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We present a theoretical investigation on the esterification process
for boron ester synthesis, considering boric acid and 2(R),4(S)-
pentanediol as model boron and diol derivatives, respectively.
We report an unprecedented mechanistic pathway, able to
rationalise, in contrast with the reported ones, the relatively low
Gibbs energies of activation and the pH dependence experimentally
observed in the formation of boron esters. We believe that these
findings will improve the possibility to predict cross-link reaction
rates of boron esters as a fundamental tool in the rational design of
functional materials based on boron—oxygen linkages.

The esterification mechanism of boric or boronic acids (boron
acids) with diols or polyols is still deemed controversial.'
Computational mechanistic studies reported so far*™° have
not been able to rationalise the dynamic nature of boron-
oxygen (B-O) ester linkages formed at room temperature and
at neutral pH or under mildly basic conditions (8 < pH < 10).
Under these conditions, experimental Gibbs energies of activa-
tion range between about 30 k] mol " for aryl boronic acids
reacting with aromatic diols,"" and about 70 kJ mol~" for boric
acid reacting with an aliphatic diol,'* with intermediate values
of about 50 k] mol " for alkylboronic acids and aliphatic
diols."® Computational studies on these systems, under mildly
basic conditions, reported Gibbs energies of activation of about
110 kJ mol ™" or even more,>”*'° highlighting the incompat-
ibility with the well-known dynamic nature of a B-O ester
linkage that breaks and reforms relatively quickly at room
temperature. Moreover, in some cases, no actual Gibbs energies
of activation were reported.®®
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Elucidation of the mechanism of the esterification
of boric acid with aliphatic diols: a computational
study to help set the record straighty

* and Manuel Petroselli (2 *+

A fundamental understanding of the boron ester dynamic
bond formation, similar to those found in some supramolecu-
lar systems,'**° is crucial for the rational design of chemical
sensors for saccharide recognition,'” catalytic activators of
hydroxy functional groups'® and self-healing hydrogels and
polymers based on the B-O linkages."* >

In all mechanisms proposed so far*™'® (Scheme 1A), each
esterification step involves a nucleophilic attack carried out by
the oxygen of one hydroxyl group of the diol or polyol (ligand)
onto the electron deficient trigonal boron atom, reporting a
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Scheme 1 Comparison between the previous (A) and the current
proposed mechanism for the esterification process: (B) first esterification
step involving the diol and the B(OH)3/B(OH)4~ system; (C) OH™ transfer
between the involved boron derivatives; and (D) second esterification step
involving the monoester, previously formed, and the B(OH),~ species. The
hydrogen bond interactions are depicted as dashed lines.
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single transition state (TS). During the B-O bond formation
through the single TS, (i) the geometry of the boron atom
changes from trigonal to tetrahedral; (ii) a proton transfer
occurs from the hydroxyl group of the ligand to the hydroxyl
groups of the boron derivative; and (iii) the trigonal geometry
of the boron atom is restored after elimination of a water
molecule.

Unfortunately, these reported mechanisms did not rationa-
lise the well-known dynamic behaviour in solution at room
temperature of B-O ester bonds. Indeed, the esterification rate
is reported to be very low under acidic conditions, while it
increases by three to four orders of magnitude as the pH
becomes greater than the boron acid’s pK,.>* This observation
prompted us to assume that both the boron acid (trigonal) and
the conjugate base (tetrahedral) participate in the rate-
determining TS. In light of this, we propose an alternative
mechanism for the formation of boron esters (Scheme 1).

To prove our hypothesis, we initially investigated the
B(OH);/B(OH),” exchange that is known to be relatively fast
at room temperature compared to the chemical shift NMR time
scale.”"*> A guess geometry for the TS of the B(OH);/B(OH),~
exchange in water was prepared according to the structure
proposed by Ishihara et al.>® assuming a bimolecular mecha-
nism where boric acid and the tetrahydroxyborate anion form
two hydrogen bonds in a quasi-symmetric arrangement (Fig. 1).
A PES scan of the B-O distance allowed us to determine the TS
associated with the initial formation of the bond between the
boron atom of boric acid and the oxygen atom of the tetra-
hydroxyborate’s hydroxyl group (Fig. 1, TS1a).

By optimising the intrinsic reaction coordinate (IRC) mini-
mum on the product side of TS1a, we found the stationary state
I1a and TS1b. Then, a PES scan of the elongation of the B-O
bond led us to I1b and, finally, TS1c, associated with the
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Fig. 1 Structures of the stationary states along the symmetric reaction
pathway of the B(OH)s/B(OH),~ exchange at the M062X/aug-cc-pvtz level
of theory in water solvent. Atom colours are O: red, H: white, B: pink;
chemical bonds forming and breaking are depicted as grey dashed lines,
hydrogen bonds as yellow dashed lines, distances are in A.
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breaking of the B-O bond (Fig. 1). Full computational details
can be found in the ESL{ The Gibbs energy of activation of the
rate-determining step of the B(OH);/B(OH),  exchange, calcu-
lated at the CCSD(T)/aug-cc-pvtz//M062X/aug-cc-pvtz level of
theory (Fig. S2, ESIt, blue), is 29.1 k] mol™'. The calculated
value is relatively close (7-9 k] mol ") to the experimental Gibbs
energies of activation for the B(OH);/B(OH),  exchange of
20.5 + 0.8 k] mol *** and 36.5 k] mol *** reported in the
literature. The value calculated at the MO06-2X/aug-cc-pvtz level
of theory (Fig. S2, ESIt, black) of 30.7 k] mol ™" agrees well with
both the experimental values and the value obtained at the
coupled-cluster level of theory, thus assessing the good accuracy
of the M06-2X/aug-cc-pvtz level of theory in the study of these
systems. We also found an alternative pathway that proceeds
across a single TS (Fig. 2, TS2) where a water molecule mediates
the B(OH);/B(OH),  exchange. At the same coupled-cluster level
of theory, the Gibbs energy of activation of TS2 is 36.9 k] mol ™%,
7.8 kJ mol " larger than TS1a, thus adding a small contribution to
the exchange rate (see Section 1.3 in the ESIt for details).

Given the geometry of TS2, we assumed a similar TS geo-
metry for the esterification step where water is substituted by a
diol molecule. In practice, we prepared a guess geometry for the
first esterification step (Scheme 1B), based on TS2, using boric
acid and 2(R),4(S)-pentanediol (2,4-PD), to model a simple
1,3 aliphatic diol. To do this, we positioned a hydroxyl group
of 2,4-PD in the place occupied by the water molecule in TS2,
obtaining the TS3 structure (Fig. 3). The latter is mainly
associated with the proton transfer between one hydroxyl group
of the tetrahydroxyborate anion (borate) and one hydroxyl
group of the diol. The IRC through TS3 can be described as a
“borate-assisted” esterification process between boric acid and
one hydroxyl group of the diol. The Gibbs energy of activation
of TS3, calculated at the M062X/aug-cc-pvtz level of theory, is
31.5 k] mol ™", which is the lowest value ever computationally
determined for the first esterification step between boric acid
and an aliphatic diol. By optimizing the IRC minimum on the
product side of TS3 we obtained the stationary state of the
tetrahedral borate monoester (Fig. 3, PR3), that was used to
explore the intramolecular mechanism related to the formation
of a B-O bond in the presence of tetrahedral boron derivatives.

We conducted PES scans of the approach of the tetrahedral
boron to the second hydroxyl group of 2,4-PD and, not surpris-
ingly, we did not find any saddle point. This is in agreement

Fig. 2 Structure of TS2, an alternative TS of the B(OH)s/B(OH)4~
exchange, involving a water molecule, at the M062X/aug-cc-pvtz level
of theory in water solvent. Atom colours are O: red, H: white, B: pink;
chemical bonds forming and breaking are depicted as grey dashed lines,
hydrogen bonds as yellow dashed lines, distances are in A.
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Fig. 3 Structure of the TS of the first esterification step between boric
acid and 2(R),4(S)-pentanediol (2,4-PD), TS3, and the corresponding
tetrahedral borate monoester product, PR3, at the M062X/aug-cc-pvtz
level of theory in water solvent. In TS3 the tetrahydroxyborate anion
(borate) favours the removal of a proton from one hydroxyl group of the
diol. Atom colours are C: grey, O: red, H: white, B: pink; chemical bonds
forming and breaking are depicted as grey dashed lines, hydrogen bonds
as yellow dashed lines, distances are in A.

with previous computational studies where it is reported that the
TSs of the esterification steps always involve trigonal boron.>*°
Therefore, we proceeded to study the tetrahedral/trigonal
exchange of the monoester (Scheme 1C) by assuming a reaction
pathway similar to that of the B(OH);/B(OH),  exchange,
determined previously (Fig. 1). As hypothesised, we found an
analogous pathway where a boric acid molecule “removes’” one
of the hydroxyl groups of the tetrahedral monoester, showing a
Gibbs energy of activation of 35.6 k] mol ", calculated at the
MO062X/aug-cc-pvtz level of theory. The rate-determining step
(TS4a) is shown in Fig. 4 while the remaining stationary states
are reported in Fig. S1 (ESIT). The free energy diagram of this
pathway (Fig. S4, ESIt) shows that the equilibrium favours the
separated reactants (SR4), indicating a stronger acidity of the
borate monoester compared to boric acid, in agreement with
experimental observations®®™! and computational studies.?
These showed that the pK, differences are predominantly due
to electronic effects while a minor contribution is attributed to
the trigonal-tetrahedral structure change. The stationary state
structure of the trigonal borate monoester is then obtained

TS4a

Fig. 4 Structure of the rate-determining step of the tetrahedral/trigonal
exchange of the borate monoester, TS4a, and of the trigonal borate
monoester, PR4, at the M062X/aug-cc-pvtz level of theory in water
solvent. Atom colours and bond depictions are as in Fig. 3, distances
are in A.
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(Fig. 4, PR4) by optimising the IRC minimum on the product
side starting from TS4c (Fig. S1, ESIf). To determine the
structure of the second esterification step (Scheme 1D) we
decided to take the first step geometry as a template, assuming
a similar TS for the formation of the second B-O bond. This led
to the TS of the ring closure reaction (Fig. 5, TS5), the corres-
ponding reactant complex (RC5) and the tetrahedral borate
cyclic diester product (PR5) being obtained. As observed in TS3,
related to the first esterification step, TS5 is mainly associated
with the transfer of a proton from the hydroxyl group of the diol
to one hydroxyl group of the tetrahydroxyborate anion. The
Gibbs energy of activation of TS5 is only 4.7 k] mol ', leading to
the second esterification process being considered as essen-
tially barrierless. This result is in agreement with early studies
on borate esters by Van Duin et al.*>* who proposed that the ring
closure, in the second esterification step, is relatively faster
with respect to the first one. This value is also supported by
previous computational mechanistic studies.’

In summary, we postulated a reaction pathway, never
hypothesised before, for the formation of boron-oxygen (B-O)
ester linkages, where both boric acid and tetrahydroxyborate
participate in the esterification steps, in contrast to the
mechanisms currently reported in the literature,>*° highlight-
ing the need of a trigonal/tetrahedral boron exchange in a TS
separate from those in which the B-O linkages are formed. This
mechanism predicts that the rate of formation of the borate
diester should exhibit a maximum at a pH close to the pK, of
boric acid, where the product of the concentrations of the acid
and its conjugate base reaches a maximum. This is in agree-
ment with the seminal work of Yan et al.”® who found that the
optimal pH for the binding of a series of boronic acids to diols

PR5

Fig. 5 Structures of the stationary states along the reaction pathway of
the second esterification step between boric acid and 2(R),4(S)-penta-
nediol, at the M062X/aug-cc-pvtz level of theory in water solvent. The
arrangement of the bonds forming and breaking (grey dashed lines) in the
TS of this step, TS5, is very similar to that in the first esterification step
(Fig. 3, TS3). The reactant complex, RC5, corresponds to the optimised IRC
minimum on the reagent side of TS5 and the tetrahedral borate cyclic
diester product, PR5, was obtained from the optimised IRC minimum
on the product side of TS5. Atom colours and bond depictions are as in
Fig. 3, distances are in A.
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is close to the pK, of the acid. Our mechanism also predicts a
second-order reaction with respect to boron species, promoting
more detailed kinetic studies in this direction. To the best of
our knowledge, kinetic studies, currently reported on closely
related systems,'>'***?* did not address this important point.
Surprisingly, the proposed mechanism showed that the rate-
determining step of the entire esterification process is not the
first B-O bond formation, as largely reported,’”*° but the
tetrahedral/trigonal exchange of the borate monoester. We
believe that the proposed mechanistic study can be applied to
the esterification process of a pool of different boron acids and
diols. This finding will significantly increase the possibility of
predicting the cross-link reaction rates of potential boron
esters, and the rational design and fine-tuning of novel self-
healing hydrogels and polymers based on the B-O linkages.
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