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ABSTRACT: The solution phase self-assembly of boronate
esters, diazaboroles, oxathiaboroles, and dithiaboroles from the
condensation of arylboronic acids with aromatic diol, diamine,
hydroxythiol, and dithiol compounds in chloroform has been
investigated by '"H NMR spectroscopy and computational
methods. Six arylboronic acids were included in the
investigations with each boronic acid varying in the substituent
at its 4-position. Both computational and experimental results
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show that the para-substituent of the arylboronic acid does not significantly influence the favorability of forming a condensation
product with a given organic donor. The type of donor, however, greatly influences the favorability of self-assembly. "H NMR
spectroscopy indicates that condensation reactions between arylboronic acids and catechol to give boronate esters are the most
favored thermodynamically, followed by diazaborole formation. Computational investigations support this conclusion. Neither
oxathiaboroles nor dithiaboroles form spontaneously at equilibrium in chloroform at room temperature. Computational results
suggest that the effect of borylation on the frontier orbitals of each donor helps to explain differences in the favorability of their
condensation reactions with arylboronic acids. The results can inform the use of boronic acids as they are increasingly utilized in
the dynamic self-assembly of organic materials and as components in dynamic combinatorial libraries.

B INTRODUCTION

Dynamic covalent reactions involving boronic acids have long
been recognized for their utility in the design of receptors and
sensors for compounds such as saccharides’ and anions.” More
recently the self-assembly of boronic acids has proven to be a
powerful means of preparing complex macrocycles,3 cages,4 and
functional polymers® and has given rise to the field of covalent
organic frameworks (COFs).° Much of the unique and
advantageous chemistry of boronic acids arises from the low
valency and the empty p orbital of their constituent boron
atom(s), which enables them to accept electron density from a
wide variety of species. The condensation of boronic acids with
1,2-diols results in the formation of cyclic boronate esters
(Scheme 1a), while the self-condensation of boronic acids gives
boroxine anhydrides (Scheme 1b).”~"" Both boronate ester and
boroxine anhydride formations are thermodynamically rever-
sible despite their formation of strong B—O covalent bonds and
the entropic favorability of liberating two and three molecules
of water, respectively. The equilibria shown in Scheme 1 can be
driven toward products by a variety of means (azeotropic
removal of water, dehydrating agents, product precipitation,
etc.), however the hydrolysis of boronate esters and boroxine
anhydrides is a common concern and varies significantly with
the functionality of boronic acid and diol components as well as
the choice of solvent.”

The self-assembly of boronate ester and boroxine anhydride
species in aqueous solutions has been thoroughly inves-
tigated.”"*~"> By contrast, few investigations of the thermody-
namics and dynamic assembly processes of boronic acids in
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Scheme 1. General Representation of (a) Boronate Ester
Formation from the Reversible Condensation of Boronic
Acids with Organic Diols and of (b) Boroxine Anhydride
Formation from the Self-Condensation of Three Equivalents
of Boronic Acids
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nonaqueous solutions have been reported in the literature.

This is despite over two decades of broad interest in the use of
boronic acids in synthesis, self-assembly, and materials
chemistry.” It is known that the favorability of forming esters
and boroxines from boronic acids depends on the functionality
of the acid, the solvent, and the presence of coordinating
donors. Many boronic acids readily dehydrate in nonpolar
solvents (e.g, CH,Cl, and CHCl;) to form their less polar
boroxine analogues. Tokunaga and co-workers have inves-
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tigated the free energy of boroxine formation from para-
substituted aryl boronic acids in chloroform and found the self-
condensation to be entropically driven and generally ender-
gonic.'” Electron-donating substituents have been shown to
increase the favorability of boroxine formation by decreasing
the electrophilicity of boron, thereby decreasing their
susceptibility to hydrolysis. Electron-withdrawing substitutents
have the opposite effect. Computational investigations by Kua
and Iovine generally support the experimental observations.'”
Dehydration of boronic acids to boroxines is facilitated by the
presence of nitrogen donor compounds (e.g., tertiary amines or
pyridine), resulting in the formation of boroxine donor adducts
that have been found to be thermodynamically more favorable
than uncoordinated boroxines.'”'*™** In fact, the ligand-
facilitated trimerization of boronic acids can be used to
promote the formation of boroxines.

The formation of boronate esters from the condensation of
boronic acids with diols is also influenced by the nature of the
solvent and the functionality of the starting compounds. As
with boroxines, boronate esters are less polar than their starting
boronic acids, and this difference in polarity can be used to shift
their equilibria toward esters in nonpolar solvents. The stability
of boronate esters to hydrolysis is highly influenced by the
nature of their component diols. Sterically hindered boronates
(e.g., pinacolboranes) are known to be relatively stable in protic
solvents, while less hindered boronates (e.g., ethylene glycol
esters) are quite susceptible to hydrolysis.” As noted earlier,
condensations of arylboronic acids and catechol derivatives
have been recently and widely used in the dynamic covalent
assembly of boronate ester-based organic materials, such as
boronate ester macromolecules® and COFs.® The majority of
such organic materials are prepared using organic solvents.
Despite this growing area of research, and to the best of our
knowledge, no experimental or computational studies focusing
on the thermodynamics of boronate ester self-assembly in
nonaqueous environments have been reported.

Similarly, very little is known of the thermodynamics of
related dynamic assembly processes between boronic acids and
ortho-phenylenediamines to give diazaboroles.”> The first
example of a diazaborole condensation, reported by Letsinger
over 50 years ago, was formed by the reaction of ortho-
phenylenediamine with the ethyl tartarate ester of phenyl-
boronic acid.”® More recently diazaboroles have been shown to
function as blue emissive materials,”” photoluminescent
polymers,” and p-type semiconductors in organic field-effect
transistors.”” Diazaboroles are known to hydrolyze rapidly in
mildly acidic conditions, however they are generally stable in
neutral solutions. Dithiaboroles, another class of related boron
heterocycles, have been reported, though they are typically
synthesized from 2-chloro-1,3,2-dithiaborole derivatives®’ ™
rather than through the condensation of dithiols with boronic
acids. A more quantitative understanding of the influence of
boronic acid and organic donor functionality on the favorability
of their self-assembly processes will likely (i) provide access to
new boron-based materials from dynamic covalent and dynamic
combinatorial assembly of different secondary building units
and (ii) enable predictable exchange processes when
thermodynamics sufficiently favor the formation of one type
of assembly over another. The design of new boronic acid-
derived sensors, polymers, COFs, and other functional
materials will benefit from such an increased understanding
of the thermodynamics of their assembly processes.
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Herein we present combined spectroscopic and computa-
tional investigations of the self-assembly of para-substituted aryl
boronic acids with a series of aryl donors bearing alcohol,
amine, and thiol functionalities. We find that the para-
substituent of the aryl boronic acid does not significantly
influence the thermodynamics of their self-assembly with the
different organic donors. The functionality of the organic
donor, by contrast, is found to influence the favorability of
forming stable condensation products considerably.

B RESULTS AND DISCUSSION

Shown in Figure 1a are the six phenylboronic acids investigated
in the present study: 4-methoxyphenylboronic acid (1), 4-tert-
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Figure 1. Chemical structures of the (a) aryl boronic acids and (b)
organic donor compounds investigated in the current study.

butylphenylboronic acid (2), phenylboronic acid (3), 4-
fluorophenylboronic acid (4), 4-methoxycarbonylphenylbor-
onic acid (§), and 4-cyanophenylboronic acid (6). Para-
substituted arylboronic acids were chosen because experimental
investigations have demonstrated that ortho-substituted bor-
onic acids are less favored to assemble into boroxines or
boronate esters, largely due to steric effects.” Para-substituted
acids allow the influence of electronic effects on assembly
processes to be studied independent of the size of a given
substituent. Furthermore, the symmetry of para-substituted
acids aids significantly in investigating their assembly processes
by 'H NMR spectroscopy. The chemical structures of four
different organic donors are shown in Figure I1b: 4-tert-
butylcatechol (7), 4-tert-butyl-ortho-phenylenediamine (8), 2-
hydroxybenzenethiol (9), and toluene-3,4-dithiol (10).

Aryl boronic acids and aryl organic donors were chosen
because of their prevalent use in the design, synthesis, and self-
assembly of polymeric materials and COFs. Donation of
electron density from oxygen to boron in boronate esters can
increase their stability by disfavoring hydrolysis. In the case of
catechol derivatives, however, lone pair electrons of catechol
oxygen atoms are also able to conjugate with the aromatic ring,
weakening their interaction with boron. Catechol-based
boronate esters are therefore more susceptible to hydrolysis
than, for example, pinacolboranes. This hydrolytic susceptibility
is often considered a favorable attribute in the context of
dynamic covalent self-assembly”” where readily reversible
covalent bond formation is necessary to provide a means of
error correction en route to the most thermodynamically stable
structure(s). The role that similar electronic effects play in the
thermodynamic stability of diazaboroles and dithiaboroles is
currently unknown. Amine- and thiol-functionalized donors 8—
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10 were therefore chosen to gain insight into the stability of
their assemblies with boronic acids 1—6. Investigations of
donors beyond catechol also open prospects for elucidating
new exchange processes, constructing new dynamic combina-
torial libraries, and developing routes to new diazaborole and
dithiaborole materials.

To evaluate the thermodynamics of boronate ester self-
assembly, we used a combination of experimental, spectro-
scopic, and computational analysis. Experimentally, pairwise
combinations of boronic acids 1—6 and organic donors 7—10
were mixed in 1:1 molar ratios in CDCl; at room temperature
and allowed to reach equilibrium. The extent of assembly
formation was then determined by the relative integration
values of signals corresponding to acid, ester, and, in some
cases, boroxine species by 'H NMR spectroscopy. In
conjunction with spectroscopic analysis, the energetics of
boronate ester and boroxine formation were studied computa-
tionally. The use of a combination of computational and
spectroscopic investigations was motivated by the desire to
benchmark different computational methods against exper-
imental results and, ideally, to elucidate the electronic and/or
structural factors that underlie differences in the thermody-
namics of boronate ester, diazaborole, and dithiaborole
formation.

"H NMR Spectroscopy. In principle, boronic acids 1—6 are
able to condense with donors 7—10 to give boronate esters
(11a—f), diazaboroles (12a—f), oxathiaboroles (13a—f), and
dithiaboroles (14a—f), as shown in Scheme 2. Equimolar

Scheme 2. Dynamic Covalent Exchange Reactions between
Phenylboronic Acids 1—6 and Aryl Donors 7—10
Investigated by "H NMR Spectroscopy
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solutions of each boronic acid and each donor were mixed in
CDCl, (0.05 M) and allowed to reach equilibrium at room
temperature. Particular care was taken to dry all starting
materials and CDCI; given the role that water plays in the
dynamic equilibrium of boronic acid condensation reactions
(full details are provided in the Computational and
Experimental Methods section). While assembly kinetics were
not a focus of the current investigation, it was readily observed
that the room temperature condensation of boronate esters
11a—f is more rapid than the condensation of diazaboroles
12a—f under identical conditions. '"H NMR spectra of mixtures
containing any of the six boronic acids and tert-butylcatechol
(7) showed nearly complete product formation within 30 min
of mixing, and no changes in the relative integrations of proton
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signals could be observed after approximately 4 h. 'H NMR
spectra of equimolar mixtures of boronic acids 1—6 and ftert-
butyl-ortho-phenylenediamine (8) were observed to evolve
more progressively over the course of approximately 24 h, after
which no appreciable change could be observed. Mixtures
containing boronic acids 1—6 and either hydroxybenzenethiol
(9) or toluene-3,4-dithiol (10) showed no discernible
oxathiaborole or dithiaborole formation. It could be concluded
from 'H NMR spectroscopy alone that the formation of
oxathiaboroles (13) and dithiaboroles (14) by the condensa-
tion of aryl boronic acids with 9 or 10 is thermodynamically
unfavored under these conditions, though similar structures
have been prepared by the reaction of hydroxythiol and dithiol
compounds with dichlorophenylboranes® or by the afore-
mentioned routes using haloboranes.”'

Relative integrations of '"H NMR spectroscopic signals were
used to calculate equilibrium constants (Keq) and free energies
(AG®) for the condensation reactions between boronic acids
1-6 with catechol 7 and ortho-phenylenediamine 8. Assign-
ments of boronic acid, boroxine anhydride, and boronate or
diazaborole species were made by comparison to pure samples
of boroxines and condensation products 11a—f and 12a—f. For
most compounds, the singlet of the 4-tert-butyl group of 7 and
8 was found to be particularly diagnostic as it appears at 1.26
ppm for the free donor species but undergoes a downfield shift
to 1.35—1.37 ppm (esters 1la—f) or 1.36—1.38 ppm
(diazaboroles 12a—f) upon condensation with boronic acids
1—-6. Furthermore, the tert-butyl singlets of assembled and
unassembled species, integrating to 9 symmetry equivalent
protons, provide the greatest signal-to-noise of all spectroscopic
signals and therefore provide the most reliable means of
evaluating the percentages of product formation. Assemblies
containing tert-butylphenylboronic acid 2 were the exception
because tert-butyl peaks corresponding to several species (i.e.,
unassembled 7 or 8, unassembled 2, ester or diazaborole
products 11b or 12b, and the boroxine anhydride of 2) overlap
in their equilibrated '"H NMR spectra. When possible,
calculated ratios of condensation products were corroborated
by the integration of diagnostic signals in the aromatic region of
each spectrum. Figure 2 shows a representative example
corresponding to the equilibrium between 4-cyanophenylbor-
onic acid 6, tert-butylcatechol 7, and their condensation
product boronate ester 11f. Collected in Table 1 are the
calculated equilibrium constants and free energies of con-
densation reactions between each of the boronic acids shown in
Figure la and donors 7—10.

Boronic acids functionalized with electron-withdrawing
groups, namely 4-methylcarbonylphenyl boronic acid (5) and
4-cyanophenylboronic acid (6), gave the lowest yields of
boronate ester formation at equilibrium: 94% of 11e and 92%
of 11f. The remaining four boronic acids gave boronate esters
11a—d in 96—97% vyield, which may be considered identical
within experimental error. Overall the formation of all six
boronate esters is predicted to be exergonic, with reaction free
energies ranging from AG° = —1.1 to —2.5 kcal/mol. The
results summarized in Table 1 suggest that electron-rich
boronic acids form more thermodynamically stable boronate
ester assemblies with catechol 7, while acids bearing electron-
withdrawing groups form less stable boronate esters, however
the differences in yield, K., and AG® are quite small
considering the large differences in Hammett parameters
among the six functional groups investigated: o,,, ranges
from —0.27 (methoxy) to +0.66 (cyano). Overall, all six of the
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Figure 2. Example equilibrated mixture of 4-cyanophenylboronic acid (6), 4-tert-butyl catechol (7), and their corresponding boronate ester 11f (0.05
M in CDCl;, 298 K, 300 MHz). Signals of both unassembled and assembled species are observed and were used for the calculation of the
equilibrium constant (Keq) and condensation free energy (AG®) of boronate ester formation. Full "H NMR spectra for all condensations are

provided in Figures S7—S18 of the Supporting Information.

Table 1. Equilibrium Constants and Corresponding
Reaction Free Energies for the Formation of Boronate Esters
11a—f and Diazaboroles 12a—f as Determined from '"H NMR
Spectroscopy at 25 °C“

RY % product K. AG*?

a OMe 97 44.7 -2.3

b t-Bu 96 24.9 -19

u c H 97 75.5 -2.5
d F 96 329 —2.1

e CO,Me 94 10.8 —14

f CN 92 6.4 —1.1

a OMe 33 3.84 X 1073 33

b t-Bu 44 137 X 1072 2.5

. c H 30 2.59 x 1073 3.5
d F 30 2.61 X 1073 3.5

e CO,Me 42 1.07 X 107 2.7

f CN 42 1.10 X 1073 2.7

“The dynamic covalent assembly of oxathiaboroles (13a—f) and
dithiaboroles (14a—f) as outlined in Scheme 2 was not observed.
Complete details and '"H NMR spectra used to determine Ko
contained in the Supporting Information. “R indicates the substituent
at the para-position of the boronic acid. CKeq = [ester][H,0]%/
([acid][donor]). Pkeal/mol.

arylboronic acids investigated readily assemble with catechol 7
in chloroform, and the equilibrium formation of boronate esters
11a—f lies heavily toward products (>90% assembly
formation).

The dynamic assembly of ortho-phenylenediamine 8 with
boronic acids 1—6 results in significantly less diazaborole
formation as compared to boronate ester formation. Substantial
quantities of uncondensed boronic acid and diamine species
can be observed in the '"H NMR spectra of each equilibrated
mixture. Diazaborole formation was found to be endergonic in
all cases (AG® = 2.5—-3.5 kcal/mol) with each mixture resulting
in <50% product formation at equilibrium for 0.05 M solutions.
The range of reaction free energies observed for the formation
of diazaboroles 12a—f (AAG® = 1.0 kcal/mol) is somewhat
narrower than that for the formation of boronate esters 11a—f
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(AAG® = 14 kcal/mol), again suggesting that the para-
substituent of boronic acids 1—6 plays a relatively minor role in
determining the thermodynamic favorability of assembly
formation. It is interesting to note that the small influence
the para-substituent has on diazaborole formation is the
opposite of its influence in boronate ester formation. That is,
the assembly of ortho-phenylenediamine 8 with boronic acids §
and 6, which bear electron-withdrawing groups, is found to be
slightly more favored than the assembly of electron-rich
boronic acids with 8. Looking at the 'H NMR spectra of
equilibrated mixtures of diazaboroles 12a—f provides some
insight into why this may be the case. Equilibrium mixtures of
diazaboroles 12a—c contain substantial quantities of boroxine
anhydride and little to no free boronic acid species (see Figures
S13—S1S of the Supporting Information). By contrast no
boroxine species are observed in the equilibrated mixtures of
diazaboroles 12d—f. These results suggest that boroxine
anhydride formation may compete with diazaborole formation
when electron-rich arylboronic acids (e.g, 1 and 2) are used,
while boroxine formation is not favored in the case of boronic
acids bearing electron-withdrawing groups (e.g, 4—6). As
mentioned earlier, electron-poor arylboroxine anhydrides are
known to hydrolyze more readily than electron-rich boroxine
species. The competitive formation of broxine species will
decrease the extent of diazaborole formation at equilibrium,
potentially explaining why the formation of electron-poor
diazaboroles is more favored than electron-rich diazaboroles.
The same is likely true in the equilibrium formation of boronate
esters 11a—f, however the influence of boroxine formation is
less pronounced given the greater favorability of boronate
formation relative to diazaborole formation.

Collectively, the spectroscopic results summarized above
indicate that the para-substituent of boronic acids 1—6 plays a
relatively small role in influencing the thermodynamics of
boronate ester or diazaborole formation. The choice of donor,
however, significantly influences the favorability of assembly
formation. All else being equal (boronic acid, concentration,
temperature, and solvent), boronate ester formation is favored
over diazaborole formation by 3.9—6.0 kcal/mol. Furthermore,
as noted above, no evidence of the self-assembly of
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oxathiaboroles or dithiaboroles could be observed by "H NMR
spectroscopy. To gain additional insight into the influence of
both the organic donor and para-substituted boronic acid
components on the favorability of boronate ester and
diazaborole formation as well as the unfavorability of
oxathiaborole and dithiaborole formation, we explored the
thermodynamics of their assembly using computational
methods.

Computational Investigations. The energetics of forming
condensation products 11—14 were studied at four levels of
theory, in é)articular: B3LYP/6—311+G(d,p),35 M06-2X/6-
31+G(d,p),”® CBS-QB3,”” and MP2/aug-cc-pVDZ.>*** Several
computational investigations of boronic acid-derived assemblies
have been carried out previously using a variety of theoretical
methods.”**°~* However, investigations of the thermody-
namics of boronate ester, diazaborole, or dithiaborole self-
assembly in nonaqueous solutions have not yet been reported.
Kua has previously investigated the thermodynamics of
boroxine formation and their amine adducts at the B3LYP
level, providing insight into the influence of para-substitution
and solvent on boroxine and boroxine—amine complex
formation.”** Bock and co-workers, however, have cautioned
against the use of B3LYP to quantitatively describe boroxine
thermochemistry,”’ recommending MP2 as a more suitable
method. B3LYP was still included in the current study to
investigate its applicability to modeling boronate thermochem-
istry and because it is capable of handling large chemical
systems. The M06-2X functional has been shown to be broadly
applicable for modeling main-group thermochemistry,’®**
noncovalent interactions,” and excited-state chemistry.*®
Furthermore, the M06-2X functional allows for large systems
to be handled at reasonable computational cost, making it a
good candidate for modeling boronate and boroxine chemistry.
CBS-QB3 has been widely shown to give high-accuracy
thermochemical results,*” though calculations at both the
CBS-QB3 and MP2 levels have high computational cost.
Independent of the method chosen, computational studies have
highlighted*' the need to include diffuse functions to
appropriately describe changes in bonding upon boronic acid
self-assembly. Basis sets containing diffuse functions were
therefore utilized for all levels of theory.

The three most favored conformations of arylboronic acids
1-6, which differ in the relative orientations of their two
hydroxyl groups, are shown in Figure 3. All four levels of theory

H\
-H o)
/o “H /O /
R B R B R B
AN \ A
¢} O-H (¢}
/ /
H H
endo-exo syn anti

Figure 3. Relative conformations of the three lowest free energy
structures of boronic acids 1—6: endo—exo, syn, and anti. The dashed
line present in the endo—exo conformation indicates an intramolecular
O—H---O hydrogen bond.

predict the endo—exo conformation to be the most favored, as
may be expected given that it is the only conformation that
allows for the formation of an intramolecular hydrogen bond.
Syn conformers of 1—6 are predicted to be slightly less stable
than endo—exo global minima by 0.7—1.3 kcal/mol, while the
anti conformers are 2.4—3.0 kcal/mol less stable (Table 2) at
the M06-2X/6-31+G(d,p) level of theory. Results at the
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B3LYP, CBS-QB3, and MP2 levels give the same trend (see
Table S1 of the Supporting Information), and overall results are
in line with earlier computational studies of aliphatic boronic
acids.*”*"*® The nature of the para-substituent has a small but
discernible influence on the structures of arylboronic acids 1—6.
For example, the O—H:-O intramolecular hydrogen bond
present in endo—exo conformers varies with the electron-
donating or -withdrawing strength of each para-substituent.
Donors increase electron density around the boron atom and
lead to shorter hydrogen bond distances, for example, 2.392 A
for acid 1 (R = OMe). Withdrawing groups do the opposite by
drawing electron density away from the boron atom, leading to
an increase in oxygen—boron conjugation and a corresponding
lengthening of the intramolecular hydrogen bond, for example,
2.407 A for acid 6 (R = CN). Similar trends can be seen in the
variations in the C—B and B—O bond lengths of acids 1—6 as
well as their O—B—O bond angles (see expanded Table S1 of
the Supporting Information). Overall the donating or with-
drawing nature of the para-substituent can be observed to
influence the structural parameters of boronic acids 1—6.
Interestingly, however, no overall trend could be observed
relating the nature of the para-substituent and the relative free
energies of syn or anti conformations. It is also interesting to
note that while the endo—exo and syn conformations are flat,
the boronic acid moiety of each anti conformation is observed
to twist 25—32° out-of-plane relative to the aryl ring.

Table 3 summarizes the thermochemistry of forming
boronate esters 1la—f, diazaboroles 12a—f, oxathiaboroles
13a—f, and dithiaboroles 14a—f via the condensation of
boronic acids 1—6 with donors 7—10, respectively. Before
examining the specific influences of different functional groups,
it is worthwhile to note four general trends that emerge from
the data presented in Table 3: (i) All but three of the 96
condensation reactions (24 reactions at four levels of theory)
are predicted to be endothermic, and in all cases the
condensation free energies are predicted to be entropy driven.
Furthermore, calculated reaction entropies (TAS®) are very
similar across nearly all condensation reactions at each level of
theory, with MP2 calculations of dithiaboroles 14a—f
representing the one exception to this observation. Excluding
this one exception, the average TAS® for all reactions is 8.1
kcal/mol with a standard deviation of 0.26 kcal/mol. (ii) The
choice of donor significantly impacts the free energy of
condensation reactions between donors 7—10 and boronic
acids 1—6. As a general trend boronate esters 1la—f are
predicted to be the most favorable, followed by diazaboroles
12a—f, oxathiaboroles 13a—f, and dithiaboroles 14a—f. This
trend is predicted to be almost entirely enthalpy driven as
reaction entropies remain relatively constant. Calculations
performed at the MP2 level, which predict the energetics of
boronate ester and diazaborole formation to be equal within
error, represent the one exception to this trend. (iii) In contrast
to the choice of donor, the para-substituent of boronic acids 1—
6 has little impact on calculated reaction free energies. Within
each set of condensation products 11—14, the difference
between the most and least favored assembly is <0.9 kcal/mol
at the CBS-QB3 level. (iv) A clear trend exists between the
reaction energetics predicted by different levels of theory. For
any given condensation reaction MP2 calculations predict the
most favorable reaction free energies, followed by CBS-QB3,
then B3LYP, and finally M06-2X with successive differences of
roughly 2—4 kcal/mol between each different level of theory.
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Table 2. Intramolecular Hydrogen-Bonding Distances Observed in endo—exo Conformations of Acids 1—6 and Relative Free

Energies of syn and anti Conformations”

1 2 3 4 5 6
(R = OMe) (R = t-Bu) (R = H) (R =F) (R = CO,Me) (R = CN)
endo—exo O-H--0 2392 2393 2393 2.396 2401 2.407
syn AG® 1.0 1.0 13 0.9 09 0.7
anti AG® 2.4 2.5 26 2.8 27 3.0

“Distances are given in A. Free energies are calculated relative to the endo—exo conformation of each boronic acid and are given in kcal/mol.
Distances and energies are reported from M06-2X/6-31+G(d,p) calculations.

Table 3. M06-2X, B3LYP, CBS-QB3, and MP2 Calculated Free Energies (AG®°), Enthalpies (AH®), and Entropies (TAS°®) for

Each Condensation Reaction Outlined in Scheme 2“

M06-2X/6-31+G(d,p) B3LYP/6-311+G(d,p) CBS-QB3 MP2/aug-cc-pVDZ exp.
R = AG AH TAS AG AH TAS AG AH TAS AG AH TAS AG
a OMe -2.1 6.1 8.2 —4.2 3.7 7.9 —6.5 12 7.7 —8.2 —0.1 8.1 2.3
b t-Bu -2.0 6.4 8.5 —4.0 4.0 8.0 -6.7 13 7.9 —8.1 0.1 8.1 -19
1 c H -17 6.5 8.1 -3.8 4.0 7.8 —6.4 14 7.8 =79 0.2 8.1 -2.5
d F -1.6 6.5 8.1 —3.8 4.1 7.8 —6.5 14 7.8 —7.8 0.2 8.0 -2.1
e CO,Me =17 6.8 8.5 =3.5 4.3 7.8 —6.1 LS 7.6 -7.8 0.3 8.1 -14
f CN -12 6.9 8.1 -3.4 44 7.8 —6.2 1.6 7.8 =77 0.4 8.1 -1.1
a OMe 2.1 10.3 8.2 —0.6 7.7 8.3 =32 5.0 8.2 -8.1 0.2 8.3 3.3
b t-Bu 1.6 10.2 8.5 -1.9 7.5 9.4 -3.0 4.8 7.9 —8.1 0.0 8.1 2.5
" [ H 14 10.0 8.6 —-11 73 8.3 =33 4.6 8.0 -8.1 0.0 8.1 3.5
d E 19 10.1 8.2 -0.9 7.4 8.3 =33 4.7 8.0 =7.5 0.1 7.6 3.5
e CO,Me 12 9.6 8.5 -13 6.8 8.1 -33 4.3 7.7 —8.4 -0.3 8.1 2.7
f CN 14 9.6 8.3 -1.4 6.7 8.1 =37 4.2 8.0 —-8.4 -0.5 8.0 2.7
a OMe 5.2 13.4 8.2 2.7 10.8 8.1 -0.3 7.5 7.8 =5.0 3.1 8.1 b
b t-Bu 54 13.8 8.4 2.9 11.0 8.2 —0.6 7.6 8.1 —4.7 33 8.0 b
13 c H 5.7 13.9 8.2 3.0 11.1 8.1 -0.3 7.7 8.0 —4.6 3.5 8.1 j’
d F 5.7 13.9 8.2 3.1 11.2 8.1 -0.3 7.7 8.0 —4.6 3.5 8.1 g
e CO,Me 5.7 14.2 8.5 3.4 11.4 8.0 0.0 7.8 7.8 —4.5 3.5 8.1 b
f CN 6.2 14.3 8.1 3.4 114 8.1 -0.2 7.9 8.0 —4.5 3.6 8.0 b
a OMe 124 18.8 6.4 8.8 16.4 7.6 4.6 11.8 7.2 —4.1 L5 5.6 b
b t-Bu 12.2 19.7 7.5 9.4 16.6 7.2 3.7 11.7 8.0 =37 1.6 5.3 b
14 c H 10.4 20.3 9.9 9.5 16.7 7.2 4.6 11.9 7.3 —24 13 3.7 b
d F 11.1 19.8 8.8 9.7 16.8 7.1 4.3 11.9 7.7 —4.6 2.0 6.6 b
e CO,Me 114 20.8 9.3 9.3 16.8 7.5 42 11.9 7.7 =37 19 5.5 b
f CN 114 20.8 9.5 9.6 16.9 7.2 3.8 12.1 8.3 —4.0 2.0 5.9 b

“All values are given in kcal/mol at 298.15 K and 1.0 atm in a PCM implicit solvent model for CHCl,. *No equilibrium product formation by ' H

NMR spectroscopy.

Upon comparing experimental results presented in Table 1
with computational results of Table 3, it is clear that
computational results at the M06-2X/6-31+G(d,p) level are
the most consistent with experimental data. Computations at
the M06-2X level predict the equilibrium free energy of forming
boronate esters 11a—f to range from AG® = —1.2 to —2.1 kcal/
mol. This range is in reasonable agreement with experimental
results (AG°exp —1.1 to —2.5 kcal/mol). The average
difference between experimental and computational M06-2X
results for individual boronate ester condensation reactions is
+0.3 kcal/mol with a maximum difference of +0.8 kcal/mol
(product 11c). It is also observed that M06-2X results are in
the best agreement with experimental free energies of
diazaborole formation, though the agreement between
experimental and computational results is not as good. The
calculated free energies for the formation of diazaboroles 12a—f
range from AG° = 12-2.1 kcal/mol, while spectroscopic
results give condensation free energies between AG® = 2.5-3.5
kcal/mol. In the case of diazaborole formation, the average
difference between experimental and computational results is
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1.5 kcal/mol with a maximum deviation of 2.1 kcal/mol
(product 12c¢).

B3LYP, CBS-QB3, and MP2 calculations predict reaction
free energies for boronate ester and diazaborole formation to be
more negative, i.e., more favorable, than 'H NMR spectroscopic
results reveal. B3LYP/6-311+G(d,p) calculations, for example,
predict reaction free energies between AG® = —3.4 to —4.2
kcal/mol for the formation of boronate esters 11a—f. Given the
reaction stoichiometry and concentrations of reactants, such
reaction free energies would predict that all six boronate esters
would be be formed in 98—99% vyield at equilibrium. B3LYP
predictions are, therefore, relatively consistent with spectro-
scopic results for the formation of boronate esters 11a—d given
the detection limits of "H NMR spectroscopy, however, the
agreement is considerably less consistent than calculations
performed at the M06-2X level. Calculations performed at the
CBS-QB3 and MP2/aug-cc-pVDZ levels suggest that all
boronate ester condensation reactions investigated have
reaction free energies that are exergonic by at least —6.1
kcal/mol, which would correspond to >99.7% formation of
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boronate esters 1la—f at equilibrium. This computational
prediction is clearly not consistent with "H NMR spectroscopic
results that all show measurable amounts of unassembled
starting materials present.

In comparing computational and experimental results for
diazaborole condensation reactions, it is again clear that B3LYP,
CBS-QB3, and MP2 calculations predict reaction free energies
that are too favorable to be within reasonable agreement with
spectroscopic results. Formation of diazaboroles 12a—f from
the condensation of ortho-phenylenediamine with boronic acids
1-6 is predicted to be exergonic by AG® = —0.6 to —1.9 kcal/
mol at the B3LYP/6-311+G(d,p) level. If the condensation
reactions were that favorable then diazaboroles 12a—f would be
present in 80—92% vyield at equilibrium, in clear contrast to
results obtained spectroscopically. Again, CBS-QB3 and MP2
calculations predict the condensation reactions to be even more
exergonic (AG°cps qp3 = —3.0 to —3.7 keal/mol and AG®yp, =
—7.5 to —8.4 kcal/mol), suggesting >97% diazaborole
formation at equilibrium. Lastly, no oxathiaborole (13a—f)
formation is observed by "H NMR spectroscopy, yet computa-
tional results at the B3LYP, CBS-QB3, and MP2 levels each
predict equilibrium formation of oxathiaborole products
ranging from 20 to 30% (B3LYP) to >99% (MP2).
Computational results obtained at the M06-2X level are again
more consistent with experimental results, predicting the
formation of oxathiaboroles to be endergonic by 52-6.2
kcal/mol, which would correspond to a maximum of <8%
oxathiaborole formation at equilibrium. An 8% yield of
oxathiaborole species would be detectable by 'H NMR
spectroscopy, which suggests the MO06-2X results likely
overestimate the favorability of oxathiaborole formation,
however M06-2X computations are still the most consistent
with experimental results.

Electronic and Structural Effects. Both experimental and
computational investigations reveal that the choice of donor
(7—10) plays a primary role in determining the favorability of
forming a condensation product with boronic acids 1—6, while
the para-substituent of the boronic acids plays a much more
secondary role. Still, the subtle influence of the para-substituent
of boronic acids 1—6 can be observed both structurally and
electronically when comparing results obtained from compu-
tations. For example, a general trend is observed in both
experimental and computed free energies of boronate ester
condensations wherein electron-donating substituents tend to
increase the favorability of forming boronate esters, while
electron-withdrawing substituents decrease the favorability of
their formation. This trend correlates reasonably well with
differences in B—O and C—B bond lengths measured in the
optimized structures of boronates 11a—f as shown in Table 4.
Boronate esters with donating substituents are found to exhibit
longer B—O bond lengths and shorter C—B bond lengths
relative to boronate esters with withdrawing groups, though the

Table 4. Bond Lengths (A) of B—O and C—B Bonds in
Boronate Esters 11a—f along with Hammett ¢ Constants for
Each para-Substituent

11a 11b 11c 11d 11e 11f

R OMe t-Bu H F CO,Me CN

o, —027 —0.20 0.00 0.06 045 0.66
B—O (A) 1.397 1396 1395 1394 1392 1391
C-B (A) 1.533 1537 1539 1539 1543 1545
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differences are very small. This trend likely arises because para
donating substituents are able to increase the electron density
around the boron atom, therefore shortening and strengthening
the C—B bond while at the same time reducing electron
donation from the oxygen atoms of the catechol moiety, leading
to longer B—O bond lengths. Para withdrawing groups decrease
electron density at the boron atom, accounting for the longer
C—B bonds and shorter B—O bonds as catechol oxygen atoms
donate electron density to the electron-poor boron atom. For
all esters 11a—f the C—O bond lengths fall within the tight
range of 1.379—1.381 A, which is longer than the average C—O
bond length in catechol itself (1.369 A), further supporting the
notion that catechol behaves as a donor in the boronate ester
condensation reactions. Computed electrostatic potential maps
shown in Figure 4 further support these observations.
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Figure 4. Electron density maps of boronate esters 11a—f (isovalues:
—0.02 to 0.02) calculated at the B3LYP/6-311+G(d,p) level.

Progressing from more donating substituents to more with-
drawing substituents results in an easily observable decrease in
electron density at the boron atom of esters 11a—f as well as a
decrease in electron density around the periphery of the
catechol moiety.

Similar trends in electron density and C—B and B—N bond
lengths can be observed for diazaboroles 12a—f (see Figure $23
and Table S2 of the Supporting Information). Computations
predict greater electron density around the boron atom of each
diazaborole 12a—f relative to its corresponding boronate ester
analogue 11a—f. As mentioned earlier, the hydrolytic stability of
boronate esters correlates well with the electron density at their
boron atom. Diazaboroles are known to be less hydrolytically
stable than boronate esters, however their susceptibility to
hydrolysis results not from differences in electron density but
rather from general differences in the strengths of a typical B—
O versus B—N bond. No clear trend could be observed
between the nature of the para-substituent of boronic acids 1—
6 and the favorability of their condensation with ortho-
phenylenediamine 8. Both experimental and computational
results suggest that the least favored (most endergonic)
diazaborole condensation reactions involve the formation of
methoxy-substituted diazaborole 12a and fluoro-substituted
diazaborole 12d. Interestingly, the most favored (least ender-
gonic) diazaborole condensations are those that form
diazaboroles 12e and 12f bearing withdrawing methyl ester
and cyano functionalities, respectively. When discussing
experimental diazaborole results we had postulated that the
favorability of forming boroxine anhydride species may account
for differences in the equilibrium constants of diazaborole
formation, noting that the boroxine of para-methoxyphenylbor-
onic acid 1 is more thermodynamically stable'” than that of
para-cyanophenylboronic acid 6. Computational results suggest
that boroxine formation may not be the only influence, as
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Figure S. Energies (eV, B3LYP/6-311+G(d,p)) and electron density maps of the HOMOs and LUMOs of (a) catechol, (b) ortho-
phenylenediamine, and (c) benzene-1,2-dithiol along with the corresponding molecular orbitals upon condensation with phenylboronic acid.

calculations at the M06-2X/6-31+G(d,p) level are in line with
the experimental observation that the formation of cyano-
substituted diazaborole 12f is more favored than methoxy-
substituted diazaborole 12a even though computational results
do not take boroxine formation into account. It should be
stressed, however, that both computationally predicted and
experimentally observed differences between the condensation
free energies of diazaboroles 12a—f are so similar that they are
within error, and it is likely not possible to definitively
determine what accounts for the small differences between
condensation free energies.

Significantly greater differences are observed when compar-
ing condensation reactions involving different donors, i.e., 7—
10. To better understand these differences in reactivity, we
investigated the effects of borylation on catechol, ortho-
phenylenediamine, and benzene-1,2-dithiol, which serve as
model systems of tert-butylcatechol (7), tert-butyl-ortho-phenyl-
enediamine (8), and toluene-3,4-dithiol (10). More specifically,
natural bond order*® calculations were carried out to examine
the influence of borylation on the frontier orbitals of the three
different classes of donors. Figure S shows the HOMO and
LUMO orbitals of catechol (Figure Sa), ortho-phenylenedi-
amine (Figure Sb), and benzene-1,2-dithiol (Figure 5c) along
with the corresponding orbitals of their boronate ester,
diazaborole, and dithiaborol products formed upon condensa-
tion with phenylboronic acid 3. Catechol and ortho-phenyl-
enediamine each have a nondegenerate HOMO that
corresponds to the 7 bond between the 4 and S carbons
(C4—C;s) of their respective aromatic rings. The LUMO orbitals
of catechol and ortho-phenylenediamine are both doubly
degenerate and correspond to 7* antibonding orbitals between
C,—C; and C4—C,. Condensation of catechol or ortho-
phenylenediamine with phenylboronic acid results in the
stabilization both of these sets of frontier orbitals. For example,
the HOMO of catechol (Figure 5a) is lowered by 0.16 eV upon
condensation to the corresponding boronate ester, while the
LUMO is 0.10 eV more stable. Borylation of ortho-phenyl-
enediamine to give the corresponding diazaborole also results

976

in a stabilization of the ortho-phenylenediamine HOMO and
LUMO orbitals, though to a lesser extent (0.04 and 0.03 eV,
respectively) as shown in Figure Sb.

The frontier orbitals and effects of borylation are notably
different in the case of benzene-1,2-dithiol as compared to
catechol and ortho-phenylenediamine. The HOMO of benzene-
1,2-dithiol is doubly degenerate and corresponds to the lone
pair P, orbital of each of the two sulfur atoms (Figure Sc). The
LUMO is nondegenerate and corresponds to the C,—C,
antibonding 7* orbital. Borylation of benzene-1,2-dithiol to
give the corresponding dithiaborole results in a 0.02 eV
stabilization of the C;,—C, #* antibonding orbital but a 0.40 eV
destabilization of the degenerate lone pair P, orbitals of the
sulfur atoms. This destabilization mirrors the overall trend
observed throughout this study, namely that boronate ester
formation is somewhat more thermodynamically favorable than
diazaborole formation, while both boronate and diazaborole
formations are notably more favorable than dithiaborole
formation. This general trend can again be observed when
comparing the lengths of B—X bonds (where X = O, NH, or S),
wherein stronger bonds are typically shorter than the sum of
the covalent radii of their constituent atoms. Indeed B—O and
B—N(H) bond lengths obtained from calculations (Table S)
are both 7% shorter than the sum of the covalent radii’® of their
constituent atoms. The calculated length of the B—S bond, by
contrast, is only 4% shorter than the sum of boron and sulfur
covalent radii. This observation further supports the conclusion
that B—S bonds of dithiaboroles are weaker than the B—O and
B—(NH) bonds of boronate esters and diazaboroles,
respectively. Collectively the computationally observed differ-
ences in bond lengths and the effects of borylation on the
frontier molecular orbitals of catechol, ortho-phenylenediamine,
and benzene-1,2-dithiol help rationalize the large differences
between reaction enthalpies (AH®, Table 3) for the formation
of aryl boronate ester, diazaborole, and dithiaborole con-
densation products.
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Table S. Predicted and Calculated Bond Lengths” of B—O,
B—(NH), and B—S Bonds in Boronate Ester 1lc,
Diazaborole 12c, and Dithiaborole 14c

bond predicted (A) calculated (A) difference
B-O 1.50 139 0.11 (7.3%)
B—(NH) 155 1.4 0.11 (7.1%)
B-S 1.89 1.81 0.08 (4.2%)

“Bond lengths are predicted from covalent radii of boron (0.84 A),
oxygen (0.66 A), nitrogen (0.71 A), and sulfur (1.05 A).>° Computed
bond lengths are reported at the M06-2X/6-31+G(d,p) level, however
they are identical to within 3 significant figures to bond lengths
computed using DFT and CBS-QB3. MP2 calculated bond lengths
were each 0.01 A longer.

B CONCLUSIONS

The results presented herein provide a greater understanding of
the energetics of dynamic covalent condensation reactions
between para-substituted arylboronic acids with diol, diamine,
mercaptophenol, and dithiol donors to give boronate esters,
diazaboroles, oxathiaboroles, and dithiaboroles, respectively.
Both experimental and computational results show that the
electron-donating or -withdrawing nature of the para-
substituent of the arylboronic acid plays a relatively small role
in influencing the favorability of forming a condensation
product with any of the donors. The choice of donor, on the
other hand, significantly influences the favorability of forming a
condensation product. Only two of the four classes of donors
undergo spontaneous self-assembly with the para-substituted
arylboronic acids investigated: 4-tert-butylcatechol (7) and 4-
tert-butyl-ortho-phenylenediamine (8). Catechol 7 readily
assembles with the arylboronic acids to give boronate ester
products in high yields (>90%) at equilibrium. The assembly of
diazaboroles from condensation of the ortho-phenylenediamine
8 and aylboronic acids is less favorable thermodynamically,
giving diazaborole products in more moderate yields (30—44%)
at equilibrium. Neither of the remaining two donors, 2-
hydroxybenzenethiol (9) and toluene-3,4-dithiol (10), could be
observed to undergo dynamic covalent self-assembly with any
of the arylboronic acids in chloroform at room temperature.
Computational results carried out at four different levels of
theory generally support the experimental observations that
para-substituents have little influence on the energetics of self-
assembly, while the donor has a large influence. While the
different computational methods agree on these overall trends,
they differ significantly in their predictions of reaction free
energies and reaction enthalpies for boronate ester, diazaborole,
oxathiaborole, and dithiaborole formation. Calculations carried
out at the M06-2X /6-31+G(d,p) level were found to be the
most consistent with experimental results, while B3LYP, CBS-
QB3, and MP2 calculations each predicted reaction energetics
that were notably more favorable than those found
experimentally. Given the increasing use of boronic acids in
the dynamic covalent self-assembly of polymers, COFs, and
other organic materials, it is important to understand how
different functionalities influence the favorability of assembly
formation. This study of the self-assembly of boronate esters,
diazaboroles, oxathiaboroles, and dithiaboroles in an organic
solvent helps provide that understanding, allows for direct
comparisons across different classes of donors and/or
arylboronic acids, and gives insight into which computational
methods are most appropriate for modeling these important
classes of compounds.
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B COMPUTATIONAL AND EXPERIMENTAL
METHODS

Computational Details. All calculations were performed with the
Gaussian09 suite of programs.”" Initial structures were built within the
GaussView interface and then conformationally searched by scanning
all easily rotating dihedral angles at the HF/6-31G(g) level of theory.
Approximate global energy minima obtained from conformational
searches were then optimized to full convergence and subjected to
vibrational and thermal analysis at each of four levels of theory:
B3LYP/6-311+G(d,p), M06-2X/6-31+G(d,p), CBS-QB3, and MP2/
aug-cc-pVDZ. Geometry optimizations and frequency analysis were
performed in an implicit solvent model for chloroform (e = 4.7113)
using the PCM reaction field model.*” Stationary points were
confirmed as minima by the lack of any imaginary vibrational
frequencies. All reaction enthalpies (AH°®), entropies (AS®), and free
energies (AG®) reported in this manuscript were calculated at 1.0 atm
pressure, 298.15 K, and in a solvent model for chloroform.

Materials. Chemicals and reagent-grade solvents were obtained
from commercial sources and used as purchased. Deuterated
chloroform was obtained from Cambridge Isotope Laboratories and
dried by passing a freshly opened bottle of CDCI; over a glass column
packed with a small pad of anhydrous Na,SO, on top of basic Al,O;
using a positive pressure of dry N, gas. The resulting anhydrous
CDCl; was collected in a flame-dried Schlenk flask containing 4 A
molecular sieves and stored under nitrogen.

General Procedure for the Synthesis of Boronate Esters
11a—f. Analytical samples of boronate ester compounds 11a—f were
prepared for spectroscopic comparison with equilibrated mixtures
described in Scheme 2. Into a small round-bottom flask were added
200 mg (1.2 mmol) of tert-butyl catechol (7) and 1.0 molar equiv of a
given boronic acid (1—6). The solids were taken up in 12.0 mL of
CHCIl; and stirred at SO °C for 3 h in the presence of a catalytic
amount of DOWEX. The resulting solution was cooled down to room
temperature, dried over anhydrous MgSO,, filtered, and concentrated
under reduced pressure. The resulting solids were washed with
hexanes and ether and then dried under high vacuum to afford pure
samples of esters 11a—f.

11a. Reaction Scale. 7 (200 mg, 1.2 mmol) and 1 (184 mg, 1.2
mmol), yield 295 mg (87%). The product was isolated as white solid.
Mp = 123-126 °C. TOF MS CI' (m/z) [MH]* caled for
Cy,H,,''BO;, 283.1506; found 283.1516. 'H NMR (300 MHz,
CDCl,, 298 K) § = 8.05 (2H, d, ] = 8.7 Hz), 7.38 (1H, d, ] = 1.8
Hz),7.22 (1H, d, ] = 8.1 Hz), 7.15 (1H, dd, ] = 8.1, 1.8 Hz), 7.03 (2H,
d, J = 8.7 Hz), 3.88 (3H, s), 1.39 (9H, s). °C NMR (125 MHz,
CDCL) 6 = 163.0, 148.5, 1464, 1463, 136.8, 119.3, 1139, 111.4,
109.8, 55.2, 34.8, 31.8.

11b. Reaction Scale. 7 (200 mg, 1.2 mmol) and 2 (213 mg, 1.2
mmol), yield 336 mg (91%). The product was isolated as white solid.
Mp = 97—100 °C. TOF MS CI* (m/z) [MH]* calcd for C,oH,¢''BO,,
309.2026; found 309.2030. 'H NMR (300 MHz, CDCl,, 298 K) 6 =
8.09 (2H, d, J = 8.4 Hz), 7.57 (2H, d, ] = 8.4 Hz), 743 (1H, d, J = 1.2
Hz), 727 (1H, d, J = 8.1 Hz), 7.19 (1H, dd, ] = 8.1, 1.2 Hz), 1.42
(18H, s). *C NMR (125 MHz, CDCl;) § = 155.7, 148.5, 146.5, 146.4,
135.0, 126.3, 119.4, 111.5, 109.9, 35.1, 34.9, 31.8, 31.2.

11c. Reaction Scale. 7 (200 mg, 1.2 mmol) and 3 (148 mg, 1.2
mmol), yield 240 mg (79%). The product was isolated as white solid.
Mp = 49—50 °C. TOF MS EI* (m/z) [M]* caled for C;¢H,,''BO,,
252.13217; found 252.13228. '"H NMR (300 MHz, CDCl,, 298 K) & =
8.15 (2H, d, J = 8.1 Hz), 7.62—7.50 (3H, m), 7.43 (1H, d, ] = 1.5 Hz),
7.27 (1H, d, J = 8.7 Hz), 7.20 (1H, dd, J = 8.7, 1.5 Hz), 1.43 (9H, s).
BBC NMR (125 MHz, CDCl;) § = 148.5, 146.6, 146.3, 135.0, 132.3,
128.3, 119.5, 111.6, 110.0, 34.9, 31.9.

11d. Reaction Scale. 7 (200 mg, 1.2 mmol) and 4 (171 mg, 1.2
mmol), yield 276 mg (85%). The product was isolated as white solid.
Mp = 106—107 °C. TOF MS EI* (m/z) [M]* calcd for C,¢H,''BO,F,
270.12274; found 270.12250. "H NMR (300 MHz, CDCl;, 298 K) 6 =
8.08 (2H, t, J = 6.3 Hz), 7.36 (1H, d, ] = 1.2 Hz), 7.26—7.15 (4H, m),
1.37 (9H, s). *C NMR (125 MHz, CDCl;) 6 = 166.7, 164.7, 148.4,
146.5, 138.0, 137.2, 119.5, 115.4, 111.5, 109.8, 34.8, 31.7.
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11e. Reaction Scale. 7 (200 mg, 1.2 mmol) and § (217 mg, 1.2
mmol), yield 340 mg (91%). The product was isolated as white solid.
Mp = 155-157 °C. TOF MS CI' (m/z) [MH]* caled for
C,sHy"'BO,, 311.1455; found 311.1454. 'H NMR (300 MHz,
CDCl,, 298 K) 6 = 8.14 (4H, s), 7.38, (1H, d, J = 1.8 Hz), 7.23
(1H, d, J = 8.1 Hz), 7.17 (1H, dd, J = 8.1 Hz, 1.8 Hz), 3.95 (3H, s),
1.36 (9H, s). 3C NMR (125 MHz, CDCl;) & = 166.8, 148.4, 146.9,
146.1, 134.8, 133.4, 129.0, 119.7, 111.6, 110.0, 52.1, 34.8, 31.7.

11f. Reaction Scale. 7 (200 mg, 1.2 mmol) and 6 (177 mg, 1.2
mmol), yield 273 mg (82%). The product was isolated as white solid.
Mp = 174—176 °C. TOF MS EI' (m/z) [M]* caled for
C,,H,¢"BO,N, 277.12741; found 277.12761. 'H NMR (300 MHz,
CDCl;, 298 K) 6 = 8.16 (2H, d, ] = 8.4 Hz), 7.76 (2H, d, ] = 8.4 Hz),
7.39 (1H, d, J = 1.2 Hz), 722 (1H, d, ] = 8.1 Hz), 7.20 (1H, dd, J =
8.1, 1.2 Hz), 1.36 (9H, s). 3C NMR (125 MHz, CDCl;) 6 = 1482,
147.3, 146.0, 1352, 131.6, 1120.0, 118.4, 115.7, 111.8, 110.1, 34.9,
31.7.

General Procedure for the Synthesis of Diazaboroles 12a—f.
Analytical samples of diazaboroles 12a—f were prepared by suspending
150 mg (0.91 mmol) of 4-tert-butyl-ortho-phenylenediamine (8) and
1.0 molar equiv of a given boronic acid (1—6) in 9.1 mL of toluene in
the presence of 4 A molecular sieves. The mixtures were stirred at 80
°C for 8 h and then filtered hot, washing with hot (~80 °C) toluene.
Diazaboroles 12a, 12b, and 12¢ (R = OMe, t-Bu, and CO,Me,
respectively) crystallized directly from their toluene solutions upon
cooling, and the resulting crystals were washed with hexanes and dried
under vacuum to give pure diazaborole products. Additional quantities
of diazaboroles 12b and 12e could be obtained upon concentrating the
toluene filtrate. Diazaboroles 12c and 12d (R = F and Ph, respectively)
were isolated by concentrating their toluene filtrates and recrystallizing
from warm hexanes. Lastly, diazaborole 12f (R = CN) required
additional heating (refluxing toluene, Dean—Stark apparatus, 18 h)
followed by drying the resulting solution over MgSO,, filtering,
concentrating under reduced pressure, and washing with cold hexanes.

12a. Reaction Scale. 8 (150 mg, 0.91 mmol) and 1 (138 mg, 0.91
mmol), yield 242 mg (95%). The product was isolated as needle-like
white solid crystals. Mp = 253—255 °C. TOF MS EI' (m/z) [M]*
calcd for C;,H,;""BON,, 280.17471; found 280.17469. "H NMR (300
MHz, CDCl,, 298 K) § = 7.66 (2H, d, ] = 8.4 Hz), 7.15 (1H, s), 7.01—
6.96 (4H, m), 6.63 (2H, br, -NH-), 3.86 (3H, s), 1.36 (9H, s). *C
NMR (125 MHz, CDCI,, poor solubility limited signal-to-noise of
quaternary carbon signals) § = 134.5, 116.2, 113.9, 110.2, 108.2, 55.1,
32.0.

12b. Reaction Scale. 8 (150 mg, 0.91 mmol) and 2 (163 mg, 0.91
mmol), yield 245 mg (88%). The product was isolated as white
crystalline solid. Mp = 213—215 °C. TOF MS EI* (m/z) [M]* caled
for CyoH,,''BN,, 306.22674; found 306.22709. 'H NMR (300 MHz,
CDCl;, 298 K) 6 = 7.72 (2H, d, ] = 8.1 Hz), 7.51 (2H, d, ] = 8.1 Hz),
721 (1H, s), 7.10-7.04 (4H, m), 6.74—6.71 (2H, br, -NH-), 1.41—
1.40 (18H, s). '*C NMR (125 MHz, CDCl;) 6 = 152.8, 142.8, 136.3,
1342, 132.9, 1252, 116.4, 110.4, 108.3, 34.8, 34.5, 32.0, 31.3.

12c. Reaction Scale. 8 (150 mg, 0.91 mmol) and 3 (111 mg, 0.91
mmol), yield 191 mg (84%). The product was isolated as a white solid.
Mp = 191-192 °C. TOF MS EI* (m/z) [M]* calcd for C;gH;s"'BN,,
250.16414; found 250.16439. "H NMR (300 MHz, CDCl;, 298 K) & =
7.77 (2H, dd, ] = 9.3, 3.3 Hz), 7.49—7.46 (3H, m), 7.22 (1H, s), 7.10—
7.07 (2H, m), 6.73 (2H, br, —-NH-), 1.42 (9H, s). *C NMR (125
MHz, CDCl,) & = 152.8, 142.8, 1363, 1342, 132.9, 1252, 1164,
110.4, 108.3, 34.8, 34.5, 32.0, 31.3.

12d. Reaction Scale. 8 (150 mg, 0.91 mmol) and 4 (127 mg, 0.91
mmol), yield 214 mg (88%). The product was isolated as white solid
flakes. Mp = 186—187 °C. TOF MS EI' (m/z) [M]* caled for
Cy6H 4! "BN,F, 268.15471; found 268.15459. 'H NMR (300 MHz,
CDCl,, 298 K) 6 =7.71 (2H, t, ] = 6.3 Hz), 7.20 (1H, s), 7.14 (2H, t, ]
= 6.3 Hz), 7.08—7.05 (2H, m), 6.67 (2H, br, -NH-), 1.40 (9H, s).
BC NMR (125 MHz, CDCly) § = 165.1, 163.1, 143.0, 136.2, 134.8,
134.0, 116.6, 115.2, 110.5, 108.4, 34.5, 31.9.

12e. Reaction Scale. 8 (150 mg, 0.91 mmol) and § (164 mg, 0.91
mmol), yield 230 mg (82%). The product was isolated as a white solid.
Mp = 212-213 °C. TOF MS EI' (m/z) [M]" caled for

CysH,, "' BO,N,, 308.16962; found 308.16974. 'H NMR (300 MHz,
CDCl,, 298 K) & = 8.14 (4H, br), 7.38 (1H, d, ] = 1.8 Hz), 7.23 (1H,
d,J=8.1Hz),7.17 (1H, dd, ] = 8.1, 1.8 Hz), 3.95 (3H, s), 1.36 (9H,
s). ®C NMR (125 MHz, CDCl,) & = 167.2, 1432, 136.1, 133.9, 133.0,
130.9, 129.1, 116.8, 110.7, 108.6, 52.2, 34.5, 32.0.

12f. Reaction Scale. 8 (150 mg, 0.91 mmol) and 6 (134 mg, 0.91
mmol), yield 168 mg (67%). The product was isolated as a light-
brown oil that gradually solidifies upon sitting. Mp = 65—69 °C. TOF
MS EI' (m/z) [M]* caled for C,H;''BN;, 275.15938; found
275.15974. "H NMR (300 MHz, CDCl;, 298 K) 6§ = 7.79 (2H, d, ] =
8.4 Hz), 7.69 (2H, d, ] = 8.4 Hz), 7.21 (1H, s), 7.08—7.06 (2H, m),
6.82 (2H, br, —-NH-), 1.37 (9H, s). *C NMR (125 MHz, CDCl;) § =
143.6, 1362, 134.0, 133.5, 131.6, 125.5, 1192, 117.2, 112.8, 111.0,
108.9, 34.6, 32.1.

General Procedure for the Equilibration of Boronate Esters
11a—f and Diazaboroles 12a—f. When setting up equilibration
reactions involving boronic acids, it is important to ensure that water
moisture is excluded from starting materials, glassware, and solvents so
that excess water does not unduly influence the resulting equilibrium.
Therefore, all NMR tubes, round-bottom flasks, and glass vials used
were oven-dried overnight at >115 °C. A freshly opened bottle of
CDCl; was dried as described in the above Materials section. Stock
solutions of 4-tert-butylcatechol (7) and 4-tert-butyl-ortho-phenyl-
enediamine (8) were prepared by weighing out 108 mg of 7 and 106.8
mg of 8 (6.5 X 107™* mol in each case) into separate 25 mL round-
bottom flasks. The flasks were then capped with a rubber septum,
placed under vacuum, briefly flame-dried to further remove trace
moisture, and placed under dry N,e). Once cooled down to room
temperature, 13 mL of dry CDCI; was added to each sample of 7 and
8 via syringe, resulting in 0.05 M stock solutions of each donor. Into
separate 2 dram vials were weighed 0.05 mmol of each boronic acid
1—6. Each vial was capped with a septum and placed under vacuum for
10 min (Note: placing the boronic acids under vacuum for longer
periods of time, oven drying, or exposing them to flame drying, results
in significant to quantitative formation of their boroxine anhydrides.
This should be avoided as it changes the nature, and therefore
energetics, of the dynamic covalent reactions leading to 1la—f and
12a—f because the starting materials are no longer boronic acids 1—6).
A 1.0 mL sample of the stock solution of 7 or 8 was added to each
boronic acid vial giving a 1:1 molar ratio of donor and boronic acid
(0.05 M). Each mixture was briefly agitated, transferred to an oven-
dried NMR tube via syringe, and capped, and the caps were wraped
with Teflon tape. '"H NMR spectra were periodically taken of each
mixture until no changes in spectral signals or their integration could
be observed, indicating that equilibrium had been reached.
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