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Diastereoselective amidoboronate formation and
transformation from a rac to a different meso
amidoboronate via dynamic C–C bonds

Patrick Harders,a,b Tim Raeker, c Lorenz Pietsch,a Christian Näther, d

Bernd Hartke c and Anna J. McConnell *a,b

Amidoboronates, synthesized through the reductive coupling of iminoboronates with cobaltocene in

DMSO, form as mixtures of up to three isomers (rac5, rac6 and meso5) and can exhibit up to three types of

dynamic covalent bonds (C–C, B–N, B–O). In order to exploit the reductive coupling for the self-assem-

bly of covalent organic macrocycles and cages, control over the diastereoselectivity and reversibility of

C–C bond formation is required. We report proof-of-principle in dimeric amidoboronates; diastereo-

selective rac isomer formation was observed for amidoboronate 5e (based on p-NMe2-substituted

aniline, pyrocatechol and phenylboronate), whereas employing an iminoboronate containing p-OMe-

substituted aniline, either pyro- or tetrachlorocatechol and 3-fluorophenylboronate led to rare examples

of meso diastereoselectivity (9 : 1 dr for 7d and 8d). The addition of a second iminoboronate to amidobor-

onate reaction mixtures probed the reversibility of C–C bond formation as evidenced by the formation of

new homo- and cross-coupled amidoboronates via exchange. The dynamic covalent C–C bonds were

exploited in the unprecedented diastereoselective transformation of rac5/6-5e to meso5-7d following

addition of excess iminoboronate 3d.

Introduction

Dynamic covalent chemistry1–7 exploits reversible bond for-
mation for applications from the self-assembly of
macrocycles8–13 and cages14,15 to self-healing polymers.16–18

Reversible C–C bond formation involving a radical/dimer equi-
librium has emerged as a new tool in dynamic covalent chem-
istry, requiring a low bond dissociation energy for the dimer
and stabilization of the radical, e.g. through spin delocaliza-
tion.4 While carbon-based radicals including dicyanomethyl
derivatives4,10,19–23 have been employed to self-assemble
macrocycles,10–13 radical-based dynamic covalent chemistry is
still relatively underdeveloped. Furthermore, the discovery of
new types of dynamic covalent bonds would expand the
dynamic covalent chemistry toolbox and could enable the

design of more complex systems with multiple orthogonal
dynamic covalent bonds.5

We recently reported the reductive coupling of N-aryl imino-
boronates gives up to three amidoboronate products with
interesting dynamic covalent chemistry:24–26 diastereomeric
5-membered rac5 and meso5 isomers as well as a unique
6-membered rac6 isomer formed from interconversion of the
rac5 isomer via dynamic covalent BN bonds. While the rac and
meso5 isomers have not been observed to interconvert upon
heating solutions of redissolved crystals,24,26 the rac5/rac6 ratio
could be tuned by exploiting not only dynamic covalent BN
bonds but also BO bonds by exchanging pyrocatechol for
tetrachlorocatechol.25

Based on the angles between the p-aniline substituents in
amidoboronate X-ray crystal structures varying from approx.
65° (meso5 for conformation with gauche protons) to 90° (rac5)
and 120° (rac6),

24–26 we envisaged the reductive coupling could
be exploited for the self-assembly of covalent organic macro-
cycles and cages. However, this necessitates that C–C bond for-
mation occurs: (a) reversibly so that the reductive coupling pro-
ceeds under thermodynamic control; (b) diastereoselectively so
that the connectivity between building blocks either has a
meso or rac configuration.

For related reductive couplings such as the pinacol
coupling,27–30 rac diastereoselectivity has been observed with
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several metal-based reductants where the metal is proposed to
either bridge31–35 or preorganize36,37 the coupling partners. In
some reductive couplings, the rac/meso ratio has also been
observed to change over time, attributed to reversible C–C
bond formation via a radical/dimer equilibrium38 rather than
epimerization.39 However, there are fewer examples of meso
diastereoselective reductive couplings.40–42

Reductive couplings giving access to BN-containing
heterocycles43,44 have been less well-studied and often report
the formation of diastereomeric mixtures.45,46 However, Dostál
and co-workers reported heating converted the meso to the rac
isomer.45 Furthermore, subsequent reduction of the dimer
yielded the BN analogue of the indenyl anion and reaction of
this with the iminochloroborane was implicated as a second
pathway to dimer formation.

These literature precedents demonstrate the promise for
exploiting the reductive coupling in the self-assembly of ami-
doboronate-based macrocycles and cages. However, given
that complex mixtures could be obtained considering the
three possible types of connectivity between the building
blocks (e.g. meso5, rac5 and rac6), we focused on dimeric ami-
doboronates as model systems to understand how varying
the electronic properties of the aniline, catechol and boronic
acid subcomponents (Scheme 1) influences the diastereo-
selectivity and reversibility of C–C bond formation. We report
not only access to the rac and meso isomers in high
diastereoselectivity but also demonstrate the ability for some
amidoboronates to undergo C–C bond exchange reactions
upon the addition of a second iminoboronate. Finally, we
exploited knowledge of the diastereoselectivity and reversible
C–C bond formation in a diastereoselective transformation
from a rac isomer to a different meso diastereomer, demon-
strating proof-of-principle for the use of the reductive coup-
ling in self-assembly applications.

Results and discussion

Previously, we demonstrated that the reductive coupling of
iminoboronates 1a–e and 2a–e in acetonitrile gave different
mixtures of meso5-5/6, rac5-5/6 and rac6-5/6 where each ami-

doboronate isomer has a characteristic methine signal
between 4 and 6 ppm in the 1H NMR spectra (Scheme 1).24–26

However, there are limits to characterization since: (i)
radical species are likely to be NMR silent or difficult to
characterize due to their paramagnetic nature; (ii) crystalliza-
tion of one amidoboronate product from the acetonitrile
reaction mixture prevented determination of the product
distribution.

Here, analogous reductive couplings of iminoboronates 1–4
using cobaltocene as the reductant were carried out in DMSO-
d6 to investigate the influence of the para-aniline (orange R,
Scheme 1), catechol (dark yellow R′) and phenylboronate
(magenta R″) substituents on the product distribution since
competing crystallization could be prevented. The relative ratio
of the amidoboronate species was investigated rather than
their quantitative yield since radical species could not be
quantified and the formation of other products could not be
excluded due to complex 1H NMR spectra where signal overlap
in the comparatively small chemical shift range complicated
NMR analysis.

Furthermore, a fluorine tag was introduced into iminoboro-
nate motifs 3a–e and 4a–e to simplify reaction mixture analysis
by taking advantage of the wider chemical shift range of 19F
NMR spectroscopy as well as the higher responsiveness to
chemical environment changes.47 The 3-position of the
boronic acid subcomponent was chosen since 3-fluoro-2-for-
mylphenylboronic acid is commercially available and substi-
tution of the boronic acid subcomponent has not been investi-
gated in previous reductive couplings.24–26

Iminoboronates 1a–e and 2a–e were synthesized as pre-
viously reported24,25 from the respective p-substituted aniline,
catechol and 2-formylphenylboronic acid subcomponents.
Related iminoboronates 3a–e and 4a–e employing the 19F phe-
nylboronate tag were prepared similarly from 3-fluoro-2-for-
mylphenylboronic acid (SI sections 2.2–2.5 and 2.7–2.10),
although it was necessary to use an alternative isolation pro-
cedure for iminoboronates 3e and 4e (SI sections 2.6 and
2.11). X-ray crystal structures of 3a and 4d were similar to
those previously reported for 1a,25 1d,25 1e 25 and 2d 25

showing a tetrahedral boron center and B–N dative bond (SI
sections 2.2.1 and 2.10.1).

Scheme 1 Reductive coupling of iminoboronates 1a–e, 2a–e, 3a–e and 4a–e to the corresponding amidoboronates.
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The reductive couplings of all iminoboronates were carried
out in DMSO-d6 in a glovebox under a nitrogen atmosphere in
J. Young NMR tubes using 1.0–1.2 equivalents of cobaltocene
as the reductant to ensure full conversion to the amidoboro-
nate dimers. 1H NMR spectra and, where applicable, 19F NMR
spectra were recorded over time. Given the formation of mul-
tiple products, the reaction mixtures were characterized as
thoroughly as possible (SI, section 3), including comparison to
previously reported solution structures of single isomers deter-
mined from redissolved crystals.24,25 For the amidoboronates
with a 19F tag, 19F signal assignment to a particular isomer via
integration and correlation to the corresponding 1H NMR
methine integrals was difficult due to the broadness of some
19F signals. This and overlapping signals with side-products
prevented the use of 19F spectroscopy for determining the
product distributions. However, the meso5, rac5 and rac6
isomers themselves were tentatively assigned by comparison of
the 19F spectra within a series (SI sections 4.3.2 and 4.4.2).

The relative meso5/rac5/rac6 isomeric ratio following equili-
bration of the reaction mixtures for at least 72 hours was deter-

mined by integrating and normalizing the characteristic 1H
NMR methine singlet24–26 for each amidoboronate isomer
(Fig. 1, SI section 4). The diastereoselectivity of a reductive
coupling is determined by the meso5/rac ratio where rac is the
sum of the rac5 and rac6 isomers since the rac5/rac6 intercon-
version does not involve C–C bond formation but rather
rearrangement of the B–N bonds.24–26 Beyond the methine
singlets for the three expected amidoboronate isomers, two
broad signals appeared in the same region in many reductive
couplings (Fig. S181). These signals are attributed to a cobalto-
cene derivative formed from the addition of an amidoboronate
(see below and SI section 6 for identification of this derivative).
This cobaltocene derivative was not included in the isomer
quantification.

For the reductive couplings of pyrocatechol-based imino-
boronates 1a–d, a near statistical mixture of the meso and
rac5/6 products was observed (Fig. 1a, SI section 4.1).
Interestingly, the reductive coupling of 1e with the most elec-
tron-rich aniline substituent NMe2 was diastereoselective as
only the rac5-5e and the rac6-5e products were observed. For

Fig. 1 Product distribution following the reductive coupling to: (a) pyrocatechol-based amidoboronates 5a–e without a 19F phenylboronate tag; (b)
tetrachlorocatechol-based amidoboronates 6a–ewithout a 19F phenylboronate tag; (c) pyrocatechol-based amidoboronates 7a–ewith a 19F phenyl-
boronate tag; (d) tetrachlorocatechol-based amidoboronates 8a–e with a 19F phenylboronate tag. p-Aniline substituents: a Cl; b F; c CH3; d OMe; e
NMe2.
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the tetrachlorocatechol series (6a–e), all three products were
observed for 6a and 6b, whereas only the meso5 and rac5
isomers were observed for amidoboronates 6c–e (Fig. 1b, SI
section 4.2). For 6b–d, the meso5 isomer was the main product,
whereas the major isomer for 6e was rac5.

Interestingly, the introduction of 19F phenylboronate tags
onto amidoboronates 7a–e and 8a–e changed the product dis-
tributions compared to amidoboronates 5a–e and 6a–e
(Fig. 1c, d, SI sections 4.3–4.4); the three isomers formed in
every reductive coupling (with the exception of 8e), contrasting
6c and 6d where the rac6 species was not observed. The
amount of the rac6 species for 7a–d and 8a–b was reduced
compared to the analogous reductive coupling 5a–d and 6a–b.
Furthermore, the meso5 isomer predominated in the amido-
boronate mixtures with the 19F phenylboronate tag and the
meso5 fraction increased from approximately 60% to 90% as
the electron-donating ability of the p-aniline substituent
increased from Cl (7a and 8a) to OMe (7d and 8d). However,
for 7e and 8e with p-NMe2 aniline substituents, the amount of
the meso5 isomer decreased relative to 7d and 8d, respectively.

Comparing the series of reductive couplings, several trends
emerged. Amidoboronates 5a–5d, 7a–7e and 8a–8d with Cl to
OMe/NMe2 aniline substituents formed as a mixture of all
three isomers (meso5, rac5, rac6), as did tetrachlorocatechol-
based amidoboronates 6a/b with electron-withdrawing Cl and
F substituents. In contrast, only two isomers, meso5 and rac5,
were observed for 6c–6e as well as 8e. Interestingly, three
reductive couplings were highly diastereoselective; the reduc-
tive coupling to 5e was diastereoselective for the rac isomer
only (forming as a 1 : 1 mixture of the rac5 and rac6 isomers),
whereas the meso5 isomer was obtained in a 9 : 1 diastereo-
meric ratio (dr) for 7d and 8d with p-OMe aniline substituents
and a 19F-tagged phenylboronate. However, amidoboronates 7e
and 8e with NMe2 substituents did not appear to follow the
trend of increasing diastereoselectivity for meso5 with increas-
ing electron-donating ability of the p-aniline substituent.
Similarly, the product distributions for 5e and 6e differed from
those within the corresponding series with the rac isomer as
the only or predominant product, respectively. Thus, we
propose p-NMe2 substituents may have a rac-directing effect
and/or C–C bond formation may be reversible.

To rationalize why the meso5 isomer forms preferentially
with the 19F-tagged amidoboronates 7 and 8, analogous reduc-
tive couplings were carried out in acetonitrile in an effort to
obtain single crystals. While a single amidoboronate isomer
typically crystallized from previously reported reductive coup-
lings in acetonitrile,24–26 crystals were only obtained from the
reductive coupling of 4d. Surprisingly, the X-ray structure
reveals an unusual nine-membered ring system, where the two
boron centers are bridged by an oxygen atom and no longer
bonding to nitrogen, thus breaking the bicyclic amidoboronate
structure (Fig. 2, SI section 3.4.4.1). However, the C–C bond
has a meso configuration consistent with observation of the
meso5 isomer as the major product from the reductive coup-
ling. We propose this nine-membered ring system is a water
adduct of 8d where traces of water add to the two B–N covalent

bonds in a similar fashion to the addition of water/solvent
across B–N dative bonds in related o-aminomethyl-
phenylboronate esters48–51 and subsequent elimination of a
molecule of water forms the unique heterocyclic ring system.
Unfortunately, difficulties reproducing the crystallization of
this adduct prevented further studies, e.g. redissolving the
crystals to determine the solution structure.

Intrigued by the observed diastereoselectivity for rac5/6-5e
and meso5-7d/8d and the change in product distributions for
the reductive couplings as a function of the aniline,
catechol and phenylboronate substituents, we investigated
whether the reductive couplings proceed under kinetic or
thermodynamic control; irreversible C–C bond formation
under kinetic control would result in a product distribution
determined by the relative transition state energies of the rac5
and meso5 isomers, whereas reversible C–C bond formation
(e.g. through a radical/dimer equilibrium) would give a
product distribution reflecting the relative thermodynamic
stability of the isomers and give the necessary error-checking
needed for use of the reductive coupling in self-assembly
applications.

Fig. 2 Crystal structure of the water adduct of 8d with the structure
below depicting the nine-membered ring with the atoms proposed to
originate from the addition of water shown in blue. For clarity, the
Cp2Co

+ countercations and solvent molecules have not been depicted.
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In related dicyanomethyl radical systems, several groups
have reported electron-donating substituents para to the
radical led to dynamic covalent C–C bonds due to stabilization
of the radical by spin delocalization,10,19–23,52,53 attributed to
the captodative effect.22,54,55 Winter and co-workers reported
the Hammett parameter of the para-substituent correlated
with the dimerization binding constant,21 while Sakamaki,
Seki and co-workers found the spin density on the central
dicyanomethyl carbon correlated with the bond dissociation
energy.19 In cases of an equilibrium between the radical and
dimer, a lengthening of the C–C bond to 1.63–1.65 Å was also
observed in X-ray crystal structures.19

Given the product distributions for the NMe2-substituted
amidoboronates 5–8e did not follow the trends observed for
the Cl- to OMe-substituted amidoboronates within the same
series, we hypothesized spin density delocalization due to the
electron-donating nature of the NMe2 substituents as well as
electron delocalization over the catechol subcomponent could
stabilize the radical sufficiently to allow reversible C–C bond
formation. However, the C–C amidoboronate bond length in
the X-ray crystal structure of rac5-6e was similar to those for
other amidoboronates (e.g. 5a–d, 6a, 6c–d) and consistent with
a C–C single bond.24–26 Furthermore, our spin density calcu-
lations did not show a significant difference for different
p-aniline substituted amidoboronates since the spin was
largely localized on the imine carbon (SI section 5.1). These
X-ray and computational results suggest that the dimer is
favored over the radical form.

Instead, we hypothesized that the radical could be stabil-
ized and amidoboronate dimer formation could be hindered
by introducing sterically bulky o-Me groups on the aniline.39

Hence, iminoboronate 2f based on 2,4,6-trimethylaniline was
prepared (SI section 2.1) and the reductive coupling with
cobaltocene was carried out (Scheme 2, SI section 6.1.1).

Surprisingly, a different product formed as a 1 : 1 mixture with
unreacted iminoboronate 2f; the NMR signals of this diamag-
netic product were consistent with the species with two broad
signals in the methine region previously observed in some
reaction mixtures (Fig. S181). NMR analysis revealed: (i) a sig-
nificantly upfield shifted amidoboronate methine (now a
doublet) at 2.92 ppm; (ii) a singlet around 4.6 ppm corres-
ponding to a cyclopentadienyl ring; (iii) a ring system with five
signals from 2–3 ppm including a dt coupling to the amido-
boronate methine, suggesting a η4-coordinated cyclopenta-
diene (Fig. S183). Thus, we propose 9 as the structure of this
cobaltocene derivative based on the similarity of the NMR
spectrum to related cobaltocene additionproducts.56–61

However, unlike the AA′XX′ spin systems observed for these
compounds, the cyclopentadiene signals in 9 are diastereoto-
pic due to the presence of the stereogenic centre (* in
Scheme 2). Furthermore, desymmetrization of the aniline
proton signals of 9 suggests hindered rotation around the
aniline C–N bond. Due to steric hindrance, 9 is also most
likely the exo isomer with the chemical shift of 2.76 ppm con-
sistent with an endo H.58,59

Further characterization of 9 by X-ray crystallography and
mass spectrometry was attempted through analogous reductive
couplings in acetonitrile (SI section 6.1.2). Full conversion to
the cobaltocene addition product was observed by NMR spec-
troscopy employing two equivalents of cobaltocene, suggesting
two-electron reduction is involved (Fig. S188). However, mass
spectrometric analysis of this reaction mixture revealed a
signal at m/z 496, which is lower than expected for 9
(Fig. S189). Instead, this is attributed to a decomposition
product of 9, where the carbon–carbon bond to the cyclopenta-
diene ring is broken and water adds across the B–N bond.
Additionally, the ESI mass spectrum in positive mode shows
only the presence of Cp2Co

+ (Fig. S190).
Disappointingly, numerous attempts to crystallize 9 or

related cobaltocene addition products from analogous reduc-
tive couplings in acetonitrile were unsuccessful. Therefore, the
geometry for the proposed structure of 9 was optimized in cal-
culations and conformational analysis was performed to inves-
tigate how steric hindrance could account for the desymme-
trized aniline signals compared to analogues without o-aniline
substituents (SI section 6.1.3). Furthermore, NMR and ESI
mass spectra from previously reported reductive couplings25

were re-analysed and these provided further evidence for the
formation of cobaltocene addition products as another
product from the reductive coupling (SI section 6.2).

Cobaltocene addition products have been proposed to form
from radical addition to Cp2Co

59 or nucleophilic addition to
Cp2Co

+.59,60 Similarly, nucleophilic addition has been implicated
as an alternative pathway to radical recombination in dimer for-
mation from the related reductive coupling by Dostál and co-
workers where two-electron reduction of the iminochloroborane
to the BN-analogue of the indenyl anion and subsequent addition
to a second iminochloroborane gave dimers.45 Furthermore,
reductive C–C bond cleavage of the dimer by two equivalents of
reductant gave the BN-analogue of the indenyl anion.

Scheme 2 Reductive coupling of sterically bulky iminoboronate 2f
leading to a 1 : 1 mixture of unreacted iminoboronate 2f and a cobalto-
cene derivative proposed to be exo-functionalised 9.
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To investigate whether two-electron reduction could play a
role in the reductive coupling of iminoboronates, control
reductive couplings of 1b and 1e were carried out with an
excess of cobaltocene (5 equivalents); for the reductive coup-
ling of 1b (SI section 6.3.1), the amount of the cobaltocene
addition product significantly increased relative to amidoboro-
nate products with excess vs. 1 equivalent of cobaltocene,
suggesting the formation of the cobaltocene addition product
via two-electron reduction is feasible and outcompetes amido-
boronate dimer formation and/or reductive C–C cleavage of
the dimer to the cobaltocene addition product occurs with
excess reductant (Fig. S198).

In contrast, no cobaltocene addition product was observed
for the reductive coupling of 1e with excess reductant (SI
section 6.3.2). Instead, a third set of signals with a methine
signal consistent with meso5-5e were observed at short reaction
times and this set of signals diminished and largely dis-
appeared over time (Fig. S199). This suggests that the reductive
coupling of 1e is under thermodynamic control since the for-
mation of the meso isomer is reversible and this could account
for the observed diastereoselectivity for the rac isomers.

Therefore, the reversibility of C–C bond formation was
probed across the series of amidoboronates through exchange
reactions where a second iminoboronate (purple square,
Fig. 3a) was added to amidoboronate product mixtures (orange
dimers); in cases where C–C bond formation is reversible (e.g.
via a radical/dimer equilibrium or oxidative decoupling), the
formation of cross-coupled amidoboronate products (orange
and purple dimer) or potentially homo-coupled dimers of the
added iminoboronate (purple dimer) would be expected along
with liberation of the iminoboronate (orange square) following
exchange. 1H NMR spectra were recorded over time and ana-

lyzed for signals of the released orange iminoboronate, as well
as new signals in the methine, methoxy and methyl regions,
where applicable (SI sections 5.2–5.5).

For all series, the p-F-aniline substituted iminoboronates
(1–4b) were added to the amidoboronate reaction mixtures of
the same series (to avoid catechol exchange)25 so that product
mixture changes could be additionally monitored by 19F spec-
troscopy since the 19F signals of the iminoboronates and ami-
doboronates are in distinct chemical shift ranges. For the p-F
substituted amidoboronates (5–8b), two exchange reactions
were carried out, adding either an iminoboronate with an elec-
tron-donating p-aniline NMe2 substituent (1–4e) or electron-
withdrawing p-Cl substituent (1–4a).

Initially, the electronic effect of the p-aniline substituent
was investigated within the pyrocatechol series through the
exchange reactions of amidoboronates 5a/c–e with the
addition of iminoboronate 1b. For 5a with electron-withdraw-
ing p-Cl substituents, the 1H NMR spectrum remained largely
unchanged with a small decrease of the meso5-5a signal as
well as the appearance of iminoboronate 1a from exchange
(Fig. S114). In the 19F spectra, the major signal is the added 1b
iminoboronate, however, there are other minor signals in the
amidoboronate chemical shift range between −128 to
−134 ppm (Fig. S115).

In contrast, more significant NMR spectral changes were
observed as the electron-donating character of the p-aniline
substituent increased. For the reactions of 5c and 5d, there are
new signals in the 1H and 19F NMR spectra that are attributed
to the respective cross-coupled products as well as the homo-
coupled product 5b (Fig. S116–S119). For the reaction mixture
with p-NMe2 substituents (Fig. 4a–b and S120), the rac5-5e
(blue) and rac6-5e (green) signals disappeared, signals for lib-

Fig. 3 Exchange reactions probing the reversibility of C–C bond formation in reaction mixtures containing amidoboronate dimers (orange dimer in
a) and in some cases, the cobaltocene addition product (in b): addition of a second iminoboronate (purple square) could lead to the formation of
cross-coupled dimers (purple and orange dimer) and/or homo-coupled dimers of the added iminoboronate (purple dimer) along with liberation of
an iminoboronate (orange square) in the case of (a). Two possible exchange pathways for the orange homo-coupled dimer via a radical/dimer equili-
brium or oxidative decoupling are depicted in (a) and for simplicity, only radical species are depicted.
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erated iminoboronate 1e (orange) grew in and the appearance
of new signals in the methine region suggested the formation
of cross-coupled dimers due to desymmetrization. This is sup-
ported by new 19F signals between −110 ppm and −135 ppm
that do not correspond to 1b or its homo-coupled products 5b
(Fig. S121).

The exchange reaction of p-F substituted 5b with iminobor-
onate 1e (with an electron-donating p-NMe2 substituent) led to
new minor signals in the 1H (Fig. 4c–d and S124) and 19F
spectra (Fig. S125); the 19F signals were consistent with those
attributed to a cross-coupled dimer formed in the exchange
reaction of 5e with 1b. However, the release of iminoboronate
1b was not observed and instead the cobaltocene addition
product in the original reaction mixture disappeared (Fig. 4c–d
and S124–S125). This suggests that cross-coupled dimer for-
mation does not occur through an exchange reaction of 5b
with 1e, but rather via an alternative pathway where the imino-
boronate reacts with the two-electron-reduced cobaltocene
addition product (Fig. 3b), as observed for Dostál’s related
system.45

Conversely, different spectral changes were observed upon
the addition of 1a (with an electron-withdrawing p-Cl substitu-
ent) to 5b. While all three 5b isomer signals were still present,
a significant reduction of the meso5 signals was accompanied

by the appearance of iminoboronate 1b peaks and new
methine signals (Fig. S122 and S123). The chemical shifts of
these along with the minor changes in the 19F spectrum
suggest the formation of homo-coupled amidoboronate 5a
rather than a cross-coupled product.

A number of trends emerged from comparison of the
exchange reactions of 5a–e to the other amidoboronate series
6a–e (SI section 5.3), 7a–e (SI section 5.4) and 8a–e (SI section
5.5). Firstly, the amount of exchange was typically observed to
correlate with the increase in the electron-donating ability of
the p-aniline substituent (from Cl to NMe2) upon addition of
iminoboronates 1–4b, as exemplified in 19F NMR spectra by
the increased 19F incorporation as exchange reaction products
(e.g. homo- and cross-coupled dimers) relative to the added
iminoboronate (Fig. S126 and S140) or increase in liberated
iminoboronate relative to added iminoboronate for amidobor-
onates with a 19F phenylboronate tag (Fig. S157 and S174). In
the 1H NMR spectra, the increasing amount of liberated imino-
boronate (orange in Fig. 3a) was accompanied by the appear-
ance of new methine signals attributed to cross-coupled/homo-
dimers and/or other exchange reaction products. Additionally,
for pyrocatechol and tetrachlorocatechol amidoboronates
without a 19F phenylboronate tag, the meso5 signals decreased
more than the rac signals, suggesting that the C–C bond for

Fig. 4 NMR spectra (500 MHz, DMSO-d6) of: (a) the reaction mixture 5e showing a 1 : 1 mixture of rac5-5e (blue) and rac6-5e (green); (b) the
exchange reaction of 5e after iminoboronate 1b (purple) addition showing exchange by desymmetrization of the methine region and release of imi-
noboronate 1e (orange); (c) the reaction mixture 5b showing the presence of meso5-5b (red), rac5-5b (blue), rac6-5b (green) and the cobaltocene
addition product; (d) the exchange reaction of 5b after iminoboronate 1e (purple) addition showing the loss of the cobaltocene addition product
and no iminoboronate 1b release.
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the meso5 isomer is the weakest of the three isomers
(Fig. S116, S127 and S136).

However, the choice of iminoboronate added also influ-
ences the amount of exchange as observed for p-F amidoboro-
nates; little to no exchange was observed upon addition of imi-
noboronates with electron-donating p-aniline substituents
(NMe2 or OMe, SI sections 5.2.6, 5.3.6, 5.4.6, 5.4.7, 5.5.6 and
5.5.7), whereas the exchange increased with iminoboronates
containing the more electron-withdrawing p-Cl aniline substi-
tuent as evidenced by the signals corresponding to the
released p-F iminoboronates (1–4b, SI sections 5.2.5, 5.3.5,
5.4.5 and 5.5.5).

The results of the exchange reactions demonstrate that not
only the amidoboronate but also the iminoboronate influences
the outcome of the exchange reaction with the amount of
exchange typically increasing with more electron-rich amido-
boronates and/or more electron-deficient iminoboronates.
Exchange could be the result of several mechanisms such as a
radical/dimer equilibrium from reversible C–C bond formation
or oxidative C–C bond cleavage where any resulting radicals
recombine or a two-electron reduced species reacts with an
iminoboronate to form the cross-coupled dimer or homo-
coupled dimer of the added iminoboronate (Fig. 3a). The
possibility of a pathway to dimers via a two-electron reduced
species is suggested by the loss of the cobaltocene addition
product and corresponding appearance of cross-coupled ami-
doboronate dimers in exchange reactions (Fig. 3b).

We further investigated if the exchange reactions are based
on a radical/dimer equilibrium or rather on redox reactions by
performing control experiments where either equilibrated reac-
tion mixtures or solutions of redissolved crystals were added
together. If a radical/dimer equilibrium were present for the
individual amidoboronate mixtures, the addition of a second
set of amidoboronates should lead to cross-coupled amidobor-
onates species.

Thus, equilibrated mixtures of p-NMe2 amidoboronates 5e
and 6e were added to the corresponding mixtures of p-OMe
amidoboronates 5d and 6d, respectively (Fig. S175 and S176).
The isomeric ratios of the individual species did not change
and there was no evidence of cross-coupled dimers in the 1H
NMR spectra. For the redissolved crystal experiments, amido-
boronates 5c/d were chosen to be added to 5e since they
reliably crystallize as the rac isomers only24,25 and to probe a
potential radical/dimer equilibrium for 5e. Two sets of experi-
ments were run for each amidoboronate pair where solutions
of the redissolved crystals were: (i) immediately mixed; (ii) first
equilibrated separately to allow for any rac5–rac6
interconversion24,25 to occur before combining the solutions.
Again, there was no indication that cross-coupled dimers
formed upon mixing the crystals pre- (Fig. S177 and S179) or
post-equilibration (Fig. S178 and S180). This implies that
either a radical/dimer equilibrium is not present or alterna-
tively, the reactivity and/or concentration of radicals is not
sufficient to form cross-coupled species.

While these control experiments suggest exchange is less
likely to occur via a radical/dimer equilibrium than a redox

pathway, it cannot be completely excluded. Nevertheless, the
observation of exchange demonstrates the dynamic covalent
nature of the C–C bond, as evidenced by the formation of
cross-coupled and new homo-coupled dimers as well as the
disappearance of the cobaltocene addition product upon
addition of a second iminoboronate.

Finally, the dynamic nature of the C–C bond was exploited
in a diastereoselective transformation; we envisaged one dia-
stereomer could be transformed into another using amidobor-
onates that result from a diastereoselective reductive coupling
and undergo exchange readily (Fig. 5a). Thus, amidoboronates
7d and 5e were chosen since the reductive coupling led to
meso and rac products, respectively (Fig. 1a and c). Therefore,
the corresponding iminoboronates 1e or 3d were added to
investigate if the transformation occurs via exchange (SI
section 7).

Addition of two equivalents of 1e (relative to the amidobor-
onate) to meso5-7d led to minor spectral changes (Fig. S200);
the original methine signals remained and there was no evi-
dence of liberation of iminoboronate 3d. However, the appear-
ance of a small signal for rac5-5e was consistent with the dis-
appearance of the cobaltocene addition product of 7d.
Conversely, more significant spectral changes were observed
upon addition of two equivalents of 3d to rac5/6-5e (Fig. S201);
after one day, signals for 1e and meso5-7d appeared and
increased over time, while those for rac5-5e decreased relative
to rac6-5e until they almost completely disappeared after three
days. Based on the integrals of meso5-7d and rac6-5e, a rac to
meso conversion of 75% was estimated.

This experiment reveals the transformation from rac-5e to
meso5-7d is, in principle, possible and we then investigated
whether an excess of 3d could increase conversion to meso5-7d.
Indeed, upon addition of four equivalents of 3d the highly
diastereoselective transformation of rac5/6-5e to meso5-7d was
observed (Fig. 5a and 6a–b); after four days, the mixture con-
tained 92% meso5-7d and 8% rac6-5e along with trace
amounts of other homo- and cross-coupled dimers (Fig. S202).
Accurate quantification of the reaction mixture was not poss-
ible due to signal overlap of some homo- and cross-coupled
dimer signals. Thus, it was possible to transform rac5-5e to
meso5-7d but not vice versa, suggesting that dimer C–C bond
can be broken upon addition of 3d to 5e but not 1e to 7d.

To gain insight into the diastereoselectivity of the trans-
formation, two additional reductive couplings were carried out
where iminoboronates 1e and 3d were present from the begin-
ning in different ratios. For the first reaction, one equivalent
each of the iminoboronates was reacted with two equivalents
of cobaltocene to ensure there was enough reductant to
consume all of the iminoboronate. From the maximum eight
expected products (meso5-7d, rac5-7d, rac6-7d, rac5-5e, rac6-5e
and the respective cross-coupled meso5, rac5 and rac6 dimers),
only six were observed with rac5-7d and rac6-7d likely not
visible due to low signal intensity and/or overlap (Fig. S203).

In contrast, the second reductive coupling with a 4 : 2 : 2 3d/
1e/Cp2Co ratio (mimicking the exchange reaction with excess
iminoboronate) gave meso5-7d as the predominant product
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with trace amounts of homo-coupled and cross-coupled
dimers (Fig. 5b, 6c and S205). Quantification of the product
distribution was difficult due to the signal overlap of some
methine signals for the homo- and cross-coupled dimers.
Nevertheless, the diastereoselectivity of this reductive coupling
as well as the diastereoselective transformation from rac5/6-5e
to meso5-7d suggest that meso5-7d is the thermodynamic
product and the system is under thermodynamic control since
the same outcome is obtained independent of the reaction
pathway. This could clarify why no exchange was observed
upon addition of 1e to meso5-7d. Thus, the diastereoselectivity

for meso5-7d in both the transformation from rac5/6-5e and the
reductive coupling with 2 : 1 3d/1e is remarkable since, in
theory, up to eight products could form.

Conclusion

The reductive coupling of N-aryl iminoboronates 1–4 gave up
to three amidoboronate products (rac5, rac6 and meso5) and in
some reactions, another product proposed to be a cobaltocene
addition product from two-electron reduction by cobaltocene.

Fig. 5 (a) Diastereoselective transformation of a 1 : 1 rac5-5e (blue) and rac6-5e (green) mixture to meso5-7d (red) upon addition of 4 eq. iminoboro-
nate 3d (purple); (b) reductive coupling of 4 eq. 3d (purple) and 2 eq. 1e (orange) resulting in the same products (meso5-7d, 3d, 1e).

Fig. 6 NMR spectra (500 MHz, DMSO-d6) of the diastereoselective transformation from (a) a 1 : 1 mixture of rac5-5e (blue) and rac6-5e (green) to (b)
meso5-7d (red); (c) diastereoselective reductive coupling of 2 eq. 1e and 4 eq. 3d with 2 eq. Cp2Co. The unreacted/released imine signals of 1e
(purple) and 3d (orange) are shown in each transformation.
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However, three reductive couplings were highly diastereo-
selective: 5e for the rac isomer (as a 1 : 1 rac5/rac6 mixture); 7d
and 8d for the meso5 isomer (9 : 1 dr). Given the rarity of meso
diastereoselective reductive couplings,40–42 this importantly
demonstrates that both diastereomers can be readily accessed
through subtle modifications to the iminoboronate; a p-NMe2
substituted aniline is proposed to favor the rac isomers,
whereas a 3-fluoro-substituted phenylboronate typically favors
the meso5 isomer.

Reversible C–C bond formation was probed in exchange
reactions by addition of a second iminoboronate, resulting in
many cases in liberation of the original iminoboronate and
formation of new homo- and/or cross-coupled amidoboro-
nates. The degree of reversibility tended to increase with more
electron-donating p-anilines and also depended on the added
iminoboronate; little to no exchange was observed upon the
addition of p-NMe2 based iminoboronates (e.g. 1–4e), while
addition of 1–4a (with p-Cl aniline) led to significant exchange.

Finally, the reversibility of C–C bond formation was
exploited in the unprecedented diastereoselective transform-
ation of rac5/6-5e into predominantly meso5-7d by addition of
excess of 3d. Conversely, the transformation of meso5-7d into
rac-5e was not observed. This transformation of a rac dimer
into a different meso dimer with high diastereoselectivity is
remarkable given, in principle, six products could be formed
as a mixture of homo- and cross-coupled dimers based on a
control reductive coupling with both iminoboronates present.

Thus, this work demonstrates proof-of-principle for the
application of the reductive coupling in the self-assembly of
amidoboronate-based macrocycles and cages since the
diastereoselectivity and the reversibility of C–C bond formation
can be controlled through the judicious choice of the
p-aniline, catechol and phenylboronate substituents.
Furthermore, it opens up new opportunities for not only con-
trolling diastereoselectivity but also constructing more
complex dynamic covalent systems; taking advantage of the
dynamic covalent B–N,24,25 B–O25 and C–C bonds of amidobor-
onates, future work will investigate the orthogonality of
these three dynamic covalent bonds in stereoselective
transformations.
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