the C-C-H bond angle leading to partial release of O-H ... H-C
hindrance. Periodic DFT calculations supported by the Gaussian dimer energy estimation revealed
that the hydrogen-bonded centrosymmetric dimer is the most favored crystal motive with interaction
energy reaching 46.2 k]-mol~!. The side hydrogen-bonded interactions between boronic groups
supported by other, dispersive in nature, interactions lead to the formation of a very stable 2D molecular
layer. According to the performed calculations, these account for about 72% of cohesive energy.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2073-4352/9/2/109/s1:
Table S1: Selected geometrical parameters; Figure S1. Analysis of spectroscopic data: absorbance change at 274
nm versus pH; Figure S2. Spectrophotometric titration in pH range 5.5-11.5 in water; Figure S3. Potentiometric
titration with fitting of calculated data; Figure S4. One-dimensional NMR spectra of the title compound.
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