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This Perspective describes how amidoboronates open up new chemical space spanning the areas of BN-

heterocycles and dynamic covalent chemistry. BN-containing heterocycles offer the potential to access

new properties and reactivity compared to their C-C analogues. Amidoboronates are introduced as a
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Introduction

Given the isoelectronic nature of CC and BN bonds (Fig. 1a),
BN-containing heterocycles’** have been investigated as CC
isosteres. However, the polarity of the B-N bond alters the elec-
tronic properties, leading to different reactivity and selectivity
compared to their carbon analogues.”’’ Furthermore, B-N
bonds can take the form of coordinative or covalent bonds
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new class of B—N heterocycles that can be synthesised in three isomeric forms (mesos, racs and race)
from the reductive coupling of N-aryl iminoboronates. Furthermore, initial investigations on the dynamic
covalent chemistry of amidoboronates are discussed, such as the reversibility of C—C bond formation fol-
lowing the reductive coupling and tuning the racs/race ratio via dynamic covalent B-N and B—O bonds.

(Fig. 1a), offering additional avenues for accessing new types
of chemistry and tuning properties. As a result, BN-hetero-
cycles, such as azaborines, BN-naphthalenes and BN-polyaro-
matic hydrocarbons (PAHs), have been exploited in appli-
cations from materials science as BN-doped nanographenes'®
to catalysis."?

Despite the interest in BN-heterocycles, methods for their
synthesis (particularly in the quantities required for appli-
cations) are still limited compared with the myriad of synthetic
methods available in organic chemistry for the synthesis of CC
analogues.”® Thus, synthetic access to BN-heterocycles is limit-
ing their diversity and the exploration of new chemical space,’
for example in the context of dynamic covalent chemistry.

Dynamic covalent chemistry combines the strength of
covalent bonds with the reversibility of bond formation,
enabling for example the self-assembly of supramolecular
architectures from mechanically interlocked molecules to
cages from smaller building blocks under thermodynamic
control.’>® While the dynamic covalent chemistry of a variety
of bonds including §-S,'%*°?* C=C,*?** (C=N/>**7?8
C-0,'*° §i-0**?! and B-0'?*?2"3* bonds has been estab-
lished, the discovery of new types of dynamic covalent bonds,
e.g. based on B-N bonds, could open up new avenues for
applications.

This Perspective highlights how these two research fields,
B-N heterocycles and dynamic covalent chemistry, have inter-
sected through the synthesis of amidoboronates 3-4 (Fig. 1b),
a new class of BN-heterocycles, and established new research
directions. A family of amidoboronates has been prepared via
the reductive coupling of N-aryl iminoboronates 1 with
reduced synthetic effort exploiting the modular synthesis of
the iminoboronate substrates and the formation of up to three
isomeric amidoboronate products (mesos, racs and rac).
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Fig. 1 (a) Isoelectronic relationship between CC and BN bonds. (b)
Iminoboronates 1-2 for the synthesis of amidoboronates 3-4 via a
reductive coupling.

Furthermore, the dynamic covalent chemistry of the amido-
boronates including the rearrangement between the racs and
race isomers via dynamic covalent B-N bonds is discussed.

C-C bond formation via reductive
couplings
Synthesis of 1,2-diamines and 1,2-diols

Radical-mediated reductive couplings such as the pinacol
coupling have been exploited in organic chemistry to form
C-C bonds, giving access to 1,2-diamines®>™* and 1,2-
diols*>**7* via the reductive coupling of imines and carbonyl
compounds, respectively (Scheme 1a). A variety of metal-based
reagents including alkali metals,**” Mg(1) compounds,>
“Gal”,* SmI,*® and Mn**° have been used as the stoichio-
metric reductant. More recently, metal-free reductive
couplings*>*®*° have been reported and replacement of the
stoichiometric reductant with a photocatalyst has led to the
development of photoredox-catalysed reductive
couplings.#2-44:46:47,50,52

Several mechanisms have been proposed for the reductive
couplings (Scheme 1b): (a) one electron reduction forming a
radical anion and the formation of the dimer via coupling of
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Scheme 1 (a) Reductive coupling of aldehydes, ketones and imines

giving 1,2-diols and 1,2-diamines, respectively, as a mixture of meso and
rac diastereomers. (b) Two proposed mechanisms for the reductive
couplings: one electron reduction to the radical anion and recombina-
tion of two radical anions; two electron reduction to the dianion and
reaction with a second aldehyde/ketone/imine.

two radical anions; (b) two electron reduction to the dianion
and disproportionation upon reaction with a second
C=0/C=N molecule.>*?*” Furthermore, the dimers can form
as a mixture of meso and rac diastereomers since the newly
formed C-C bond contains two stereogenic centres (when R #
R'); in separate studies, Eisch®®> and Smith®® investigated the
influence of the reaction conditions (e.g. solvent and reduc-
tant) on the ratio of the meso and rac diastereomers. In some
cases (e.g. with sodium or potassium in THF), only the rac
isomer was observed and isomerisation of the initially formed
diasteromeric mixture to the rac isomer was hypothesised.**>®
Eisch and co-workers proposed ion-pairing between the
radical anion and countercation favours rac isomer for-
mation,*® whereas Smith and co-workers proposed a radical
anion/dimeric dianion equilibrium where the rac diastereomer
is the thermodynamic product of the reaction.*®”

Synthesis of B-N heterocyclic dimers

Reductive couplings have also been exploited to access BN-
heterocyclic dimers following C-C bond formation (Schemes 2
and 3).>° Given the electron-deficiency of boron, the reactivity
of the boryl as well as carbon-centred radicals needs to be
considered;>>® Nozaki and co-workers have reported that
anionic ligands and Lewis bases can stabilise boryl radicals,
although calculations proposed the carbon-centred radical was
the major resonance contributor.’ Subsequently, they reported
the reductive coupling of oxazoline-stabilised difluoroborane 5
in the absence of stirring (Scheme 2).> One electron reduction
by KCg was proposed to form the boryl radical 6a following
loss of a fluoride and coupling of the carbon-centred radicals

This journal is © The Royal Society of Chemistry 2023
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Scheme 2 Nozaki's reductive coupling of base-stabilised difluoro-
borane 5 where one electron reduction by KCg and loss of fluoride is
proposed to form boryl radical 6a. Dimerisation of the carbon-centred
radical 6b in the absence of stirring gives 7.
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Scheme 3 Dostal's reductive coupling of iminochloroborane 8 forming
dimer 9 as a mixture of meso and rac diastereomers. The two proposed
mechanisms for dimer formation are depicted in analogy to those in
Scheme 1.

6b under diffusion control led to dimer 7 formation in 47%
yield.

Similarly, Dostal and co-workers reported the reductive
coupling of iminochloroborane 8 with potassium produces a
mixture of the meso and rac diastereomeric dimers 9
(Scheme 3).° The two diastereomers could be separated by frac-
tional crystallisation and the meso isomer was observed to
convert to the rac isomer quantitatively upon heating in toluene.
Two similar mechanisms to the analogous reductive couplings of
imines and carbonyl compounds were proposed, involving the
coupling of two carbon-centred radicals following one electron
reduction or the reaction of the BN-indenyl anion 10 (formed by
2 electron reduction) with iminochloroborane 8.

This journal is © The Royal Society of Chemistry 2023
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Synthesis of amidoboronates
Reductive coupling of N-aryl iminoboronates

N-Aryl iminoboronates can be prepared exploiting dynamic
covalent chemistry from three simple building blocks
(Scheme 4): an aniline (blue), 2-formylphenyl boronic acid
(red) and a diol (black).>**° Iminoboronates have been used in
the self-assembly of macrocycles and cages,*>*” determining
the enantiomeric excess of amines and amino acids via
fluorescent  sensing,’®*®  self-healing  polymers,®>°"
bioconjugation®*® and drug delivery applications.”* These
applications typically exploit the dynamic covalent nature of
the imine and boronate bonds (see Dynamic Covalent
Chemistry), however, the reactivity of the imine has been
underexplored.

Given the structural similarity of iminoboronates to imino-
chloroborane 8 (Scheme 3), new BN-heterocycles could be
potentially accessed as a mixture of diastereomeric mesost and
racst dimers via a reductive coupling of the imine.
Furthermore, an advantage of iminoboronates is that a large
family of substrates with different steric and electronic pro-
perties can be readily prepared by varying the building blocks
during the iminoboronate self-assembly. Thus, we investigated
the reductive coupling of N-aryl iminoboronates using reduc-
tants such as cobaltocene and decamethylcobaltocene, initially
focusing on two series of iminoboronates (1 and 2) where the
para-substituent of the aniline and the catechol were varied to
investigate electronic effects (Scheme 5).”%”"

The reductive couplings were initially performed in CD;CN,
monitoring the reaction progress by NMR spectroscopy where
the loss of the imine signal was observed. In most reductive
couplings two new sets of 'H signals appeared including two
methine signals between 5-6 ppm, attributed to the formation
of a mesos and racs diastereomeric mixture based on sub-
sequent NMR analysis (see below, Solution characterisation).
However, it was not possible to quantify the amount of the
mesos; and racs; diastereomers since one of the amidoboronate
products typically crystallised from the reaction mixture of the
reductive couplings (Table 1). Nevertheless, these crystals
enabled the isolation and characterisation of single amido-
boronate isomers both in the solid-state and in solution by
redissolving the crystals in DMSO-ds.

HO. _OH
B HO\  -3H,0
NH, 4 )

CHO +

(%8
HO 07 N

R
Scheme 4 Self-assembly of a N-aryl iminoboronate, the substrate for
the reductive couplings, via dynamic covalent chemistry from an amine,

2-formylphenylboronic acid and a diol.

TIn the naming of the isomers, the subscripts 5 and 6 refer to the heterocyclic
ring size following dimerisation.
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Scheme 5 The synthesis of up to three amidoboronate products (mesos, racs and race) from the reductive coupling of N-aryl iminoboronates (pyro-
catechol series: 1la—1e; tetrachlorocatechol series 2a—2e) using cobaltocene or decamethylcobaltocene.

Table 1 Summary of the isomers obtained via crystallisation from the
reductive couplings in acetonitrile

mesos racs race
[3a](Cp,Co), [3e](Cp,Co), * [3a](Cp,Co),
[3b](Cp,Co), [4a](Cp*,Co), [3b](Cp,Co),
[4c](CpxCo), [3¢](CpxCo),
[4c](Cp*,Co), [3d](Cp,Co),
[4d](Cp,Co), [3f](Cp,Co),
[4d](Cp*,Co),
[4€](Cp2Co)>
[4€](Cp*>Co),

“The isomer was characterised in the solution state only by NMR
spectroscopy.

Solid-state characterisation

X-ray crystal structures of [mesos-3a](Cp,Co), and
[mesos-3b](Cp,Co), were obtained showing the meso isomer in
two different conformations, anti and gauche (Fig. 2a and b).
X-ray analysis of crystals obtained from the tetrachlorocatechol
series (R’ = Cl) revealed the racs isomer crystallised as the
cobaltocenium and/or decamethylcobaltocenium  salts
(Fig. 2¢).”®”" For 4e, crystal structures of three polymorphs of
the cobaltocenium salt were obtained in addition to one
crystal structure of the decamethylcobaltocenium salt. The
X-ray crystal structures of the mesos and racs isomers con-
firmed dimerisation via C-C bond formation between the two
five-membered rings and Fig. 2 highlights the different stereo-
chemistry around the new C-C bond for the two diastereomers
using Newman projections.

Unexpectedly, X-ray analysis of crystals obtained from analo-
gous reductive couplings of 1a and 1b on separate occasions were
not mesos or racs structures but an isomeric and previously
unknown B-N heterocyclic scaffold consisting of two fused six-
membered rather than five-membered rings (Fig. 2d). Thus, these
amidoboronates were named the racst product and similar X-ray

9192 | Dalton Trans., 2023, 52, 9189-9201

crystal structures were obtained of [racg-3¢,d,f](Cp,Co), in the pyr-
ocatechol series (R’ = H). Since significant quantities of the racs
product were not observed in the reaction mixtures in CD;CN,
further studies in DMSO-d (see below, Solution characterisation)
probed whether it forms in the solid state only or also in solution.

Unlike the tetrachlorocatechol series where crystals were
obtained of the racs isomer only, crystals of all three isomers
were obtained from the pyrocatechol series (Table 1).
Amidoboronates 3a-b containing electron-withdrawing Cl and
F aniline substituents crystallised as either the mesos or race
isomer (depending on the reaction conditions) and 3a-d,f
crystallised as the racs isomer. Although crystals were also
obtained from the reductive coupling of 3e, they were not suit-
able for X-ray analysis. However, subsequent solution studies
revealed the racs isomer crystallised.

The number of crystal structures of the amidoboronate
isomers as well as several iminoboronate starting materials
has enabled comparison of different structural parameters
(Table 2). Firstly, the formation of covalent B-N bonds in the
amidoboronate products is confirmed by the shortening of the
B-N bond (1.50-1.55 A) compared to the dative B-N bond
(1.66-1.68 A) in the iminoboronate. In addition, the two coun-
terions (Cp,Co" or Cp*,Co") per dimer indicated the formation
of two anionic tetrahedral boron centres. A slight lengthening
of the B-O bonds was also observed in the amidoboronates
compared to the iminoboronates.

The X-ray structures also revealed the conformation and
bond length of the newly formed C-C bond (Table 2). The
thermodynamic stability of the gauche and anti conformations
has been reported for dimers formed from carbon-centred
radicals.”>”® Indeed, the gauche conformation (59-70°) was
observed in all crystal structures except for mesos-3a where the
anti conformation (179°) was observed, likely due to different
crystallisation conditions. Furthermore, the C-C bond lengths
for all isomers (1.53-1.57 A) were consistent with a sp*-hybri-
dised C-C bond, suggesting bond lengthening due to a contri-

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 X-ray crystal structures and Newman projections of: (a)
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gauche

racg-3a

[mesos-3bl(Cp,Co),; (c) [racs-4dl(Cp,Co)y;

(d) [race-3al(Cp,Co),. For clarity, the X-ray structures do not depict the Cp,Co* countercations and solvent molecules. The Newman projections do
not depict the R and catechol substituents and the two halves of the dimer are shown in red and black, particularly to show the change in connec-

tivity in the race isomer. Adapted with permission from ref. 71.

Table 2 Overview of the HC—CH torsion angles and bond lengths for
the C-C, B—N and B-O bonds from the X-ray crystal structures of imi-
noboronates and amidoboronates

HC-CH (°) C-C(A) B-N (4) B-0 (4) Ref.
1a — — 1.68 1.47-1.46 71
1d — — 1.68 1.46-1.47 71
1e — — 1.68 1.46-1.48 71
2d — — 1.66 1.48-1.49 71
mesos-3a 179 1.56 1.55 1.51-1.52 71
race-3a 65 1.54 1.54 1.52-1.54 71
mesos-3b 64 1.58 1.53 1.52-1.53 70
race-3b 65 1.54 1.53 1.52-1.54 70
race-3c 65 1.53 1.53 1.53-1.54 70
race-3d 64 1.55 1.52 1.51-1.54 70
race-3f 64 1.54 1.54 1.51-1.54 70
racs-4a 61 1.56 1.52 1.54 71
racs-4c 60-70¢ 1.54-1.57 1.50-1.51¢ 1.52-1.56* 70
racs-4d 68 1.55 1.51 1.53-1.55 71
racs-de 59-66° 1.55-1.56" 1.50-1.51> 1.53-1.56° 71

“Based on the X-ray crystal structures of three polymorphs of the
cobaltocenium salt and one crystal structure of the decamethyl-
cobaltocenium salt. ” Based on the X-ray crystal structures of the cobalto-
cenium and decamethylcobaltocenium salts.

bution from the radical form is minimal at the temperature of
the measurements (100 K or 180 K).

Solution characterisation

As revealed by X-ray analysis, up to three isomeric amidoboro-
nates crystallised from the reductive couplings in CD;CN. The

This journal is © The Royal Society of Chemistry 2023

solution structure of the mesos, racs and racs isomers was
probed by redissolving the isolated crystals in DMSO-ds.
Regardless of the substitution of the amidoboronates, charac-
teristic signals were observed for each product: a methine
signal around 5.4 ppm for the mesos diastereomer; a methine
signal around 5.2 ppm and doublet around 7.7 ppm for the
racs diastereomer; a methine signal around 4.9 ppm and two
doublets around 6.9 and 6.8 ppm for the racs isomer. Similar
shifts were observed for the amidoboronate products in both
DMSO-ds and CD;CN, enabling identification of the isomeric
mixtures in the corresponding reductive couplings in CD;CN.

The existence of the racs product in solution was investi-
gated in time-course NMR experiments (Scheme 6).”° For the
reductive coupling of 1f in CD;CN where the racs isomer crys-
tallised from the reaction mixture, the racs signals were
observed to decrease over time and this enabled the character-
isation of the remaining isomer in solution, mesos-3f. In ana-
logous reductive couplings with 1b and 1d in DMSO-ds where
crystallisation was prevented, the mesos and racs diastereomers
initially formed and the racs converted into the racs isomer
over time, as evidenced by the appearance of a third methine
signal consistent with redissolved racs crystals. Thus, the racs
isomer was proposed to form via breakage and rearrangement
of the covalent B-N bonds in the racs isomer. The following
sections introduce dynamic covalent chemistry with a focus on
examples relevant to the subsequent discussion of the
dynamic covalent chemistry of amidoboronates, including the
B-N bonds in more detail.

Dalton Trans., 2023, 52, 9189-9201 | 9193
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Scheme 6 Time-course NMR experiments in CDsCN (for 1f) or DMSO-dg (for 1b and 1d) suggested the initial formation of the mesos and racs dia-
stereomers followed by interconversion of the racs isomer into the racg via rearrangement of the dynamic covalent B—N bonds.

Dynamic covalent chemistry

15719 is a diverse research field

Dynamic covalent chemistry
encompassing a variety of reversible covalent bonds from
C=N**?*?% to B-0""?**** bonds. The combination of
several dynamic covalent bonds offers the potential for addres-
sing the different functional groups orthogonally, thus increas-
ing the complexity of the system.

N-Aryl iminoboronates (the substrates for the synthesis of
amidoboronates) contain two types of dynamic covalent bonds,
an imine and boronate ester, leading to synergistic effects during
their self-assembly from an aniline, diol and 2-formylphenyl
boronic acid (Scheme 4). Nitschke and co-workers reported the
amine and diol subcomponents influence the stability and yield
of the resulting iminoboronate;> synergistic stabilisation of the
imine and boronate ester was proposed from the combination of
an electron-rich aniline and catecholate due to greater resonance
delocalisation over the catecholate, resulting in a B-N dative bond
in aprotic solvents. In contrast, incomplete iminoboronate for-
mation was observed with an electron-rich aniline and an elec-
tron-rich alkoxide, attributed to increased electron density around
the boron centre leading to destabilisation and the absence of a
B-N dative bond.

In addition, both the aniline and diol subcomponents can
be orthogonally exchanged when a thermodynamically more
stable iminoboronate results from exchange.>> More electron-
rich amines (e.g. an alkylamine) replaced electron-poor ones
(e.g. an aniline) driven by the formation of a more electron-
rich imine stabilising the boron centre (Scheme 7a).
Furthermore, aliphatic diols were displaced by pyrocatechol
due to better delocalisation of the oxygens’ partial negative
charge over the aromatic catechol (Scheme 7b).

While combinations of two types of dynamic covalent
bonds can be orthogonally exchanged (e.g. imines and boro-

9194 | Dalton Trans., 2023, 52, 9189-9201

a) Dynamic covalent C=N bonds

H2N/\/O\

b) Dynamic covalent B-O bonds

o
OH

Scheme 7 Orthogonal dynamic covalent bonds reported by Nitschke
and co-workers in N-aryl iminoboronates involving: (a) imine exchange
of an aniline subcomponent for a more electron-rich alkylamine; (b)
boronate ester exchange of an aliphatic diol for pyrocatechol.

nate esters as in Scheme 7),”* extension to three dynamic

covalent bonds introduces additional orthogonality issues.
Matile and co-workers investigated the orthogonality of hydra-
zone (red, Scheme 8a), boronate ester (green) and disulfide
(blue) bonds in multicomponent self-assembly 11 as well as
model systems like 12 (Scheme 8b) and increasing the stability
of the boronate ester was necessary for orthogonality under
the acidic hydrazone exchange conditions.”* This was achieved
using the boronate esters of benzoboroxoles where the anionic

This journal is © The Royal Society of Chemistry 2023
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Scheme 8 Matile's (a) multicomponent assembly 11 with three types of
orthogonal dynamic covalent bonds: hydrazone (red), boronate ester
(green) and disulfide (blue); (b) model system 12 for investigating the
stability of the boronate ester under the conditions for hydrazone, boro-
nate ester and disulfide exchange.

tetrahedral boron centre is proposed to be less electrophilic
and intramolecularly stabilised. In model system 12, the boro-
nate ester was stable under the acidic hydrazone exchange con-
ditions and basic disulfide exchange conditions but under the
boronate ester exchange conditions (DMSO-ds, 10% D,0, 2%
Hinig’s base), equilibrium was reached in under 3 min giving
a 1:1.1 mixture of 12 and 13 (Scheme 8b).

There could be parallels between the dynamic covalent
chemistry of amidoboronates and the examples shown in
Schemes 7 and 8. However, there are some differences since
reductive coupling of the imine bond removes the possibility
of imine exchange in amidoboronates. Nevertheless, there is
also the potential to access new types of dynamic covalent
bonds in amidoboronates, for example dynamic covalent C-C
bonds through the involvement of radicals during the reduc-
tive coupling based on literature examples.

While C-C bond formation from the dimerisation and dis-
sociation of organic has long known
(Scheme 9),”>77® its application in dynamic covalent chemistry
has only recently emerged.'® To ensure the necessary reversi-
bility, several conditions need to be fulfilled: a relatively low
bond dissociation enthalpy to establish the radical/dimer equi-
librium under mild conditions; sufficient thermodynamic
stabilisation of the radical (e.g. by improving spin delocalisa-

radicals been
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Scheme 9 Dynamic covalent C-C bond formation involving radicals,
such as dicyanomethyl, fluorenyl and lactone derivatives.

tion through expansion of the =a system and/or
substitution'®”*#°) so that the equilibrium shifts towards the
radical; suppression of side-reactions given the reactivity of
radicals.”® A number of carbon-based radicals including
dicyanomethyl,”>”*7%818% flyorenyl,*® lactone®*®** and 4-sub-
stituted triphenylmethyl®® derivatives have already been shown
to undergo reversible C-C bond formation (Scheme 9),
enabling the self-assembly of macrocycles’”>79:828687 and

the development of stimuli-responsive materials.®"%*

Dynamic covalent chemistry of
amidoboronates

Amidoboronates are thus interesting candidates for use in
dynamic covalent chemistry applications given the initial
implication of dynamic covalent B-N bonds in the racs/racs
rearrangement and the potential for dynamic covalent C-C
and B-O bonds. The dynamic covalent chemistry of the amido-
boronates was explored and of particular interest was the dis-
covery of new chemistry, for example compared to iminoboro-
nates and other reductively coupled dimers.

C-C bonds

The reversibility of C-C bond formation was investigated in a
series of experiments to gain insight into the reductive coup-
ling mechanism. Based on the analogous reductive coupling
of iminochloroborane 8 reported by Dostal and co-workers
(see Synthesis of B-N heterocyclic dimers),® radicals are pro-
posed to be involved. Firstly, isolated crystals of the mesos, racs
and racs isomers were redissolved in DMSO-ds to probe the
existence of a radical/dimer equilibrium. However, there has
been thus far no evidence of a conversion between the mesos
and rac isomers at room temperature via reversible C-C bond
formation in the redissolved crystals. Furthermore, decompo-
sition was observed upon heating solutions of the redissolved
crystals of mesos-3b and race-3c at elevated temperatures
(90 °C or above).”® This contrasts the finding by Dostal and co-
workers that meso-9 can be converted to rac-9 upon heating in
toluene (Scheme 3).°

However, the addition of the tritylium cation to an isomeric
mixture of 3¢ or 4c led to quantitative regeneration of the
corresponding iminoboronates 1c¢ or 2¢ at room temperature
within 10 minutes (Scheme 10). The tritylium cation acts as an

Dalton Trans., 2023, 52, 9189-9201 | 9195
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Scheme 10 Addition of the tritylium cation to an isomeric mixture of 3c or 4c regenerates the corresponding iminoboronate (1c or 2c) as well as
the trityl dimer and Cp,CoBF,. For clarity, only the mesos and racs isomers are depicted as they were the major species observed in the reaction

mixture in CDzCN.

electron abstractor leading to oxidative decoupling of the
dimers as well as Cp,CoBF, and the formation of the trityl
dimer from subsequent radical coupling. This ability to break
the newly formed C-C bond in the dimer has not been
reported in the related reductive couplings of imine and carbo-
nyl compounds (see Synthesis of 1,2-diamines and 1,2-diols).

In another experiment, the TEMPO radical was added to an
isomeric mixture of 4¢ and upon heating at 70 °C in CD;CN
for 3 days, an additional species appeared in the '"H NMR spec-
trum (Fig. 3a).”° X-ray analysis of crystals obtained from the
reaction revealed the formation of 14 where TEMPO rather
than the imine is coordinated to the anionic tetrahedral boron
centre (Fig. 3b). The formation of an imine was also consistent
with the observation of a singlet above 9 ppm for the new
species in the NMR spectrum. The formation of 14 was pro-
posed via electron abstraction from the nitrogen lone pair by
TEMPO giving a nitrogen-based radical cation, homolytic clea-
vage of the C-C bond generating an imine and finally, nucleo-
philic attack of TEMPO™ on the boron centre. This contrasts
the formation of radicals via homolytic substitution of trigonal
catecholborane derivatives by TEMPO.%8%°

These experiments demonstrated that the new C-C bond
can be broken upon addition of an electron abstractor (CPh;")
or a radical (TEMPO). The existence of a radical/dimer equili-
brium will be probed in future experiments to investigate
whether the reductive coupling can be implemented for the
formation of dynamic covalent C-C bonds like in Scheme 9.

2 TEMPO
2 [Cp,Co']
i:| CD4CN
cal 5 ol 70 °C, 3 days
B
Cl O Cl

mesog-4c + racs-4c

Fig. 3

B-N bonds

The reductive coupling converts the B-N dative bond observed
in iminoboronates 1a-1f and 2a-2e to covalent B-N bonds
with anionic tetrahedrally coordinated boron centres.
Unexpectedly, these covalent B-N bonds were found to be
dynamic as the rearrangement of the racs into the race isomer
was observed over time in time-course NMR experiments (see
Solution characterisation). In contrast, redissolved crystals of
mesos-3a-b did not interconvert into either of the rac isomers
and there has been no evidence thus far of the formation of a
mesoe product.

The racs/racs rearrangement was investigated in more detail
by redissolving isolated crystals in DMSO-ds (Scheme 11).
Initial investigations suggested increased electron density
facilitates cleavage of the B-N bond since the rate of intercon-
version of 3b,c-f was qualitatively fastest with 3d containing
the most electron-donating aniline substituents in the series.”®

Further investigations focused on the amount of the racs
and racs isomers following equilibration as a function of the
para-substituent on the aniline and the catechol (Fig. 4).”" For
the pyrocatechol series, racs-3a,c-d and racs-3e crystallised
from the reductive couplings. While race-3a did not intercon-
vert to the racs isomer, the amount of the racs; isomer for the
other derivatives increased with more electron-donating substi-
tuents (Scheme 11a, Fig. 4a). A 1:1 racs/race mixture was
obtained for 3e with the most electron-rich NMe, substituent.

[CpCo’l b) -

~

T

14 -l\r

zﬁﬁ?

(a) Formation of 14 from the reaction of a 4c isomeric mixture with the TEMPO radical. For clarity, only the major amidoboronate species in

solution are depicted:; (b) X-ray crystal structure of 14 with Cp,Co™ countercation removed for clarity.
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Scheme 11 racs/racg interconversion upon redissolving crystals of (a) race-3a,c—d and racs-3e; (b) racs-4a,c—e. Adapted with permission from ref. 71.
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Fig. 4 Comparison of the racs/race isomeric ratios following: (a) equilibration of redissolved crystals of 3a,c—e from the pyrocatechol series; (b)
equilibration of redissolved crystals of 4a,c—e from the tetrachlorocatechol series; (c) catechol exchange of pyrocatechol for tetrachlorocatechol in
equilibrated racs/racg mixtures from (a). Reprinted with permission from ref. 71.

In contrast, redissolved racs crystals as either the cobaltoce-
nium or decamethylcobaltocenium salt from the tetrachloroca-
techol series (4a,c-e) were not observed to interconvert to the
race isomer (Scheme 11b, Fig. 4b).

Conformational analysis of the racs and racs isomers may
provide an explanation for the racs/race rearrangement (Fig. 5).
Of the three most likely conformations (two gauche and one
anti), only the gauche conformation (black box) where the ani-
lines are anti to one another has been observed in the X-ray
crystal structures (Fig. 2c). A similar gauche conformation
(black box, Fig. 5) was also observed in the X-ray crystal struc-
tures of the races isomer (Fig. 2d), suggesting that the racs/racg
rearrangement occurs via breakage of the B-N bonds and

This journal is © The Royal Society of Chemistry 2023

rotation of the phenylboronate ester groups so that the five-
membered rings are converted to a fused six-membered ring
scaffold. Fig. 5 represents the two halves of the racs dimer in
red and black to highlight the change of the connectivity in
the racs isomer where the red nitrogen forms a covalent bond
to the boron centre in black and vice versa.

Based on the observed interconversions (Scheme 11), elec-
tronic effects were proposed to control the racs/racs rearrange-
ment; an electron-withdrawing Cl aniline substituent (3a) or
catechol such as tetrachlorocatechol (4a,c-e) resulted in no
interconversion of the racs and racs isomers, respectively,
attributed to strengthening of the B-N bond from the reduced
electron density. However, increasing the electron density in

Dalton Trans., 2023, 52, 9189-9201 | 9197
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Fig. 5 Conformational analysis of the racs isomer showing the three possible conformations around the new C-C bond, two gauche and one anti.
Black box: the gauche conformations of the racs and racg isomers observed in X-ray crystal structures. The red and black represent the two halves of
the dimer to highlight the change in connectivity upon the racs/race rearrangement.

the B-N bond through more electron-donating aniline substi-
tuents is proposed to weaken the B-N bond, resulting in
increased racs/race interconversion.

B-0O bonds

The diol subcomponents within boronate ester bonds are
known to undergo exchange via dynamic covalent B-O
bonds.'®?**%7* However, in most cases the boron centre has a
vacant p orbital (e.g. in iminoboronates in the absence of a BN
dative bond, Scheme 7b), whereas in amidoboronates this is
filled since the boron is anionic and tetrahedrally coordinated.
Nevertheless, Matile and co-workers reported catechol
exchange with boronate esters of benzoboroxoles containing
anionic tetrahedral boron centres (Scheme 8b).>> Therefore,

R
2 [Cp,Co*]
oty ~" sl

o 0 cl
O cl OH
cl OH

R Cl

racs

the dynamic covalent nature of the B-O bonds of amidoboro-
nates was explored in catechol exchange experiments.”*
Addition of tetrachlorocatechol to equilibrated mixtures of
rac-s/rac¢-3a,c-e in DMSO-dg led to complete catechol
exchange and the formation of racs/racs-4a,c-e (Scheme 12).
The racs/race ratio was changed from a preference for the race
isomer prior to catechol exchange (Fig. 4b) to a preference for
the racs isomer (Fig. 4c). The presence of the racs isomer fol-
lowing catechol exchange is attributed to the catechol
exchange pathway allowing the direct conversion of race-3 to
race-4 rather than via the racs/racs interconversion since redis-
solved racs-4 crystals did not interconvert to the race isomer.
While catechol exchange of pyrocatechol for the more elec-
tron-deficient tetrachlorocatechol was observed, addition of
excess pyrocatechol to racs-4d showed no catechol exchange. It

R

2 [Cp,Co*]
o] O © o]
S
Cl

Cl

2 [Cp,Co*]

racg

3aR=Cl
3¢ R=Me
3d R =0OMe
3e R = NMe,

OH
S
OH

2 [Cp,Co'*]

racg

4aR=Cl
4c R =Me
4d R = OMe
4e R = NMe,

Scheme 12 Boronate ester exchange of pyrocatechol for tetrachlorocatechol via dynamic covalent B—O bonds converts an equilibrated mixture of
racs-3 and race-3 to racs-4 and racg-4. Adapted with permission from ref. 71.
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(C-C in red, B-N in blue and B-O in green). For clarity, the R groups,
catechols and countercations are not depicted.

was proposed that the tetrachlorocatechol analogues are
thermodynamically more stable due to better negative charge
delocalisation with tetrachlorocatechol vs. pyrocatechol and
this is the driving force for catechol exchange.

Conclusions and outlook

While the number of synthetic methods for BN-heterocycles
are limited compared to their carbon analogues, this is an
active field with an increasing number of reports particularly
given the growing importance of BN-heterocycles in catalysis
and materials chemistry applications. On the other hand,
dynamic covalent chemistry is an established field but new
applications and types of dynamic covalent bonds (e.g. based
on radicals'®) are emerging.

This journal is © The Royal Society of Chemistry 2023
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Amidoboronates bring together BN-heterocyclic synthesis
and dynamic covalent chemistry and new research directions
have been made possible through this intersection of these
two seemingly disconnected research fields. Amidoboronates
are a new class of BN-containing heterocycles that can be pre-
pared from N-aryl iminoboronate substrates via a reductive
coupling (Scheme 13). Their synthesis opens up new chemical
space since up to three isomers can be prepared from a single
substrate, which itself can be modularly self-assembled from
three building blocks using dynamic covalent chemistry. Thus,
a large family of new BN-heterocycles was synthesised with
reduced effort.

In addition, initial studies have revealed the interesting and
unusual dynamic covalent chemistry of amidoboronates invol-
ving C-C, B-N and B-O bonds. Unlike the analogous reductive
couplings of carbonyls and imines, C-C bond formation is
reversible for amidoboronates since oxidative decoupling of
the dimer through the addition of the tritylium cation regener-
ates the iminoboronate. An unprecedented rearrangement
between the racs and race isomers via dynamic covalent B-N
bonds has also been observed where the aniline para-substitu-
ent and the catechol tune the isomeric ratio at equilibrium.
Furthermore, boronate ester exchange can be exploited as
another tool to control this ratio.

Further exploration of this chemical space will offer new
opportunities for applications of this chemistry. Future efforts
will focus on exploring the mechanism of the reductive coup-
ling, particularly to control the diastereoselectivity and there-
fore, selectively synthesise a particular isomer. The three types
of dynamic covalent bonds also offer an exciting opportunity
for exploring the orthogonality of transformations and the
design of more complex stimuli-responsive systems.
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