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Abstract

An important property of arylboronic acids, particularly when considering their use in
medicinal chemistry, is their pK, in aqueous solution. The results of computational deter-
mination of absolute pKs of arylboronic acids can be very disappointing in comparison to
available experimental results, particularly in the case of large substituents. In this paper,
the main origin of this problem is identified. It is shown that in order to obtain accurate
pKa values for arylboronic acids from computational quantum chemistry, it is necessary to
consider the effect of different possible conformations of the hydroxyl groups in the acid
and its conjugate base together with the low-energy conformations of their substituents.
An improved practical procedure for the computational determination of the pKss of aryl-
boronic acids is proposed and applied to a set of recently synthesized arylboronic acids,
yielding consistent results.

Keywords: organoborons; boron organometallic; boron chemistry; acidity; pK,

1. Introduction

Arylboronic acids are the molecules of the general formula “Ar-B(OH),”, where “Ar”
is an aryl or a heteroaryl group [1]. They are best known for their role in Suzuki coupling
reactions, ref. [2] constituting one of the most versatile ways to form carbon-carbon bonds.
Besides that, they form an important class of molecules, employed in a large array of
applications from medicinal chemistry to analytical chemistry and material science [3].

Regarding their applications to medicinal chemistry, it is of paramount importance
to have knowledge of their acidity. The practical use of arylboronic acids as drugs is
dependent on their solubility in water, which is in turn dependent on their pK,. In general,
arylboronic acids have a lower pK, than alkylboronic acids, usually within the 4-10 range.
This is somewhat expected since in arylboronic acids, boron is bonded to a sp? carbon, while
in alkylboronic acids, it is bonded to a sp3 carbon. Furthermore, the pK; of arylboronic
acids can be modulated depending on the substituents present in the ring, which may
allow the appropriate pK, to be tuned to the desired application. These characteristics
make arylboronic acids among the most widely used organoborons in different areas. To
cite an example of the importance of understanding the pK; of these organoborons, it
can be mentioned that the pH range for the analysis of biomolecules by boronate affinity
chromatography (BAC) is influenced by the pK, of the boronic acid used as a ligand in
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the stationary phase. The pH at which the analysis is performed plays a crucial role in
the BAC technique, since biomolecules are very sensitive to pH, and this can limit the
number of species that could be investigated in BAC [4]. In a recent review on the acidity
of arylboronic acids, Sporzynski et al. claimed that computational methods were unsuited
for the prediction of pK, of these molecules due to the significant differences in the results
calculated from the ones measured [5]. In our own preliminary calculations, following
general procedures for pK, determination existing in the literature [6], depending on
specific details of the solvent model employed, some pK,s were off by five or more units,
usually above the experimental pK,. The physical origin of this problem was indirectly
hinted at by some authors, being partly associated with the difficulty of quantitatively
modeling the interaction of the hydroxyl moieties in the acid and conjugate base with the
solvent [7,8]. Specifically, boronic acids may have multiple low-energy conformations [9]; all
these conformations should be accounted for and somewhat included in a computational
determination of their pK,. However, to our knowledge, no general procedure is yet
available to generate accurate absolute pK, values for large arylboronic acids, having
multiple low-energy conformations.

In this paper, a practical procedure for the computational calculation of accurate values
for the pK, of arylboronic acids is presented. The procedure is validated by the correct
reproduction of the experimentally known pKj, of the simplest of the arylboronic acids.
Then, it is applied to a set of recently synthesized arylboronic acids, yielding consistent
results. A more in-depth discussion of the electronic factors influencing the pK, of the
arylboronic acids will be presented in a separate publication.

2. Materials and Methods

From a conceptual point of view, arylboronic acids are best understood as Lewis acids
rather than Bronsted acids, since their general acid-base reaction in aqueous media can be
written as follows:

R — B(OH),(aq) + HxO(aq) = R — B(OH); (aq) + H (aq) (1)

Instead of directly donating a proton to the solvent, the arylboronic acid incorporates a
hydroxyl group from the water media in a typical Lewis acid-base reaction. As a byproduct
of this process, a proton is released to the solvent, as occurs for the typical Bronsted acids,
allowing a similar quantitative definition of pKj [5,10]. The thermodynamic equilibrium
constant that characterizes its acidic behavior can be expressed in terms of the activities of
the reaction constituents as follows:

IR—B(OH); TH*

Ky = ———"7>=— (2)
“ AR—B(OH), 4H,0

The relationship between activities 2; and concentrations c; is modulated by the activity
coefficients v;.

a; = Yici )
For dilute solutions where the reaction constituents interact only with the solvent, the
activities can be approximated by the corresponding concentrations:

[R-B(OH); |[H7] g,
B9 = R=B(OM), ][0 ~ [A0 @
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K, is the acidity constant in water as a solvent. Thus, the free energy associated with
the acid-base reaction in standard conditions is given by the following:

A,G* = —2.303RTlog(K.q) = —2.303RTlo K (5)
g q g [HzO]

Therefore, the pK, can be expressed as follows:

~ AG* —2.303RTlog(H,0)
o 2.303RT

pKa (6)

The final expression is obtained by replacing T = 29815 K and R = 0.00198 kcal K~'.mol *:

~ AGF 236

pKa = 136 ()

Finally, the A,G* must be expressed in terms of free energies of the species involved
in the acid-base reaction. All the quantities in the expression below are amenable to
computational determination or known from experimental data [6]:

AG* =Gy, (R — B(OH);) + Gy (H) — G, (R — B(OH),) — Gz, (H20) ®)

For the terms associated with the arylboronic acid and its conjugate base, one has

the following:
Gt = Emin,corr GCO”f GO—)* 9
aqg — *Fagq + aq + )

The first two terms on the right are determined from Density Functional Theory calcu-
lations performed with the M06-2X functional [11] using the quantum chemical program
ORCA 4.0 [12]. One of the best features of the Minnesota density functional set is that they
are adjusted against a very large database of molecular properties, the M06-2X variation
being particularly suited for representative elements. Calculations determining the pos-
sible geometry minima, including free energy corrections for all relevant conformations,
were performed within the 6-31+G(d,p) basis set. The term EZ?"’CW corresponds to the
lowest energy conformer corrected at the M06-2X/6-311++G(3df,3p) level. All the DFT
calculations were performed using the Lebedev angular grids with 96 radial shells and
770 angular points. The geometries were optimized under very tight optimization criteria.
The term G;Z"f is associated with the thermic contribution to the free energy from all possi-
ble locally stable conformations of the arylboronic acid and its conjugate base. The partition
function of each boronic acid and corresponding anion was determined as a Boltzmann-
weighted average of the partition functions of individual conformers, in the spirit of the
Multi-Structure Local Harmonic (MS-LH) approximation of Zheng and Truhlar [13]. This
general procedure is also able to generate improved values for other sensitive properties
such as reaction rates [14-16]. The solvent effects were modeled by the Solvent Model
Density (SMD) approach with Polarizable Continuum Model (PCM) electrostatics [17].
Finally, the term G%~* = 1.89 kcal.mol ™! points to the change in standard state from 1 atm
to 1 mol/L at 298 K.

The free energy in aqueous media for H;O was obtained from the following:

G, = Emincorr 4 Geotl + G, (10)

The terms in Equation (10) have the same meaning as in Equation (9), with
the addition of the experimental value of solvation of water in aqueous media,
G, = —6.32 kecal.mol " [18].

solv
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For the proton, the free energy in solution was determined from experimental values
as follows [19]:

G;q = Ggas + Ggolv + GO%* (11)
Ggas = Hgas - ngus (12)

From the experimental values of Sgas and Hgas one obtains Ggas (H") = —6.29 kcal.mol 1;
combined with G2, (H™) = —265.90 kcal.mol ™! [20], and GO*, the free energy of a
proton in water solution is finally obtained as G;,(H +) = —270.30 kcal.mol 1.

The methodology outlined above is applied here to a set of eleven arylboronic acids.
The phenylboronic acid (PhB(OH);, 1), whose pK, is experimentally known, served as a
reference for the development of the approach attempted herein. The other ten arylboronic
acids (4a—j) were recently synthesized and, to our knowledge, have not had their pK,

experimentally measured (Scheme 1, Table 1).

G
o~ H,0 or H,O/EtOH Z !
Reflux or CN
microwave
2 3 heating 4 !
. o) :
NC.__~ NC.__ i :
Et0” N Et0” N |
CN CN '
CN CN :
4a (NO-01) 4b (NO-03) 4c (NO-12) 4d (NO-13) E
fo) o OMe E
NC _ Q . '
HNT N H,N™ N Et0” N :
CN CN CN CN :
de (NO-79) 4f (NO-82) 4g (NO-86) 4h (NO-89) 5
o) F \©\ o) i
EtO” NF HNT NF E
CN CN ;
4i (NO-91) 4j (NO-98) :

Scheme 1. Synthesis of the boronic acids by Knoevenagel condensation plus the structural formulas
and identification of the molecules considered herein.

The boronic acids (4a—j) were synthesized by Knoevenagel condensation between
arylboronic acids containing the formyl group and active methylenes such as malononitrile
and cyanoacetic acid derivatives (Scheme 1). In this obtained series of boronic acids, the
aromatic ring of arylboronic acid is linked to an electron-poor vinyl system CH=C(CN)G,
where G can be a nitrile or an ethoxycarboxyl, or even an amidic carboxyl. The compounds
synthesized by the Knoevenagel reaction were considered as cyano derivatives of borated
cinnamic acids, and these compounds were referred to as a-cyanocinnamylboronic acid
derivatives. These organoborons were chosen because they are considered relevant from the
medicinal chemistry point of view due to the potent anti-inflammatory activity associated
with the selective inhibition of the purinergic receptor P2X7, a biological target of great
interest for the development of new anti-inflammatory therapies [21,22]. The boronic acids
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studied in the present work (4a—j) were reported in previously published articles, which
involved anti-inflammatory activity. In those works, laboratory codes were given to the
molecules (NO series). Thus, so that the reader can maintain comparison with previous
works, the NO codes are given in parentheses.

Table 1. Relative energies of non-equivalent conformations of phenylboronic acid and its conjugated
base. The potential energy (kcal.mol—1) is calculated relative to the global minimum. Rotational-
vibrational partition functions at 298 K for each structure are calculated relative to the global minimum,
including the rotational symmetry number (0g). The weight accounts for mirror images. All the
values were calculated at the M06-2X/6-31+G(d,p). Geometries for the global minima of all species,
Tables S1-522 (Supplementary Materials).

Conformation Potential Energy (kcal.mol~1) Weight OR Q3% (298 K)
PhB(OH),
anti-anti 0.095 1 2 7.6768 x 102
anti-syn 0 1 1 2.2754 x 10721
anti-anti 0.665 2 4.1184 x 1072
PhB(OH),
anti-anti-anti 1.134 1 1 1.7540 x 107°¢
anti-anti-gauche™ 0.274 2 1 5.5190 x 10~
anti-gauche™ -anti 0.288 2 1 6.7174 x 1070
anti-gauche™-gauche™ 0.067 2 1 8.9184 x 10~%
anti-gauchet-gauche™ 0.668 1 1 1.8683 x 1075°
anti-gauche ™ -gauche™t 0.007 1 1 6.9750 x 10~
gauche™ -anti-anti 0.2550 2 1 4.5933 x 10~
gauche™-anti-gauche™ 0.001 2 1 5.7378 x 10~
gauche™ -anti-gauche™ 0.568 2 1 3.7149 x 10~%
gauche™-gauche™-anti 0.076 2 1 5.5670 x 10~
gauche™-gauche™-gauche™ 0.236 2 1 6.8323 x 10~%
gauche™-gauche™-gauche™ 0.562 2 1 2.9446 x 1070
gauche™-gauche™-gauche™ 0.616 2 1 4.9926 x 10~
gauche ™ -anti-gauche™ 0 2 1 8.5342 x 10~
gauche*-gauche™-gauche™ 0.512 2 1 5.4390 x 10~

3. Results

As explained in the Section 2, for each of the arylboronic acids, a comprehensive scan
was performed to identify all the low-energy conformations. The searches were conducted
by selecting the relevant dihedral coordinates and sampling the conformational space,
encompassing all the possible combinations of angles. Geometries were optimized without
constraints. Hessian calculations were performed only for non-equivalent geometries.
Regarding the unsubstituted phenylboronic acid, the rotation of its two O-H bonds leads
to four conformations, two of which are mirror images and therefore have the same energy
and vibrational frequencies. The two torsion coordinates are measured by the dihedral
angle calculated using the atoms C-B-O-H. The configuration is labeled anti/syn according
to whether the dihedral angle is 180° or 0°, respectively. In Figure 1, the most common
minimum conformations of the hydroxyl moieties are shown for the phenylboronic acid.

The designations syn and anti are employed when there is a clearly defined, unique
reference plane. For the phenylboronic acid conjugated base, there is no such unique
plane. Therefore, the conformations labeled syn and anti are replaced by the designations
syn, gauche*, and gauche™. These are associated with dihedral angles of +60° and —60°,
respectively. In principle, 27 combinations of anti, gauche*, and gauche™ would be expected.
However, the actual number is twelve pairs of mirror-image structures and 3 Cs structures,
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as shown in Figure 2. Both conformations within each pair of mirror images have the same
energy and vibrational frequencies. Therefore, the rotational-vibrational partition function
can be calculated only for one member of each pair and multiplied by two. The complete
list containing the relative energies, Boltzmann-weighted rotational-vibrational partition
functions, rotational symmetry numbers, and weight of each structure can be found in
Table 1. As discussed above, the weight factor is equal to two if the configuration has a
mirror image or one if it has a plane of symmetry. All the conformations of PhB(OH), and
PhB(OH); are within 1 kcal. mol~! from the global minimum (the only exception is the
anti-anti-anti configuration of PhB(OH); ).

Syn-syn syn-anti anti-anti
Figure 1. Conformers of phenylboronic acid.

For the other arylboronic acids considered here, it was also necessary to consider
alternative conformations. The variation in the pK, brought forth by considering the effect
of alternative conformations could be up to five units of pK,. Table 2 summarizes the
number of structures calculated for the a-cyanocinnamylboronic acids shown in Scheme 1,
together with their respective conjugated bases. The number of distinguishable structures
may be computed as 2 (mirror-image pairs) + (calculated structures — mirror-image pairs).
Incorporation of all the conformations is crucial for the reliable calculation of the thermo-
chemistry of substituted arylboronic acids. The effect of the multiple conformations can be
approximately evaluated by the ratio between the rotational-vibrational partition functions
calculated using multi-structure (MS) and single-structure (SS) evaluated at the global
minimum, i.e., QM /Q%5. For the PhB(OH),, and the ratio is just 1.9 at 298.15 K, while for
its conjugated base, the ratio is 27.7 at the same temperature. This changes the Gibbs free
energy by 1.98 kcal.mol !, resulting in an increase in the pK, calculated by Equation (7).
The ratio Q¥°/Qy5 is much more pronounced for the conjugated bases than for the acids.
However, this ratio does not correlate with the number of conformations. For instance,
there are 31 and 132 conformations calculated for 4g (NO-86) in acid and base forms, re-
spectively. Yet, the ratios are only ~15 and ~25. On the other hand, the conjugated base
of 4f (NO-82) has 54 conformations with a ratio QM / Q2> of 133, and 4c’s (NO-12) base,
with 49 conformers, shows a ratio of 143. The difference arises from the relative energies
of the conformers: many lie several kcal.mol~! above the global minimum and contribute
negligibly to the total rotational—-vibrational partition function. As an example, the acid
form of 4g (NO-86) has 31 conformations, but only 12 conformers are within 1 kcal.mol
of the global minimum. The remaining nineteen conformations lie around 3-5 kcal.mol .
Conversely, the acid form of 4c (NO-12) has 12 conformations all within 1 kcal.mol~.
Thus, it is not the total number of conformations, but rather the number of low-energy
conformers near the global minimum that significantly impacts the rotational-vibrational
partition function.
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Table 2. The calculated structures include all conformations for which harmonic vibrational frequen-
cies were computed. The number of mirror-image pairs accounts for the number of conformations,
of which the rotational-vibrational partition function must be multiplied by two. QM5 / Q23 is the
ratio of the rotational-vibrational partition function calculated including all conformations to the one
calculated using only the lowest energy conformation.

Calculated Structures Mirror-Image Pairs Q%S/Qfs
Compound
Acid Base Acid Base Acid Base
1 (PhB(OH),) 3 15 0 12 1.926 27.738
4a (NO-01) 4 38 4 38 8.354 83.182
4b (NO-03) 8 36 8 35 4.736 64.268
4c (NO-12) 9 49 9 49 10.584 143.359
4d (NO-13) 13 77 13 77 15.212 57.754
4e (NO-79) 4 54 4 54 5.153 77.817
4f (NO-82) 12 54 12 54 16.521 133.470
4g (NO-86) 31 132 31 132 17.491 25.507
4h (NO-89) 9 52 8 52 4.379 123.980
4i (NO-91) 8 54 8 54 7.938 105.208
4j (NO-98) 4 51 4 51 5.022 55.031

The calculated pK; of the synthesized x-cyanocinnamylboronic acids are shown in
Table 3, considering both the multi-structure and single-structure approximations. In the
latter, the energy and thermochemistry are evaluated only at the global minimum. The
experimental pK, for phenylboronic acid (1) is estimated to lie in the range 8.64-8.90 [5],
which deviates by 0.3-0.56 from our calculated value of 9.20. Comparing the pairs with
equal ligands, attachment to the para position results in a lower value of pK, compared to
the same ligand attached to the meta position. The difference is larger for the pair (NO-12:
4c, NO-13: 4d). While 4d (NO-13) is slightly basic (pK, 8.82), 4c (NO-12) is considerably
acidic (pKj, 4.20). This is the only acid pK; among the compounds studied (neglecting the
nearly neutral (NO-89) 4h with pK, ~ 6.50). For instance, 4g (NO-86), which features the
same substituent as 4b (NO-03) at the meta position, exhibits a higher pK,. This increase
can be attributed to the presence of the methoxy group (OMe) at the para position, which
exerts an electron-donating effect that counteracts the electron-withdrawing effect of the
a-cyanocinnamyl group.

Table 3. Calculated pK,s of phenylboronic acids in water. MS stands for multi-structure and SS
for single-structure. The difference between the values reflects the importance of considering the
available conformations in the rotational-vibrational partition function. Dual-Level corrects the
global minimum energy at the M06-2X/6-311++G(3df,3p) level of theory, while in Single-Level,
the energy of the global minimum is calculated at the same level of the partition function, namely
MO06-2X/6-31+G(d,p). The experimental pK, of PhB(OH); is in the range 8.64-8.90 [5]. Geometries
for the global minima of all species, Tables S1-522 (Supplementary Materials).

Dual-Level Single-Level
Compound
pKa (MS) pKa (SS) pKa (MS) pKa (SS)
1 (PhB(OH);) 9.20 10.35 7.58 8.73
4a (NO-01) 7.20 8.20 5.75 6.75
4b (NO-03) 8.17 9.31 6.61 7.75
4c (NO-12) 4.20 5.34 6.16 7.29
4d (NO-13) 8.35 8.93 6.69 7.27
4e (NO-79) 7.52 8.70 5.95 7.13
4f (NO-82) 8.82 9.73 7.32 8.23
4g (NO-86) 8.92 9.09 9.46 9.62
4h (NO-89) 6.50 7.96 4.95 6.41
4i (NO-91) 8.27 9.39 6.26 7.39

4j (NO-98) 7.58 8.62 5.98 7.02
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Considering the multi-structure/Dual-Level (MS/DL) pK, as the reference, in Figure 3,
we evaluate the deviation in the final pK, in each level of approximation. In general, Single-
Level (SL) approximation underestimates most pK, values, except for 4c (NO-12) and 4g
(NO-86). This difference may arise from the chosen level of theory. In this work, low-
level calculations were performed at M06-2X/6-31+G(d,p). A slightly larger basis set
could reduce these differences. In contrast to the SL results, the Dual-Level (DL) with
evaluation with single-structure (SS) rotational-vibrational partition function overestimates
the pK, values, as illustrated in Figure 2 by the SS/DL bars. The difference between MS
and SS is determined by the difference between the logarithms of Q¥ /Q?5 as shown in
Equation (13).

PKa(MS) — pKa(SS) = log(QM/Q55)  —log(QMS/Q%) (13)

acid
mMS/SL mSS/DL mSS/SL

3.00
2.00

1.00

w il
11'1" I (| 1!
-1.00

NO-00 NO-01 NO-03 NO-12 NO-13 NO-79 NO-82 NO-86 NO-89 NO-91 NO-98

=3
=)

Difference with respect to MS-LH/DL

a-cyanocinnamylboronic acids label

Figure 3. Error bars of pK, with respect to the multi-structure/Dual-Level results presented
in Table 3.

In some cases, a compensatory effect may occur if QM5 /Q?5 is similarly large for
both the acid and base forms. As seen in Table 2, the largest difference is observed for
NO-89, corresponding to the tallest orange bar in Figure 3. On the other hand, the smallest
difference occurs for NO-86, represented by the shortest orange bar. Since the conjugate
base has more conformations than the acid, the MS correction is expected to be more
significant for the former. The presence of a substituent in the meta position reduces the
QMS /2% ratio in comparison to the same substituent in para, as discussed above. This
reduction is more pronounced for the base than for the acid, resulting in a net decrease in
the difference between the pK values calculated under the MS and SS approximations.

According to Equation (7), the pKj is proportional to the ionization free energy of the
acid, which in turn depends on the change in enthalpy and entropy between ionized and
unionized compounds. Although linear free-energy relationships can be established for
several compounds, the same is not true for enthalpy and entropy changes [22]. The en-
thalpic, entropic, and free energy contributions to the pK; may be evaluated by computing
the difference AAH, AAS, and AAG, using as reference the ionization of phenylboronic
acid. In Table 4, we show the difference in enthalpy, entropy, and Gibbs free energy of the
acid-base reaction of compounds 4a—j with respect to PAB(OH),. The MS-DL ApK, values
are also shown in the second column. Note that ApK, < 0 for all the compounds, given
that the reactions are less endothermic than PhB(OH),, resulting in the net decrease in the
Gibbs free energy, and hence of the pK,. The more pronounced effect is found for the 4c
(NO-12), with the reaction enthalpy of 7 kcal.mol ! below that of the phenylboronic acid.
Considering the relatively small decrease in reaction entropy, the resulting net decrease in
the Gibbs free energy is 6.8 kcal.mol !, leading to the reduction of the pK, by 5 units.
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Table 4. Calculated changes in pK,, reaction enthalpy, entropy, and Gibbs free energy relative to
PhB(OH),. All the values refer to the MS-DL.

Compounds DpK, DDH DDS DDG
(kcal.mol—1) (cal. K- 1.mol-1) (kcal.mol—1)

1 (PhB(OH),) 0 0 0 0
4a (NO-01) —2.01 —2.852 —0.417 —2.728
4b (NO-03) —1.04 —2.078 —2.247 —1.408
4c (NO-12) —5.00 —7.170 —1.223 —6.805
4d (NO-13) —0.85 —1.697 —1.808 —1.158
4e (NO-79) —1.69 —2.188 0.362 —2.296
4f (NO-82) —0.38 —1.728 —4.045 —0.522
4g (NO-86) —0.28 —1.001 —2.061 —0.386
4h (NO-89) —2.70 —4.163 —1.641 —3.674
4i (NO-91) —0.94 —1.492 —0.722 —1.277
4j (NO-98) ~1.63 —2213 0.004 —2214

As discussed above, the presence of fluorine at the para position in NO-91 (4i) results
in a very small pK, decrease (=—0.09) relative to NO-13 (4b). Table 4 shows this corre-
sponds to a minor enthalpy increase (+0.2 kcal.mol~!) outweighed by a large entropy gain
(>1 cal. K~ L.mol '), yielding a negligible net change in free energy. In contrast, the presence
of fluorine in ortho increases the pK, of NO-89 (4h) by 2.3 units compared to NO-12 (4c).
The data in Table 4 indicate this stems primarily from a substantial enthalpy difference.
This is attributed to the interaction of F- - - HO in the minimum energy conformation of
NO-89 (4h), resulting in the stabilization of the unionized form. Thus, the ionization of
NO-89 is more endothermic than that of NO-12. Given the dominant enthalpic contribution
to the free energy change, NO-89 exhibits weaker acidity than NO-12.

There is a correlation between the variation in pK, and that in reaction enthalpy,
as shown in Figure 4. It could be argued that this would be the main contributor to
the variation in reaction enthalpy, i.e., energetic or thermal correction. The latter arises
from the temperature variation in the total partition function, while the former is the
change in electronic energy, nuclear repulsion, and vibrational zero-point energy. Although
thermal correction is important for the consistent final calculation of pK; values, the main
contributor to AAH is the reaction energy AE (the difference in the total energy of the
products and reactants). No correlation is found against the variation in entropy.

1.00

y=0.7578x + 0.3612
R?=0.9629

0.00

-1.00

-2.00

ApKa

A MS/DL
——Linear (MS/DL)

-8.00 -6.00 -4.00 -2.00 0.00
AAH / kcal.mol!

Figure 4. Variation of pK, plotted against the variation in reaction enthalpy relative to PhB(OH),.
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4. Discussion

In light of the obtained results and previous discussions on the literature [5], some
principles on the relationship between the pKj, of arylboronic acids and their substituents
can be gleaned. In the following discussion, it is essential to discriminate between electronic
and non-electronic effects.

First of all, it should be clear from the general acid-base reaction of arylboronic acids
(1) that the new bond that is formed upon the addition of a hydroxyl anion to the boron
atom is somewhat isolated from the aromatic ring, since there is no “resonance” between
the boron atom and the aromatic electron sextet. This means that the electronic effects of
substituents on the pK; should be less intense, which is in line with the comparative data
between substituted benzoic acids and arylboronic acids laid out in reference [5]. Neverthe-
less, some electronic effects are recognizable in the final pK, values. The “cyano-cinammyl”
substituents are definitely strongly electron-withdrawing, contributing to reducing the pK,
in relation to the phenylboronic acid. Nonetheless, a more detailed account of the electronic
effects is dependent on a proper bonding model for arylboronic acids. A more specific
work concerning this point is in preparation.

According to Laidler [23], the effects of substituents on thermochemical quantities—
and consequently on pK;—can be classified as polar, steric, or solvent effects. Linear
free-energy relationships may still hold, provided certain conditions are met. Polar effects,
arising from inductive and resonance interactions of substituents, tend to influence enthalpy
more significantly than entropy. Steric effects, on the other hand, have a larger impact on
entropy. Because entropy changes are inherently more difficult to predict than enthalpic
ones, steric effects can reduce the linearity of free-energy relationships. However, in certain
cases, there may be enthalpy—entropy compensation, restoring the linearity in AG. Solvent
effects can impact both enthalpy and entropy in a compensatory fashion as well, often
preserving the predictability of free energy through linear structure—property relationships.
Under this perspective, the correlation observed in Figure 3 suggests that polar effects
are mainly responsible for the computed pK, values. However, steric effects cannot be
neglected given the large chain of the substituent’s groups. In contrast to small substituents
that have very small effects on AS [24], the results presented in Table 4 show that, in the
present study, the substituent groups do have some impact on the entropy change. The
decrease in entropy relative to PhB(OH),, i.e., AAS, is more pronounced for groups attached
to the meta position (NO-03: 4b, NO-13: 4d, NO-82: 4f) in comparison to the same group at
the para (NO-01: 4a, NO-12: 4c, NO-79: 4e). An exception to this is found for the pair 4h
(NO-89; para) vs. 4i (NO-91; meta), where the AAS of the former is lower than that of the
latter. This can be attributed to the presence of the fluorine atom at the ortho position in
4h (NO-89).

The important underlying point is that all these thermodynamic considerations can
only be performed with confidence because all the low-energy conformations were con-
sidered in the calculations. Due to the results presented, particularly in Table 3, it can
be concluded that a proper calculation of the pK, of arylboronic acids should recognize
the actual experimental situation, which deals necessarily with the presence of multiple
conformations simultaneously, particularly at a room temperature of 298 K.

5. Conclusions

In summary, in this paper, the pK;s of ten x-cyanocinnamylboronic acids were com-
putationally determined. The procedure adopted employed multi-structure/Dual-Level
calculation, with conformational analysis and harmonic vibrational frequencies calculated
using M06-2X density functional with a relatively small basis set, 6-31+G(d,p), followed
by single-point energy correction using a larger basis (6-311++G(3df,3p)). The rotational—-
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