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Amidoboronates were prepared as a mixture of up to three isomers (rac5, meso5 and rac6) from the reductive coupling of N-aryl iminoboronates 

with either cobaltocene or decamethylcobaltocene in acetonitrile. The interconversion of rac5 and rac6 isomers via rearrangement of their dynamic 

covalent B-N bonds was investigated in solution by redissolving isolated crystals. The aniline para substituent and catechol within the 

amidoboronates tuned the distribution between the rac5 and rac6 isomers; the rac6 isomer predominated for amidoboronates based on 

pyrocatechol with electron-withdrawing substituents and no interconversion was observed for the rac5 isomers of amidoboronates based on 

tetrachlorocatechol. Furthermore, the rac5/rac6 distribution was altered by catechol exchange of pyrocatechol for tetrachlorocatechol exploiting 

the dynamic covalent B-O bonds. 

Introduction 

BN-containing compounds and materials such as B-N 

heterocycles,[1] frustrated Lewis pairs (FLPs)[2] and 

polyaminoboranes[3] have gained attention since different reactivity 

and functionality can be accessed compared to their carbon 

analogues through the polarity of the B-N bond as well as the ability 

of boron and nitrogen to form not only covalent but also 

coordinative bonds.[1a, 1b] In materials science this has been 

exploited to tune the optoelectronic[1d, 1f, 1i, 1k, 4] and self-healing[5] 

properties of materials. Furthermore, amidation reactions have 

been catalysed by BN-containing heterocycles,[1e, 6] and FLPs[2, 7] 

enable small molecule activation (e.g. H2, CO2) and catalysis as an 

alternative to transition metal catalysts.    

Dynamic covalent chemistry[8] exploits the reversibility of bond-

breaking and formation for a variety of applications from the self-

assembly of supramolecular architectures[9] to bioconjugation,[10] 

and the development of self-healing polymers,[11] malleable 

thermoset materials[12] and gels.[10a, 13] Dynamic covalent bonds 

include disulfides,[9e, 9f, 14] C-O bonds[8d] (e.g. esters,[15] acetals[16] 

and orthoesters[9a, 9b]), C=N bonds (e.g. hydrazones,[14c, 17] imines[9g, 

9i, 9m, 18]) and B-O bonds (e.g. boronate esters,[9h, 9j, 9k, 10a, 14c, 19] 

boroxines[5b, 9l, 12a, 20]). Combining imine and boronate ester bonds, 

iminoboronates are self-assembled from an amine, 

2-formylphenylboronic acid and a diol using dynamic covalent 

chemistry.[8c, 21] Given the dynamic nature of these two bonds, more 

electron-deficient anilines have been exchanged for more electron-

rich anilines and aliphatic diols exchanged for catechols due to 

greater delocalisation of the partial negative charges on oxygen in 

the aromatic diol.[21c]  

Iminoboronates find application in determining the enantiopurity 

of amines and amino acids,[19a, 21b, 22] self-healing polymers,[20, 23] 

bioconjugation,[24] drug delivery[25] and self-assembly.[21c] We also 

recently exploited their reactivity in a reductive coupling with 

cobaltocene to access up to three amidoboronate products 

following C-C bond formation: the diastereomeric meso5 and rac5 

products and the rac6 product with a fused six-membered 

heterocyclic ring system formed from the rac5 isomer via 

rearrangement of the covalent B-N bonds (Scheme 1).[26]    

We report the expanded scope of the reductive coupling in 

acetonitrile varying both the para substituent of the aniline and 

catechol to obtain single isomers of the rac5 or rac6 isomers via 

crystallisation. The rac5/rac6 interconversion and resulting isomeric 

ratio of the redissolved crystals was tuned by electronic effects via  

 

 

the B-N and B-O dynamic covalent bonds (Scheme 1). The rac6 

isomer predominated for amidoboronates based on pyrocatechol 

with electron-withdrawing aniline substituents but the amount of the 

rac5 isomer increased as the electron donating ability of the aniline 

substituent increases. In contrast, amidoboronates based on 

tetrachlorocatechol crystallised as the rac5 isomer and no 

interconversion to the rac6 isomer was observed. Finally, we 

demonstrate that the B-O bonds of the amidoboronates are 

dynamic and catechol exchange of pyrocatechol for 

tetrachlorocatechol alters the rac5/rac6 ratio with the rac5 isomer 

predominating. 

 

Scheme 1. Interconversion between the rac5 and rac6 amidoboronate isomers 

based on pyrocatechol via dynamic covalent B-N bonds (red) and catechol 

exchange of pyrocatechol for tetrachlorocatechol via dynamic covalent B-O bonds 

(green). 
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Results and Discussion 

To investigate the influence of electronic effects on the 

dynamic covalent chemistry of the amidoboronate products from 

the reductive coupling, the aniline substituents (R) were varied 

from Cl (σp 0.23) to NMe2 (σp -0.83) to cover a range of Hammett 

parameters[27] and the catechol was varied from pyrocatechol 

(R’ = H) to tetrachlorocatechol (R’ = Cl). Of particular interest were 

the rac5/rac6 isomeric distribution following interconversion via 

the dynamic covalent B-N bonds and the dynamic nature of the 

B-O bonds since this could enable tuning of the rac5/rac6 ratio via 

catechol exchange. 

The iminoboronate substrates 1a-e and 2a-e for the reductive 

coupling were prepared by mixing 2-formylphenylboronic acid, the 

appropriate 4-substituted aniline and catechol (pyrocatechol or 

tetrachlorocatechol) in a 1:1:1 ratio in acetonitrile (Schemes S1 

and S2). Iminoboronates 1a-e and 2c have been reported 

previously.[21c, 26] X-ray crystal structures of 1a (Figure S3), 1d 

(Figure S4), 1e (Figure S7) and 2d (Figure S15) showed the 

iminoboronate structure with a dative bond between the imine 

nitrogen and tetrahedral boron centre.[28] The B-N dative bond 

lengths (1.662-1.684 Å) were similar to those in related 

iminoboronates[22a] and aminomethylboronate esters.[19c] 

The reductive couplings of 1a-1e and 2a-2e were carried out 

with cobaltocene or decamethylcobaltocene as the reductant in 

acetonitrile to obtain crystals of single isomers for studies on the 

dynamic covalent chemistry of the amidoboronate products 

(Scheme 2). We have previously reported the solid-state and 

solution structures of [meso5-3b](Cp2Co)2, [rac6-3b-d](Cp2Co)2 

and [rac5-4c](Cp2Co)2 as well as the solid-state structure of 

[rac5-4c](Cp*2Co)2.[26] Decamethylcobaltocene was chosen as an 

alternative reductant in these studies to investigate: i) whether 

different amidoboronate isomers could be crystallised with 

decamethylcobaltocenium rather than cobaltocenium 

countercations; ii) the influence of the countercation on the 

rac5/rac6 rearrangement.  

While the reductive couplings were monitored by NMR 

spectroscopy, conclusions about the meso5/rac5/rac6 product 

distribution could not be made in many cases due to competing 

crystallisation from the reaction mixture. For example, the 

reductive coupling of iminoboronate 1e with cobaltocene could 

not be monitored by NMR spectroscopy due to the speed of 

crystallisation and as a result of the low concentration left in 

solution (although there was no evidence of the meso5 isomer). 

Despite numerous attempts, suitable crystals for X-ray analysis 

could not be obtained from this reductive coupling. Furthermore, 

crystallisation did not take place in the, analogous reductive 

coupling with decamethylcobaltocene although rac5-3e was the 

predominant isomer in the reaction mixture (Figure S52). Crystals 

were also not obtained from the reductive couplings of 3a-3d with 

decamethylcobaltocene. 

Solid-state structures were obtained from crystals of 

[meso5-3a](Cp2Co)2 (Figure 1a), [rac6-3a](Cp2Co)2 (Figure 1b), 

[rac5-4a](Cp*2Co)2 (Figure S69), [rac5-4d](Cp2Co)2 (Figure 1c), 

[rac5-4e](Cp2Co)2 (Figure S124) and [rac5-4e](Cp*2Co)2 (Figure 

S130)[28] and the corresponding solution structures were obtained 

by redissolving the crystals in DMSO-d6 (SI, Sections3.2.2, 3.3.2, 

8.2.2, 11.2.2, 12.2.2, 12.3.2). While solid-state structures were 

not obtained of crystals from several reductive couplings, their 

solution structures were revealed to be [rac5-3e](Cp2Co)2 

and[rac5-4d](Cp*2Co)2 upon redissolving the crystals in DMSO-d6 

(SI, Sections 7.2.1, 11.3.1). 

 
Scheme 2. Reductive coupling of N-aryl iminoboronates 1a-1e and 2a-2e with 

cobaltocene or decamethylcobaltocene giving up to three amidoboronate 

products (meso5, rac5 and rac6). 

Carbon-centred radicals are known to dimerise to form 

thermodynamically stable anti and gauche conformations.[29] All 

of the crystal structures show the gauche conformer with the 

exception of [meso5-3a](Cp2Co)2 as the anti conformer (Figure 

1a). Since [meso5-3a](Cp2Co)2 was grown from a vapour diffusion 

crystallisation with toluene rather than directly from the 

acetonitrile reaction mixture like the other crystals, these 

crystallisation conditions could account for the difference in 

conformation.  

Comparisons can be made on the amidoboronate products 

obtained by crystallisation from the series of reductive couplings 

varying the aniline para substituent, catechol and countercation in 

this and the previous study.[26] Within the pyrocatechol series (3a-

3e), the rac6 isomer crystallised from the reaction mixtures as the 

cobaltocenium salt with the exception of [rac5-3e](Cp2Co)2 with 

NMe2 substituents (Figures S57-S62). Furthermore, crystals of 

[meso5-3a](Cp2Co)2 (Figure 1a, S27-S31) and 

[meso5-3b](Cp2Co)2
[26]

 with the electron-withdrawing Cl and F 
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Figure 1. X-ray crystal structures of: a) [meso5-3a](Cp2Co)2; b) [rac6-3a](Cp2Co)2; c) [rac5-4d](Cp2Co)2. For clarity, the Cp2Co+ countercations and solvent molecules 

have not been depicted. 

substituents, respectively, were obtained on separate occasions 

to the rac6 isomer. In contrast, the rac5 isomer crystallised for the 

tetrachlorocatechol series with cobaltocenium (4c-4e) and 

decamethylcobaltocenium counterions (4a, 4c-4e).  

Crystals of the rac5 and rac6 isomers were redissolved in 

DMSO-d6 to not only characterise the single isomers in solution 

by NMR spectroscopy but also investigate the influence of the 

aniline para substituent, catechol and countercation on the 

rac5/rac6 interconversion with a range of amidoboronates. Within 

the pyrocatechol series (Scheme 3a), rac6-3a[30] was not 

observed to interconvert to the rac5 isomer even after 5 days and 

the rac6 isomer remained the predominant isomer at equilibrium 

for 3c-d[31] (Figures 2a and S136). While 3e with the most 

electron-rich NMe2 substituent crystallised as the rac5 isomer, a 

1:1 mixture of the rac5/rac6 isomers was obtained at equilibrium. 

Comparing the series of interconversions, the fraction of the 

two isomers at equilibrium appears to correlate with the Hammett 

parameter of the aniline para substituent (Figure 2a); there is a 

greater proportion of the rac6 isomer at equilibrium with the most 

electron-withdrawing Cl-substituted amidoboronate and least with 

the most electron-donating NMe2-substituted amidoboronate. The 

increased interconversion is attributed to the greater electron 

density on the nitrogen and boron centres, facilitating B-N bond 

cleavage.[26] It was not possible to investigate the influence of the 

countercation on the interconversion as crystals were not 

obtained from the reductive couplings with 

decamethylcobaltocene. 

For the tetrachlorocatechol series (Scheme 3b), the 

redissolved rac5-4a, rac5-4c, rac5-4d and rac5-4e isomers were 

not observed to interconvert to the rac6 isomer regardless of the 

countercation (Cp2Co+ or Cp*2Co+) before decomposition of the 

amidoboronates was observed over time (Figures 2b and S137-

138). This lack of interconversion is attributed to strengthening of 

the B-N bond by reduction of the electron density around the 

boron and nitrogen centres due to the electron-withdrawing 

tetrachlorocatechol even in the presence of electron-donating 

aniline substituents such as OMe and NMe2. The energetic cost 

of the rearrangement from the five- to six-membered rings could 

also account for the lack of interconversion.  

 

  

 

Scheme 3. Interconversion between the rac5 and rac6 isomers upon redissolving crystals of single isomers in DMSO-d6: a) pyrocatechol series; 

b) tetrachlorocatechol series. 
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Figure 2. Ratio of rac5/rac6 isomers of: a) redissolved rac-3a,c-e crystals; b) redissolved rac-4a,c-e crystals; c) rac-4a,c-e formed from redissolved rac-3a,c-e 

crystals following catechol exchange of pyrocatechol for tetrachlorocatechol.

Having observed that the catechol component alters the 

preference for the rac5 or rac6 isomer, the dynamic nature of the 

amidoboronates’ B-O bonds was investigated via catechol 

exchange. While catechol exchange has been demonstrated for 

iminoboronates,[21c] amidoboronates contain anionic tetrahedral  

boron centres with filled p-orbitals and this could lower the 

reactivity towards catechol exchange.[19d] Nevertheless, Matile 

and co-workers have reported partial catechol exchange at a 

tetrahedral boron in boronate esters of benzoboroxoles with water 

and base.[14c]  

Crystals of individual rac5 or rac6 isomers were redissolved in 

DMSO-d6 and equilibrated at room temperature before adding a 

competing catechol (pyrocatechol or tetrachlorocatechol) in 

portions (Scheme 4 and SI, Section 14). In the case of the 

pyrocatechol series, the first addition of tetrachlorocatechol led to 

release of pyrocatechol and the complexity of the NMR spectrum 

increased in many cases with signals corresponding to the 

pyrocatechol derivatives decreasing in intensity, while those for 

the corresponding tetrachlorocatechol derivatives appeared 

(Figures S139-S142). The presence of additional methine signals 

suggested the formation of mixed catechol species due to 

incomplete catechol exchange and therefore, additional portions 

 

of tetrachlorocatechol were added where necessary. The signals 

for the pyrocatechol derivatives disappeared and those belonging 

to the tetrachlorocatechol derivatives remained, confirming 

catechol exchange was complete.  

In contrast, a control experiment with rac5-4d showed no 

evidence of catechol exchange upon addition of excess 

pyrocatechol (Figure S143). This suggests that the 

tetrachlorocatechol derivative is thermodynamically more stable 

than the pyrocatechol derivative, attributed to the greater 

delocalisation of the negative charge with the more electron-

withdrawing tetrachlorocatechol.    

Comparison of the catechol exchanges within the 

pyrocatechol series revealed that following catechol exchange 

with tetrachlorocatechol, both the rac5-4 and rac6-4 isomers are 

present (Figure 2c). In contrast, the redissolved rac5-4 crystals of 

the tetrachlorocatechol derivatives did not interconvert into the 

rac6 isomer upon equilibration (Figure 2b). We attribute this 

difference to the existence of an alternative pathway to the rac6 

isomer by catechol exchange rather than via rac5/rac6 

interconversion alone; the rac6-3 isomer present in the initial 

mixture can be directly converted to rac6-4, the corresponding 

tetrachlorocatechol derivative. 

 

 

 

 
Scheme 4. Catechol exchange of equilibrated mixtures of rac5-3 and rac6-3 isomers where tetrachlorocatechol exchanges for pyrocatechol forming a mixture of 

rac5-4 and rac6-4. An analogous exchange experiment with rac5-4d showed no catechol exchange of tetrachlorocatechol for pyrocatechol.  
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Conclusion 

The scope of the reductive coupling of iminoboronates was 

expanded to investigate the role of the aniline para substituent and 

catechol on the rac5/rac6 interconversion via dynamic covalent B-N 

bonds. Amidoboronates based on pyrocatechol crystallised as the 

rac6 isomer with the exception of rac5-3e. While redissolved 

crystals of rac6-3a did not interconvert to the rac5 isomer, the other 

redissolved crystals in the series were observed to interconvert to 

a rac5-3/rac6-3 mixture where the proportion of rac5-3 increased 

with more electron-donating aniline substituents. In contrast, 

amidoboronates based on tetrachlorocatechol crystallised as the 

rac5 isomer regardless of the countercation (Cp2Co+ or Cp*2Co+) 

and no interconversion to the rac6 isomer was observed, attributed 

to the strength of the B-N covalent bond and energetic cost for the 

rearrangement between five- and six-membered rings. Thus, the 

catechol coarsely tunes the preference for the rac5 isomer in the 

tetrachlorocatechol-based amidoboronates while the aniline para 

substituent finely tunes the proportion of the rac5/rac6 isomers in 

the pyrocatechol-based amidoboronates. 

The dynamic covalent nature of the B-O bonds in the 

amidoboronates was also demonstrated in catechol exchange 

experiments; addition of tetrachlorocatechol to equilibrated 

mixtures of rac5-3 and rac6-3 (where the rac6 isomer typically was 

the major species) resulted in the formation of rac5-4/rac6-4 

mixtures with the rac5-4 predominating. Since the rac6-4 isomer 

was not observed following equilibration of redissolved rac5-4 

crystals, it is proposed to predominantly form via direct conversion 

of rac6-3 to rac6-4 by catechol exchange rather than 

interconversion of rac5-4 to rac6-4 through the B-N dynamic 

covalent bonds. An analogous experiment adding pyrocatechol to 

rac5-4d resulted in no evidence of catechol exchange of 

tetrachlorocatechol for pyrocatechol, attributed to the stronger B-O 

bonds and greater stability of the tetrachlorocatechol derivative. 

Thus, amidoboronates have two types of dynamic covalent 

bonds, the B-N and B-O bonds, that can be exploited to tune the 

interconversion and resulting distribution between the rac5 and rac6 

isomers. There is, however, the ability to control the rac5/rac6 

interconversion through electronic tuning of the B-N bonds via the 

aniline para substituent and catechol, since single isomers of 

rac6-3a, rac5-4a and rac5-4c-e were obtained in solution rather 

than a rac5/rac6 mixture. Furthermore, catechol exchange of 

pyrocatechol for tetrachlorocatechol gave access to the rac6-4 

isomers when interconversion from rac5-4 via the B-N bond 

rearrangement was not observed. Exploitation of the B-N and B-O 

bonds of amidoboronates for more complex dynamic covalent 

chemistry will be the subject of future investigations. 
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