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Abstract: The wide use of boronic compounds, especially boronic acids and benzoxaboroles, in
virtually all fields of chemistry is related to their specific properties. The most important of them
are the ability to form cyclic esters with diols and the complexation of anions. In both cases, the
equilibrium of the reaction depends mainly on the acidity of the compounds, although other factors
must also be taken into account. Quantification of the acidity (pKa, value) is a fundamental factor
considered when designing new compounds of practical importance. The aim of the current work was
to collect available values of the acidity constants of monosubstituted phenylboronic acids, critically
evaluate these data, and supplement the database with data for missing compounds. Measurements
were made using various methods, as a result of which a fast and reliable method for determining the
pKa of boronic compounds was selected. For an extensive database of monosubstituted phenylboronic
acids, their correlation with their Brensted analogues—namely carboxylic acids—was examined.
Compounds with ortho substituents do not show any correlation, which is due to the different
natures of both types of acids. Nonetheless, both meta- and para-substituted compounds show
excellent correlation. From a practical point of view, acidity constants are best determined from the
Hammett equation. Computational approaches for determining acidity constants were also analyzed.
In general, the reported calculated values are not compatible with experimental ones, providing
comparable results only for selected groups of compounds.

Keywords: boronic acid; Lewis acid; acidity constant; Hammett equation

1. Introduction

Arylboronic acids and their derivatives are an important group of compounds due
to their broad applications in organic synthesis, catalysis, supramolecular chemistry, and
materials engineering [1-4]. These compounds have been known for over 100 years, but
interest in them increased after the discovery of new potential areas of their use. The
most important applications of boronic acids are the synthesis of biaryl compounds in the
Suzuki-Miyaura reaction (Nobel prize in 2010) [5], as the molecular receptors of sugars [6],
as Covalent Organic Frameworks (COFs) [7], and as biologically active compounds [8,9].

Designing new compounds with predictable properties involves knowledge of their
basic physicochemical quantities related to specific applications. One of the most important
parameters of boronic acids is their acidity. This is the basic parameter determining the
equilibrium of formation of cyclic diols with polyols. This reaction is, in many cases, the
basis of biological action due to inhibiting pathogen enzymes. Another important area
connected with acidity is the field of molecular receptors [10]. Finally, the catalytic activity
of boronic acids is also closely related to their acidity [11,12].
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In most cases, boronic acids have the character of Lewis acids. Due to the electron
deficiency on the boron atom, they form complexes with Lewis bases (e.g., the hydroxyl
anion). Equilibrium in water is described by Equation (1):

RB(OH), + 2 H,O = RB(OH);~ + H30* (1)
The thermodynamic acidity constant based on this reaction is defined by Equation (2):

a — A0+
K, = M, pK, = —logK, )
ARB(OH),

In practice, approximate equilibrium constants based on molar concentrations are

used (3):
|[RB(OH); |- [H:0"]
K = )
[RB(OH), |
The dependence of the activity on the concentration is given by Equation (4):
ap = Ciyi (4)

where 7; is the activity coefficient. The values of activity coefficients depend on the ionic
strength of the solution, i.e., on the presence of all types of ions. For dilute solutions, the
values of the activity coefficients are close to 1. An alternative is to use an electrolyte with a
much higher concentration than the reagents involved in the reaction, for example, 0.1 M
KCL. In this situation, despite titrating the analyte solution, no significant changes in the
ionic strength of the solution are observed. In further considerations, we will deal with the
equilibrium concentration constant (3), omitting the index for simplicity.

Despite the numerous Lewis acidity measurement methods, there is no universal
Lewis acidity scale. IUPAC defines Lewis acidity as the thermodynamic tendency for Lewis
pair formation. This strength was recently specified as “global Lewis acidity” [13]. It can be
measured by simple anion (e.g., OH™ or F7) affinity. According to this approach, the Lewis
acidity of a boronic acid in aqueous solution is given by the Equation (2). Reaction with a
fluoride anion, applied in F~ sensors [14], is more complex due to the further exchange of
OH™ for F~, leading to the formation of the anion PhBF5~ [15,16].

Experimentally, Lewis acidity is usually evaluated by the effect on the Lewis base
molecule, and is called “effective Lewis acidity” [13]. It corresponds to the changes in the
physicochemical properties of a probe Lewis base upon binding of the Lewis acid. It needs
to be emphasized that, for a given Lewis acid, the electronic, steric, and solvation effects
depend on the type of probe Lewis base molecule.

One of the most often applied Lewis acidity parameters is the acceptor number
(AN), proposed in 1975 by Gutmann [17,18] and subsequently applied to organoboron
compounds by Beckett et al. [19]. It involves determining the shift of the 3'P NMR signal
after the formation of a complex between triethylphosphine oxide (TEPO) and a Lewis
acid. Taking into account the equilibrium nature of this reaction, the method was further
modified by extrapolating the data to an infinite excess of the organoboron compound [20].

The Gutmann—-Beckett method works well for determining the relative acidities of
compounds containing one acidic center, e.g., boron atoms in boronate esters or triorganob-
oranes. In the case of boronic acids, the presence of hydroxyl groups allows processes other
than the simple formation of a Lewis pair. Examples include systems containing amines.
In the case of sufficiently basic amines, the reaction, regardless of the molar ratio of the
reactants, leads to the formation of a stable complex with boroxine, (ArBO)3*RNH,. This
reaction was first described by Yabroff and Branch in 1933 [21]. In 2005, the equilibrium in
solutions was examined and the structure of the crystalline complex was confirmed [22].
This reaction was described again in 2006, and the authors called it “ligand-facilitated
trimerization” [23].
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The application of the Gutmann—-Beckett method to studying the catalytic activity of
boronic acids was investigated by Diemoz and Franz [24]. They found that the formation of
a hydrogen bond is the predominant mode of interaction for boronic acid with TEPO, and
the determined AN values correlate better with the catalytic activity in the Friedel-Crafts
reaction than the pK; values of the acids. Recently, Shmakov et al. published a review in
which methods for determining the Lewis acidity of organoboron compounds in terms of
their catalytic activity have been summarized and compared [11]. Correlation between
catalytic activity and Lewis acidity was also discussed by Moran et al. [12].

Considering the described possibilities of determining the acidities of organoboron
compounds, it seems that the dissociation exponent (pK,) remains both the simplest as
well as the most universal tool for determining the acidic characters of boronic acids.

This article has the following objectives:

- Collecting acidity constant data for monosubstituted phenylboronic acids with simple
substituents;

- Checking correlations with corresponding compounds (carboxylic acids);

- Checking correlations with data for solvents other than water;

- Selection of the simplest methods for determining pKj;

- Performing measurements for a series of missing compounds and assessing their
accuracy;

- Correlation checking using the above results as a uniform database.

2. Results and Discussion
2.1. Correlation of Acidity: Boronic vs. Benzoic Acids

Carboxylic acids have the character of Brensted acids (Equation (5)).
RCOOH + H,0O = RCOO™ + H30* (5)

Despite their different nature of acidity, their equilibrium constant is defined by a
similar formula as for boronic acids (6):
~ [RCOO™]-[H30™]
e [RCOOH]

(6)

For both types of acids, the values of their acidity constants are influenced by the
substituents in the phenyl ring. In the case of the presence of substituents at the ortho
position, both steric factors as well as the possibility of specific chemical interactions of
substituents with the neighboring COOH or B(OH);, group obviously display a significant
impact. Correlations between carboxylic and boronic acidity appeared previously in the
literature, but the data concerned a small number of acids. Therefore, a broader examination
of the correlation between both types of compounds is fully justified. It is worth noting that,
while there are relatively few data on the acidity constants of boronic acids, for carboxylic
acids, there are extensive databases with analysis of the values (e.g., [25,26]). What is
more, for many boronic acid acidity studies, there is no detailed description of the applied
experimental method or conditions.

For further analyses, the values of acidity constants for monosubstituted phenyl-
boronic acids and their analogues—benzoic acids—were collected (Table 1).
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Table 1. Acidity (pK, values) for selected monosubstituted benzoic and phenylboronic acids in water
and substituent’s Hammett constants (o).

Oy, -OH HO\B,OH
X Hammett Const. [27]
X Benzoic X Boronic
H 4.21 [25], 4.16 [28] 8.9 [29], 8.7 [30], 8.64 [31], 8.86 [32],
8.72[21], 8.90 [33], 8.70 [34]
ortho meta para ortho meta para meta para
OH 2.85[28] 4.09 [25] 4.59 [25] 8.55 [35] 0.12 —0.37
3.94 [28] 4.48 28]
F 3.27 [36] 3.88 [25] 4.16 [25] 7.83 [37] 7.50 [37] 8.66 [37] 0.34 0.06
7.89 [38] 8.09 [38] 8.77 [38]
7.85 [38] 8.15 [38] 8.71 [38]
8.7 [39] 8.6 [40]
9.1 [41]
9.0 [39]
Cl 2.94 [42] 3.82[42] 3.98 [42] 8.3[29] 0.37 0.23
3.01 [28] 3.70 [28] 4.00 [28]
3.84 [25] 4.00 [25]
Br 2.85 [42] 3.81[42] 4.00 [25] 8.8 [40] 0.39 0.23
2.81 28] 3.78 [28] 3.93 [28]
3.99 [25]
I 2.84 [28] 3.79 [28] 3.98 [28] 8.9 [43] 0.35 0.18
3.88 [25] 4.00 [25]

CN 3.14 [44] 3.59 [25] 3.5[25] 7.5[39] 7.7 [39] 0.56 0.66
CH3 3.81[28] 4.24 [28] 4.36 [28] 9.7 [29] 9.0 [29] 9.3[29] —0.07 —0.17
4.27 [25] 4.35[25] 9.00 [33] 9.26 [33]

8.74 [34] 8.95 [34]
OCHg3; 4.02 [28] 3.92[28] 4.41[28] 9.0 [45] 8.7 [45] 9.3 [45] 0.12 —0.27
412 [25] 4.49 [25] 9.0 [40] 8.5 [40] 9.3 [29]
9.0 [39] 8.7 [41] 9.32 [46]
9.7 [29] 8.4 [39]
CHO 4.56 [47] 3.77 [48] 7.3 [45] 7.5 [45] 7.7 [45] 0.35 0.42
4.5[49] 7.31 [46] 7.8 [40] 7.6 [40]
7.80 [46] 7.80 [46]
COCHj3; 3.86 [25] 3.74 [25] 8.0 [45] 7.7 [45] 0.38 0.50
8.0 [40] 7.7 [40]
NO; 2.17 [42] 3.45[42] 3.44 [42] ca. 8.5 [46] 7.1[40] 7.4 [39] 0.71 0.78
2.14 [28] 3.50 [25] 3.40 [25] 7.3 [46] 7.15 [46]
CF; 2.73 [50] 3.75[25] 3.77 [51] 9.58 [52] 7.88 [52] 7.39 [37] 0.43 0.54
3.90 [50] 3.77 [50] 9.45 [52] 7.85[52] 8.1[39]

8.5 [39] 7.87 [37] 7.82 [52]
7.9 [39] 7.90 [52]

OCF; 9.53 [53] 7.79 [53] 8.11 [53] 0.38 0.35
9.49 [53] 7.96 [53] 8.03 [53]
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The lack of values for several substituents shows that, even for such typical sub-
stituents as halogens or hydroxyl groups, many acidity constant values of the phenylboronic
acids are missing.

Correlations between available data for boronic and carboxylic acids were made
separately for the ortho, meta, and para positions and are shown in Figure 1.
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Figure 1. Correlation of the pK, values of monosubstituted phenylboronic acids with benzoic acids:
(a) ortho-, (b) meta-, (c) para-substituted compounds.
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As expected, compounds with substituents at the ortho position show no correlation.
This is due to possible intramolecular interactions of both the acidic and the basic forms
of both species with the neighboring functional group. These interactions are dissimilar
mostly due to different structures of the ionized forms—for carboxylic acids it is a planar
structure, for boronic acids—a tetrahedral one.

In the case of boronic acids with substituents at the ortho position, the electronic effects
are similar to those at the para position, but the acidity is additionally influenced by the
interactions between the B(OH), group and the neighboring substituent. Two cases can be
distinguished here:

1. The substituent does not form intramolecular hydrogen bonds with the B-OH group.
In this case, the steric hindrance makes it difficult to form a tetrahedral form, and the
acidity of the compound is lower than that of the corresponding para isomer. This
can be observed for such substituents as CH3, NO,, and OCFj3, and the reduction in
acidity is approximately by one pK, unit. A much stronger reduction occurs in the
case of the bulk CF; group—here, the change in pKj is over 2 pKj, units. It is worth
noting that the steric effect is opposite to that observed for carboxylic acids, where the
acidity of the ortho isomer is higher than that of the para isomer.

2. The substituent forms intramolecular bonds with the B-OH group. This occurs in the
case of such substituents as F, CHO, and OR [54], and the acidity of the ortho isomer
is higher than that of the para isomer by from 0.3 to 0.9 units. The increase in acidity
can be explained by the stabilization of the tetrahedral form B(OH); ~, which has a
more favorable hydrogen bond geometry than in the case of the planar B(OH); group.

2.2. Hammett Equation

A more convenient method than comparing individual boronic and carboxylic acids is
the Hammett Equation (7):
logKx — logKg = p-o (7)

where K| is the acidity constant for unsubstituted benzoic acid, Kx is the constant for an
acid with X substituent in the benzene ring, p is a constant for a given reaction under the
given set of conditions, and ¢ is a constant characteristic for group X at a given (meta or
para) position [55]. The Hammett equation describes electronic effects, and in its basic form
it does not describe the effects of substituents at the ortho position. A positive value of the
o factor indicates an electron withdrawing group and a negative value an electron donating
group. Although this equation was introduced for benzoic acids, being Brensted acids,
the acidity of both benzoic and arylboronic acids is determined by the electron density in
their aromatic ring. Considering the limited amount of data in the literature on the acidity
of boronic acids, compared to a very extensive database for benzoic acids, correlations
between these two classes of compounds may be a convenient method for estimating the
pKa values of boronic acids.

The reaction constant p for the dissociation of benzoic acid in an aqueous solution at
25 °C is 1.00. The Hammett equation describes well the effects of substituents for various
aromatic systems. Once a set of ¢ values was obtained, p values could be calculated for other
reactions. In practice, at least four well-spaced values are used to calculate p [56]. From
the data collected in Table 1, the reaction constant for the dissociation of phenylboronic
acids can be determined from the transformed Equation (7). The values of the substituent
constants were taken from the paper [27], and the average pK, values from Table 1 were
applied to them. The result is shown in Figure 2.
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Figure 2. Plot of (pKy — pKx) vs. substituent constant (ox for meta- and para-monosubstituted
phenylboronic acids). pKy = 8.76 and pKx data are the mean values from the data in Table 1. (a): All
the data, (b): inset of the plot.
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The data presented in Figure 2 show good correlation. It is worth emphasizing that
the data collected in Table 1 come from various sources and have been determined using
different methods, and in many cases, there are no detailed descriptions of the experimental
conditions. This results in significant differences in published values. The Hammett
reaction constant determined from these data is equal to 2.06 and shows that the influence
of substituents on the dissociation constants of phenylboronic acids is much greater than
in the case of benzoic acids. The obtained value is close to the value of 2.146 given by
Jaffé [55], calculated on the basis of works from the 1930s. The difference may be influenced
by the fact that the constant values considered by Jaffé were determined not in pure water,
but in a 25% aqueous ethanol solution.

Based on these data, the pK, values for meta- and para-substituted phenylboronic
acids can be calculated from Equation (8):

pKx = 8.76 — 2.06 0 (8)

where 8.76 is the acidity exponent for phenylboronic acid (pKp), calculated as the mean
value from data in Table 1. This equation makes it possible to determine the acidities of
monosubstituted phenylboronic acids using extensive lists of Hammett constant values.
For example, Hansch’s paper contains data for 530 substituents [27].

Although, for simple monosubstituted boronic acids, the above methods give good
results, for many groups of compounds such an approach is not possible. Such systems
include polysubstituted arylboronic acids, especially those with substituents at the ortho
position, as well as larger organic molecules with incorporated boronic groups.

2.3. Other Solvents

The values of acidity constants are determined experimentally using various methods.
The most used are potentiometric and spectrophotometric titration. Usually, values for
dilute aqueous solutions determined by various methods do not differ significantly from
each other. For instance, for 15 fluoro-substituted phenylboronic acids, differences between
the data obtained by abovementioned methods do not exceed 0.08 units of pK, (mean
value 0.045) [38]. A similar compatibility was obtained by comparing data for isomeric
trifluoromethyl- [52] and trifluoromethoxyphenylboronic acids [53]. Both methods give
results of similar accuracy. In general, spectrophotometric determination is a more sensitive
method, which is important in the case of substances poorly soluble in water, e.g., some
drugs. Poor solubility in water is also a feature of most arylboronic acids [57]. Therefore,
in many cases, organic solvents or their mixture with water are used, e.g., HyO/DMSO
mixtures. However, the determination of acidity constants in such conditions requires a
special approach. Tomsho et al. described the determination of pK, in H,O/DMSO or
in HO/MeOH mixtures by UV /Vis titration, obtaining values of 9.1 and 9.2 depending
on the DMSO concentration for PhB(OH), and 8.4 for 4-CF3C¢H4B(OH), [58]. The values
obtained in water are 8.76 (mean value) and 7.86 [52], respectively. Fini et al. showed that
the pK, values of substituted benzoic acid determined in the HyO/DMSO mixture correlate
well with the values measured in water for groups of compounds with a similar substi-
tution (ortho-substituted compounds treated separately from meta- and para-substituted
ones) [59].

In the case of boronic acids, it is difficult to find enough data to make such correlations.
However, recently published works contain pK, values of phenylboronic acids with fluorine
substituents determined both in water [38] and a water/dioxane mixture [60]. The data are
collected in Table 2 and the correlations of these values are shown in Figure 3.
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Table 2. pK, values of fluoro-substituted phenylboronic acids in water (determined by spectrophoto-
metric and potentiometric method at 25 °C) [38] and in water/dioxane mixture (1:1, 70 °C) [60].

Substituent pKa H>O (Spectr) pKa H>O (Pot) pKa H>,O/Dioxane
2F 7.89 7.85 10.14
3F 8.09 8.15 10.46
4F 8.77 8.71 10.97
2,3F 6.99 6.93 9.51
2AF 7.75 7.73 10.02
2,5F 7.06 7.01 9.34
2,6F 7.37 7.41 9.15
3,4F 7.74 - 10.34
3,5F 7.60 7.52 9.78
2,3,4F 6.97 7.01 9.06
2,3,5F 6.34 6.38 8.47
2,3,6F 5.60 - 8.66
2,4,5F 7.06 6.98 9.00
2,4,6F 7.10 - 9.03
3,4,5F 7.34 7.32 9.44
2,3,4,5F 6.23 6.17 8.91
2,3,4,6F 6.17 6.19 8.39
11.0 —
p-F
()
c 10.5
@©
X
i)
s
S 10.0
—
©
=
S 95-
gl
e
£ 234,5F 2344, ®26F
g 287 - 2,4,6-F
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o e . R? = 0.8417
2,3,4,6-F
8.0 T ¥ T ¥ T

— .
5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0
pK, in pure aqueous solution

Figure 3. Correlation of pK, values determined in water and water/dioxane (see Table 2).

The above comparison of values in different solvents shows a good correlation. It is
worth emphasizing that data were compared for compounds differing in their number of
substituents and their position in the ring. Correlations for monosubstituted compounds
should give better results.
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2.4. Determination of pK, Values of New Compounds: Comparison of Experimental Methods

From a practical point of view, a method is needed that will allow the determination
of acidity constants with sufficient accuracy using simple measurements and an uncom-
plicated calculation procedure. The duration of the measurement is also important: when
titrating boronic acids with a strong base solution, the possibility of the hydrolysis of
boronic acid protodeboronation should be taken into account [38].

In this part of this work, a group of monosubstituted boronic acids with Br, Cl, I, and
CN substituents at the ortho, meta and para positions was selected. Acidity constants were
measured for these compounds using potentiometric and spectrophotometric methods,
exactly according to the procedure described for fluorine substituents [38]. As a result,
a database of 24 new pK, values was obtained by the same methods (spectroscopic and
potentiometric 1) as described for fluoro-substituted compounds [38]. The pK, values
were obtained using a specialized software applying data analysis (see Section 3). The
presented results were obtained by Kostrowicki and Liwo using specialized STOICHIO
software [61-63], which analyzed measurement data based on the Marquardt algorithm.
This method considers all measurement parameters and the resulting errors, such as the
electromotive force, analyte and titrant volume, reagent concentrations and their purity, and
electrode calibration parameters (E, and S). The method of successive iterations is used to
obtain the best fit of the curves obtained from the calculated values and measurement data.

As an alternative to the described procedure, it is possible to perform quick measure-
ments by determining the pK; as the pH value for half the volume of the titrant at the
neutralization point. These data are included in Table 3 as “potentiometric 2”. The results
are collected in the Table 3 together with the results for fluoro-substituted compounds
from [38].

Table 3. Acidity constants for F-, Cl-, Br-, I-, and CN-substituted phenylboronic acid in water at 25 °C
(data obtained in this work except for F substituent).

pKa
Substituent Position SpectrophotometricS  Potentiometric P1  Potentiometric P2 Hammett Constant 7
ortho 7.89 £ 0.01 7.85 £ 0.07 - -
F* meta 8.09 £ 0.01 8.15£0.11 - 0.34
para 8.77 £ 0.01 8.71 £0.10 - 0.06
ortho 8.08 + 0.01 8.07 £ 0.02 7.96 £ 0.02 -
Cl meta 7.93 £ 0.02 7.95 £ 0.03 7.81 £0.01 0.37
para 8.67 £ 0.04 8.24 + 0.04 8.17 £ 0.02 0.23
ortho 8.09 + 0.03 8.18 £0.03 8.04 £0.03 -
Br meta 7.90 £ 0.04 7.94 £0.03 7.77 £ 0.01 0.39
para 8.19 £ 0.01 8.22 £ 0.05 8.19 +0.03 0.23
ortho 8.63 + 0.03 8.51 + 0.04 7.92 +0.02 -
I meta 8.13 £ 0.05 8.01 £0.03 7.79 £ 003 0.35
para 8.56 £ 0.01 8.42 £+ 0.05 8.06 £ 0.01 0.18
ortho 7.01 £0.10 6.89 £ 0.08 - -
CN meta 7.50 £ 0.02 7.40 £ 0.04 0.56
para 7.32 +0.04 7.24 + 0.04 0.66

* Data from reference [38].

The introduction of a halogen atom into the ring of phenylboronic acids increases
their acidity. A high increase is observed for meta substituents, due to the inductive effect
and the lack of resonance effect. For para compounds, both effects act in the opposite
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direction, resulting in only a slight increase in acidity. The greatest changes are observed for
ortho compounds. This is probably the effect of intramolecular hydrogen bond formation
stabilizing the anionic form. In the case of iodine, the steric hindrance effect prevails,
making it difficult to create the anionic form.

The comparison of results obtained by different methods showed that the spectropho-
tometric (S) and potentiometric (P1) ones give similar results with a root mean square (rms)
of 0.14. The rms value of the compared potentiometric methods P1 and P2 is 0.18, which
allows this method to quickly assess the acidity of boronic acids.

The data collected in Table 3 are correlated with the Hammett ¢ constant in the same
way as for the data from Table 1 and presented in Figure 4.

1.6

1.4

0.2 y =2.5236 *x - 0.1574
{1 p-F R? = 0.9764

N 1 ' I ! I N 1 ' I ' 1 N 1
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
substituent constant (o)

Figure 4. Plot of (pKy — pKx) vs. substituent constant (¢) for meta- and para-monosubstituted
phenylboronic acids obtained by spectroscopic and potentiometric (P1) methods (mean value).

The presented data (Figure 4) show a very good correlation with the values of the
Hammett constants. The pKj, values can be calculated from Equation (9):

pKx = 8.92 — 252 0y 9)

2.5. Determination of pK, by Calculations

In recent years, attempts were made to determine the pK, of boronic acids via compu-
tational approach. The most extensive study includes calculations of acidity constants for
37 monosubstituted boronic acids [64]. The authors used the COSMO-RS model, in which
the pK; value was estimated from the free enthalpy of neutral and deprotonated boronic
acid molecules. Unfortunately, the calculation results correlate poorly with experimental
values. The differences in these values are +1.5 pK, units, which corresponds to the whole
range for all monosubstituted phenylboronic acids. The authors explain the lack of correla-
tion by discrepancies in the results obtained in different research groups. In the current
work, we compared the calculation results of [64] with the experimental results collected
for halogen substituents (Table 3, method S). The results are shown in Figure 5.
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Figure 5. Calculated values [64] vs. experimental data (this work) for halogen-substituted phenyl-
boronic acids.

The experimental and calculated data [64] show no correlation. The calculated values
are much higher than the experimental ones. A similar result was obtained when only
meta and para isomers were used for correlation (R% = 0.23). Thus, the method cannot
be used to predict the acidity of these compounds. Perhaps the reason for the observed
discrepancy is the authors choice to consider a neutral molecule and the -B-O~ anion for
AG calculations, while the equilibrium in aqueous solutions is described by Equation (1).
Previously published computational results cover smaller groups of compounds and use
other DFT methods with a different level theory, but the correlation is still weak [65,66].

3. Experimental
3.1. pKa Determination

The acid dissociation constants of the tested compounds were determined using
two methods: potentiometric titration and spectrophotometric titration. The titrant in
both experiments was a sodium hydroxide solution prepared by dissolving solid sodium
hydroxide in water. The concentration of the prepared NaOH solution was determined by
potentiometric titration with a standard 0.1 M hydrochloric acid solution. All experiments
were carried out at 25 + 1 °C.

3.2. Potentiometric Method P1

Potentiometric titrations were performed with a microtitration automatic Cerko-Lab
system equipped with a Schott Blue line N16 pH electrode and a 1.0 mL Hamilton syringe.
The pH glass-electrode was calibrated with four buffer solutions. The resolution of the
voltage measurements was <0.1 mV. The compounds were dissolved in an aqueous solution
with a constant ionic strength (0.1 M KCI). The concentrations of the boronic acid solutions
were in the range of 2 x 1073-8 x 10~*. Potential was recorded every 30 s. The dissociation
constant values obtained with potentiometric method P1 were calculated using a STOICHIO
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version CV EQUID computer program which uses the non-linear least-squares Gauss—
Newton-Marquardt method for fitting procedure [61-63].

3.3. Potentiometric Method P2

The pH glass electrode was calibrated with two buffer solutions (pH 4 and 7). A
sample of boronic acid (0.03-0.05 g) was dissolved in 0.05 M aqueous KCI solution. Af-
ter the complete dissolution of the sample, it was titrated with 0.05 M aq. NaOH. The
inflection point on the curve corresponding to the neutralization point was determined
from the derivative plot calculated as ApH/AV. The pK, value was determined from the
pH = (V) curve as the pH value corresponding to the pH value for half the volume of the
neutralization point.

3.4. Spectrophotometric Method

Spectrophotometric titrations were performed on a Perkin Elmer UV-Vis spectropho-
tometer 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. For spectral changes presented as a A = f (pH) dependence, a correction
to the dilution of the analyte was considered during the measurement. All measurements
were performed at 298 K. The values obtained with the spectrophotometric method were
calculated with the Henderson-Hasselbach equation implemented into Origin Lab v.2023
software. It is based on the change in the absorption intensity as a function of pH of the
solution [67].

4. Conclusions

The pK, values of boronic acids available in the literature are incomplete and vary
widely due to various methods and conditions of their determination. Therefore, the use of
correlation equations enabling the calculation of these values from data for other groups
of compounds seems fully justified. Comparison of the pK, values of monosubstituted
phenylboronic and benzoic acids showed a good correlation for meta and para isomers.
This proves that, although these two types of acids have different characters of acidity,
in both cases, the pK, value depends on the influence of the substituent in the benzene
ring. Ortho isomers do not show any correlation due to the dominant steric effect and the
possibility of intramolecular interactions that are different for both types of acids. The use
of the Hammett equation allows for a good prediction of the pK, value for meta and para
phenylboronic acids.

Performing pK, measurements for a series of new compounds completed the data
for monosubstituted boronic acids. The comparison of values determined using different
methods showed that the spectrophotometric and potentiometric methods give similar
results. The fast potentiometric method gives similar results, but with a larger error.

Comparison of the so far reported results of theoretical calculations with experimental
data in most cases does not show a satisfactory correlation.
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