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Abstract 

 

This thesis focuses on the development and characterisation of novel 1,3,4,2-

dioxazaborole heterocycles that are formed from the reversible condensation of 

hydroxamic acids and boronic acids.  Chapter 1 comprises of a brief literature review on 

dynamic covalent chemistry and includes some of the chemistries surrounding both 

heterocycle’s starting materials – hydroxamic acids and boronic acid.  Also covered are 

previously studied dynamic reactions between salicylhydroxamic acid and benzoboronic 

acid, which suggest the dynamic formation of both a 5-membered 1,3,4,2-dioxazaborole 

and a 6-membered heterocycle.  Chapter 2 begins the exploration into the chemistry of 

1,3,4,2-dioxazaboroles, including both their formation and hydrolysis into starting 

materials.  In addition, the 1,3,4,2-dioxazaborole was fully characterised using various 

analytical techniques, such as NMR spectroscopy, single-crystal X-ray diffraction and 

mass spectrometry, and calculated to contain aromatic character. Through a range of 

studies, discussed in Chapter 3, the Lewis acidity of the 3-coordinate boron atom in these 

species was determined, with a relatively low Acceptor Number, when compared to 

similar boronic acid esters, therefore, demonstrating potential applications in roles such 

as sensing due to the reversibility of certain Lewis bases binding to the Lewis acidic boron 

centre.  These findings were corroborated by computational calculations.  In Chapter 4, 

the dynamic character of these compounds was determined including observations of 

exchange occurring between both the hydroxamic acid and boronic acid sides of the 

heterocycle, in addition to its Lewis acidic dynamic character.  The mechanisms of 

exchange for both the hydroxamic acid and boronic acid switches, including associative 

mechanisms in both acidic and basic conditions, as well as the fully dissociative 

mechanism were examined.   

 The possibility of utilising 1,3,4,2-dioxazaboroles in applications such as dynamic 

covalent chemistry (formation of COFs, polymers and discrete molecular cages) was 

explored in Chapter 5.  This chapter discusses the project undertaken during a 6-week 

academic placement at Heidelberg University in Germany, wherein synthetic work 

towards molecular cages was undertaken.  From this project, it was determined that the 

dynamic nature of 1,3,4,2-dioxazaboroles would allow for the production of discrete 

molecular cages, however, the correct conditions to allow for the required self-correction 

process still need to be determined.  Additional supramolecular potential was also 

recognised through preliminary results from the coordination of transition metals to 
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pyridine-functionalised 1,3,4,2-dioxazaboroles, through the characterisation by mass 

spectrometry of a 2:1 ditopic ligand containing two 1,3,4,2-dioxazaboroles bound to a 

Cu(II) metal centre.  These findings suggest future possibilities for 1,3,4,2-dioxazaboroles 

in the synthesis of coordination cages, for potential applications in catalysis, and gas 

separation and storage.  
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hydroxamate complex of A1. (c) 4-chlorophenyl hydroxamate complex of A7. 

Figure 3.30: (a) Crystallographic representation of the packing of [DMAPH]+[6¯A1]¯, 

formed from the slow evaporation of a saturated chloroform solution. The CHCl3 

molecules sit between the 1,3,4,2-dioxazaborole units and exhibit not interaction forces. 

(b) Crystallographic representation of the packing of [DMAPH]+[6¯A1]¯, formed from 
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the slow evaporation of a saturated acetonitrile solution. Similarly, the CH3CN sits 

between the 1,3,4,2-dioxazaborole units and exhibit no interaction forces. 

Figure 4.1: Stacked 1H NMR spectra of the dynamic products of the exchange reaction 

between A1 (blue) and 11 (red), with ChemDraw representations given in the same colour 

as its corresponding spectra. Ratio between A1:A11 (purple) is 1:0.56. 

Figure 4.2: Stacked 1H NMR spectra of the dynamic products of the exchange reaction 

between A11 (blue) and 1 (red), with ChemDraw representations given in the same colour 

to its corresponding spectra. Ratio between A1:A11 is 1 : 0.56. 

Figure 4.3: 13B{1H} NMR from the exchange reaction between A1 and 6. The coloured 

highlights represent the species of the same coloured boxes.  

Figure 4.4: Stacked 1H NMR spectra of the starting materials and potential products from 

the exchange reaction between A6 and 11.  

Figure 4.5: Stacked 1H NMR spectra, exhibiting no change over time after the addition 

of 11 to ONMe.G1. The methyl peak if the nitrone is represented by the green circle, and 

the water and CH3CN peaks are highlighted in blue and orange, respectively.  

Figure 4.6: ChemDraw summary of the hydroxamic acid salts tested, along with a 

description of the possible DCL formed from such a reaction.  It is also worth noting that 

the experiment carried out with terephthaloyl hydroxamic acid included two equivalents 

of DMAP.  

Figure 4.7: 1H NMR spectra representing the dynamic solution of A1, 5 and DMAP as 

time (t) progresses.  

Figure 4.8: ChemDraw representation of the reaction between A1, 5 and DMAP, with 

the possible products from the exchange reactions.  The boxed structures were observed 

in the MS analysis. 

Figure 4.9: Crystallographic representation of the DMAP salts of the 4-

(dimethylamino)phenyl hydroxamate complex of A1 from a mixture of A1, 6 and DMAP, 

exhibiting the Lewis Base-like character of the hydroxamate species and alluding to the 

mechanism of exchange. a) CHCl3 solvate. b) CH3CN solvate. 

Figure 4.10: Non-protonated mechanism showing the exchange of hydroxamic acid R” 

with the original R’ hydroxamic acid already part of the ring. 
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Figure 4.11: Protonated mechanism showing the exchange of hydroxamic acid R” with 

the original R’ hydroxamic acid already part of the ring 

Figure 4.12: Overlaid 1H NMR spectra of the reactants and expected products for the 

reversible reactions between A1, 5 and 11 carried out in ‘non-acidic’ conditions. 

Figure 4.13: Overlaid 1H NMR spectra of the reactants and expected products for the 

reversible reactions between A1, 5 and 11 with the addition of five equivalents of TFA.  

Figure 4.14: Computationally calculated mechanistic pathway for the hydroxyl 

mechanism for the exchange of hydroxamic acids in 1,3,4,2-dioxazaboroles. 

Figure 4.15: Computationally calculated mechanistic pathway, showing the dissociation 

(hydrolysis) of a 1,3,4,2-dioxazaborole, followed by the condensation with another 

hydroxamic acid to form a new 1,3,4,2-dioxazaborole. 

Figure 4.16: Overlaid 1H NMR spectra for the VT study between A1 and 5, as 

represented by the ChemDraw schematic. The compounds within the highlighted boxes 

represent their correspondingly coloured boronic acid methyl peak resonance.  

Figure 4.17: Overlaid 1H NMR spectra of the exchange reaction between A11 and B, 

along with the expected products of exchange.  The top spectrum represents the final 

equilibrium solution of the exchange reaction.  

Figure 4.18: Overlaid 1H NMR spectra of the exchange reaction between A5 and B, along 

with the expected products of exchange.  The top spectrum represents the final 

equilibrium solution of the exchange reaction.  

Figure 4.19: Overlaid 1H NMR spectra of the exchange reaction between A5 and C, 

along with the expected products of exchange.  The top spectrum represents the final 

equilibrium solution of the exchange reaction.  

Figure 4.20: Overlaid 1H NMR spectra of the exchange reaction between A11 and C, 

along with the expected products of exchange.  The top spectra represents the final 

equilibrium solution of the exchange reaction.  

Figure 4.21: Computationally calculated concerted mechanistic pathway for the 

exchange of boronic acid in 1,3,4,2-dioxazaboroles.  

Figure 5.1: a) Simplistic stick representation of a cage, wherein the cavity exhibits no 

selectivity in guest encapsulation.  b) Simplistic stick representation of a cage in which 
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the entry of large, bulky molecules into the cavity is blocked by bulky substituents on the 

cage.  

Figure 5.2: ChemDraw representations of the target materials. a) 2,7,14-tris(boronic 

acid)tryptycene (J). b) 2,3,6,7-tetra(hydroxamic acid)tryptycene (17). 

Figure 5.3: ChemDraw representations of the a) terephthaloylhydroxamic acid, 16, and 

b) 1,3,5-benzene triboronic acid, I.  

Figure 5.4: a) Previously synthesised [6+4] cage, from the condensation reaction of 9,10-

dihydro-9,10-[1,2]benzenoanthracene-2,3,6,7,14,15-hexaol and 1,4-benzene diboronic 

acid. b) Expected [6+4] cage from the condensation reaction between J and 16. [Structure 

of (a) was taken from the published crystallographic data, and (b) was built using 

ChemDraw 3D 16.0, and optimised using Spartan 14, V 1.1.8].  

Figure 5.5: Scanned copy of MS results from the attempted synthesis, 2b, after 3 days of 

reaction. The highlighted peaks represent the fragments of cage formation. 

Figure 5.6: a) Chemdraw schematic representation of the coordination of 4 to a M2+ metal 

centre, after the hydrolysis of A4. b) Crystallographic representation of two 4 molecules 

bound to a Co2+ centre, where X = Br. c) Crystallographic representation of two 4 

molecules bound to a Cu2+ centre, where X = Cl. 

Figure 5.7: ChemDraw representations of a) 2,6-bis(oxazoline)pyridine (‘PyBOX’) and 

b) 2,6-bis(3-methyl-spiro[benzo[1,2,6]oxazaborinine-1,2'-[1,3,4,2]dioxazaborol]-5'-

yl)pyridine (ONMe.G15). 

Figure 5.8: a) ChemDraw representation of the desired ligand coordinated to a Cu(II) 

metal centre. b) ChemDraw representation of the ligand coordinated to a Cu(II) metal 

centre, wherein one of one the intramolecular nitrone Lewis base has hydrolysed, causing 

the binding of the methoxy group to the Lewis acidic boron centre. 

Figure 5.9: Stacked 1H NMR spectra of the ligand (red) and the Cu(II) metal complex 

(blue). Note, the 1H NMR spectra offers no information on the binding mode of the ligand 

to the metal centres, therefore the structure drawn was that of the fragment determined by 

MS.  

Figure 6.1: Hierarchal diagram indicating the relationship between the types of self-

assembly chemistry. 
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Figure 6.2: Overlaid 1H NMR spectra, showing the starting materials A13 (blue) and 

DMpillar[5]arene (green), and the resulting mixture is shown in purple.  The free boronic 

acid (A) was also included, as hydrolysis of A13 was observed in the final spectra.  

Figure 6.3: Overlaid 1H NMR spectra, showing the starting materials A13 (blue) and 

1,4,-dimethoxypillar[5]arene (green), and the resulting mixture shown in purple.  The free 

boronic acid (A) was also included, as hydrolysis of A13 was observed in the final spectra.  

Scheme 1.1: ChemDraw representation of the formation of a [6+4] cage, from the 

condensation reaction between 1,2-diaminopropane and 1,3,5-triformylbenzene. 

Structure was taken from CSD (refcode = FOXLAG). 

Scheme 1.2: ChemDraw representation of the formation of COF-320, from the 

condensation of tetra-(4-anilyl)methane and 4,4´-biphenyldialdehyde.  

Scheme 1.3: ChemDraw representation of the self-condensation of 1,4-phenyldiboronic 

acid, with the expulsion of 3 equivalents of water for every boroxine molecule formed, to 

synthesise COF-1. 

Scheme 1.4: ChemDraw representation of the dynamic covalent chemistry exhibited by 

BDB: a) formation of a 2-dimensional polymer by reacting with a linear bipyridly ligand. 

b) formation of a 4-membered macrocycle from the multicomponent assembly of DBU, 

pyridin-4-ylmethanamine and isonicotinaldehyde. 

Scheme 1.5: ChemDraw representation of the formation of a [12+8] mesoporous cage, 

formed from the condensation reaction between 14,15-diethyl-7-methyl-9,10-dihydro-

9,10-[1,2]benzenoanthracene-2,3,6-triol and benzene-1,3,5-triyltriboronic acid. (Image 

adapted from published paper with permissions).  

Scheme 1.6: ChemDraw representation of the condensation reaction between cyclo-

tricatechylene and 15,55,95-triboronic acid hexahomotrioxacalix[3]arene, facilitated by 

the presence of triethylamine. 

Scheme 1.7: ChemDraw representation of the formation of a helical cage, formed from 

the multicomponent assembly of m-xylylenediamine, 2-formylphenylboronic acid and 

cyclotricatechylene.  

Scheme 1.8: ChemDraw representation of the PET fluorescence, indicating the 

conditions in which the fluorescence is active.  
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Scheme 1.9: Deprotonation of a hydroxamic acid to give the corresponding hydroxamate, 

which will readily coordinate to a hard metal centre. Hydroxamic acids have a strong 

affinity to bind to iron metal centres, making them an important compound type of the 

general family of siderophores. 

Scheme 1.10: Tautomeric forms of hydroxamic acids, where R = H, CH3, CH2CH3, and 

their transition states. 2E and 2Z are known as hydroximic acids.  

Scheme 1.11: ChemDraw representation of the two acylation products, formed from the 

reaction of hydroxylamine and an acid chloride.  

Scheme 1.12: ChemDraw representation of the formation of a hydroxamic acid, from the 

sequential activation of the carboxylic acid to the ester, followed by the addition of a 

hydroxylamine salt.  

Scheme 1.13: Synthesis of Fmoc protected amino acid hydroxamic acids, wherein 

magnesium oxide is used to catalyse the deprotonation of the hydroxylamine, with 

retention of stereochemistry. 

Scheme 1.14: Ester method of hydroxamic acid synthesis, under basic conditions. 

Scheme 1.15: Ball-mill synthesis of hydroxamic acids, starting from the carboxylic acid.  

Scheme 1.16: ChemDraw representation of a generic hydroxamic acid being protected 

by the condensation reaction with 2,2-diethooxypropane to form 5,5-dimethyl-1,4,2-

dioxazaoles. The hydroxamic acid can be released by stirring in the presence of the 

ionomer, Nafion-H.  

Scheme 1.17: The use of phenylboronic acid as a protecting group for 1-(1,4-

methoxyphenyl)-2-methylpropane-1,2-diol, as demonstrated by Wang and co-workers.  

Scheme 1.18: ChemDraw representation of the dynamic equilibrium between a generic 

3-coordinate boronic acid and the Lewis-base complexed, 4-coordinate boronic acid.  As 

the 3-coordinate species, the boronic acid exhibits trigonal planar geometry, owing to the 

vacant p-orbital lying along the z-axis of the molecule. Upon complexation, the octet rule 

is fulfilled, and the molecule converts to tetrahedral geometry. 

Scheme 1.19: ChemDraw representation of the trimerisation of a boronic acid to form a 

boroxine ring, followed by the reversible complexation of a Lewis base to one of the 

boron centres, resulting in the planarity distortion.  
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Scheme 1.20: ChemDraw representation of the dynamic equilibrium that exists between 

a boronic acid and its boronate ester derivative, and its corresponding anions. (Figure 

adapted from Jiang and co-workers) 

Scheme 1.21: Possible products from the condensation reaction between phenylboronic 

acid and SAHA. (Upper = 1,3,4,2-dioxazaborole, heterocyclic 5-membered ring; lower = 

heterocyclic 6-membered ring)  

Scheme 1.22: ChemDraw representation of the condensation reaction between 

benzohydroxamic acid and boric acid to form bis(benzohydroximato)borate, releasing 3 

equivalents of water. 

Scheme 1.23: ChemDraw representation of the formation of substituted 2,2-diphenyl-

1,3,4,2-dioxazaborol-4-ium compounds, from the condensation of glycolohydroxamic 

acids and oxybis(diphenylborane (left) and boron trifluoride (right).  

Scheme 2.1: A ChemDraw representation of the dynamic formation of a 1,3,4,2-

dioxazaborole, from the condensation of a boronic acid (blue) and a hydroxamic acid 

(red).   

Scheme 2.2: A ChemDraw representation of the dynamic equilibria involved in the 

formation of 1,3,4,2-dioxazaboroles.   

Scheme 2.3: ChemDraw representation of the resonance structures of 1,3,4,2-

dioxazaboroles. 

Scheme 3.1: ChemDraw representation of the formation of an ammonia adduct of a 

boronic acid, wherein the lone pair electrons on the ammonia donate into the vacant p-

orbital of the boron centre.  

Scheme 3.2: Simplistic representation of an analyte binding to an optical chemical sensor 

and emitting a signal that indicates to the analyst that a binding event has occurred.  

Scheme 3.3: ChemDraw representation of the formation of the fluoride sensor, followed 

by aggregation that causes excimer emission. 

Scheme 3.4: ChemDraw schematic representation of the resonance structure of 1,3,4,2-

dioxazaborole wherein the NME2 functionality is compared across the hydroxamic acid 

and boronic acid.  
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Scheme 3.5: Schematic representation, using crystallographic representations of 

molecules A1 (left) and DMAP.A1 (right), to demonstrate the change in geometry upon 

binding DMAP to the 3-coordinate boron 1,3,4,2-dioxazaborole.  

Scheme 3.6: Crystallographic representations of the 1,3,4,2-dioxazaborole unit, 

exhibiting a 3-coordinate boron centre (left), and a DMAP complexed 4-coordinate boron 

centre (right). 

Scheme 3.7: ChemDraw representation of the relationship between the geometry of the 

boron centre and its tetrahedral character.   

Scheme 4.1: a) ChemDraw representation of DMSO binding to the boron of the 1,3,4,2-

dioxazaborole, preventing the coordination of the hydroxamate anion. b) ChemDraw 

representation of the dynamic equilibrium that exists between the hydrolysis of the 

1,3,4,2-dioxazaborole, followed by the binding of the hydroxamate anion or DMSO 

molecule. 

Scheme 4.2: (a) Simplified ChemDraw representative schematic of the dynamic 

swapping of hydroxamic acids with 1,3,4,2-dioxazaboroles, via an associative 

mechanism, implementing the Lewis basic properties of the hydroxamate anion. (b) 

Reduced ChemDraw representative schematic of the dynamic swapping of hydroxamic 

acids with 1,3,4,2-dioxazaboroles, via a hydrolysis reaction back to its starting boronic 

acid and hydroxamic acid, followed by condensation of the boronic acid with the new 

hydroxamic acid.  

Scheme 4.3: Simplistic ChemDraw represenations of the hydroxamic acid exchange 

mechanistic pathways that were calculated computationally.  

Scheme 4.4: ChemDraw representation of the possible products expected from the 

combination of A1, 5 and 11. The expected products are A5, A11 and 1. 

Scheme 4.5: ChemDraw representation of the dynamic equilibria exhibited from the 

exchange reaction between a 1,3,4,2-dioxazaborole and a different boronic acid.   

Scheme 4.6: ChemDraw representation of the mechanistic pathways by which the 

exchange of the boronic acid functionality of 1,3,4,2-dioxazaboroles can occur, by a) 

concerted mechanism, or, b) a hydrolysis/dissociative mechanism.  

Scheme 4.7: Simplified schematic diagram, representing the diversity of the dynamic 

covalent library formed from the reaction of a complexed 1,3,4,2-dioxazaborole and 

hydroxamic acid, as indicated in the blue box. The triangles represent hydroxamic acids, 
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the green squares represent boronic acids and the pink circles represent a Lewis basic 

ligand, for example, DMAP. 

Scheme 5.1: Chemdraw representation of the synthetic pathway to synthesise target 

material J.  

Scheme 5.2: Chemdraw representation of the synthetic pathway to synthesise target 

material 17. 

Scheme 5.3: ChemDraw representation of the proposed binding modes of A4 with 

TM(II) salts. 

Scheme 5.4: ChemDraw representation of the proposed binding modes of ONMe.G15 

with TM(II) salts. Each of the boron chiral centres has been highlighted with a purple 

asterisk.  

Scheme 6.1: ChemDraw representations of the synthesis of two 1,3,4,2-dioxazaboroles 

for application within sensing. a) Synthesis of 5-((9H-carbazol-9-yl)methyl)-2-

(naphthalen-2-yl)-1,3,4,2-dioxazaborole. b) Synthesis of 1-‘R’-3-((2-(naphthalen-2-yl)-

1,3,4,2-dioxazaborol-5-yl)(phenyl)methyl)urea. 

Scheme 6.2: ChemDraw representation of the formation of a polymer, built from 

terephthaloyl hydroxamic acid (16) and benzo[c][1,2,5]thiadiazole-4,7-diyldiboronic 

acid. 

Scheme 6.3: ChemDraw representation of the condensation reaction between benzene-

1,3,5-triyltriboronic acid (I) and terephthaloyl hydroxamic acid (16), to form COF-I.16. 

Scheme 6.4: ChemDraw representation of the formation of a discrete organic cage, from 

the condensation reaction between 4-formylhydroxamic acid (17), 4-formylboronic acid 

(K) and 1,3,5-triamino-2,3,6-treithylbenzene.  

Scheme 6.5: ChemDraw representation of the formation of a discrete organic cage, from 

the condensation reaction between benzene-1,3,5-triyltriboronic acid (I) and trans-1,2-

cyclohexanedihydroxamic acid (18). 

Scheme 6.6: ChemDraw representation of the two predicted supramolecular cage 

structures possible from the complexation of a ditopic 1,3,4,2-dioxazaborole with 

metal(II) salts.  

Scheme 6.7: ChemDraw representation of the formation of a pseudo-rotaxane, by 

threading A13 through 1,4-dimethoxypillar[5]arene (DMpillar[5]arene).  
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Scheme 6.8: ChemDraw representation of the formation of a rotaxane, by the multi-

component assembly of suberoyldihydroxamic acid (13), 2-formylphenylboronic acid 

(G), DMpillar[5]arene and N-methylhydroxylamine hydrochloride.  

Table 1.1: Summary of known dynamic covalent chemistries present in literature. 

Table 1.2: Summary of boron interaction types, of which all systems are dynamic. 

Table 2.1: A summary of yields taken for the synthesis of 2-(2,6-dimethylphenyl)-5-

phenyl-1,3,4,2-dioxazaborole (A1) in various solvents 

Table 2.2: A summary of the yields taken for the synthesis of 2-(2,6-dimethylphenyl)-5-

phenyl-1,3,4,2-dioxazaborole (A1) at various reaction times, using toluene as the solvent.  

Table 2.3: Summary of 1,3,4,2-dioxazaboroles synthesised, along with their respective 

crude and isolated yields, along with indications of which ScXRD structures have been 

solved. All compounds were synthesised using the above-mentioned conditions.  

Table 2.4: Summary of key IR data for a family of 1,3,4,2-dioxazaboroles, corresponding 

to the B-O stretch.  The full IR spectroscopic data can be found in the experimental section 

at the end of the chapter.    

Table 2.5: Summary of results, taken from the hydrolysis studies carried out on 1,3,4,2-

dioxazaboroles in various solvents.  Percentages were calculated by comparing the 

integrations of hydrolysed products to the resonances of the starting 1,3,4,2-

dioxazaborole.  

Table 2.6: Summary of species and fragments found using MS, before and after the 

addition of 10% by volume H2O to 1,3,4,2-dioxazaboroles in acetonitrile. 

Table 2.7: Summary of MS fragments and species found during the pH analysis of A1 

and A5, where species 1 and 5 represent the hydroxamic acids of A1 and A5, respectively.   

Table 2.8: Summary of 1,3,4,2-dioxazaboroles that contain a 4-coordinate boron centre 

which were synthesised during this project.  

Table 3.1: Summary of 31P NMR signals for a variety of 1,3,4,2-dioxazaboroles, along 

with their respective Acceptor Numbers, calculated using Eq. 3.1.  

Table 3.2: Summary of binding constants taken from the study of various 1,3,4,2-

dioxazaboroles against DMAP.  

Table 3.3: Summary of binding constants from the titration of various analytes to A1. 



xxvii 

 

Table 3.4: Comparison of binding constants between DMAP and compounds D1 and 

D11. 

Table 3.5: Bond angles and boron %THC of the above crystallographic representations 

of DMAP complexed 1,3,4,2-dioxazaboroles 

Table 3.6: Summary of the bond lengths between the donor atom and the boron of various 

1,3,4,2-dioxazaboroles, along with their respective bond angles. 

Table 4.1:  The table below details the percentage of new species verses the starting 

species, A1, along with the computationally calculated ratios for the exchanges with 

hydroxamic acids 5 and 11, carried out by Thomas Malcomson (PhD, 2019).  

Table 4.2: Summary of species observed from the MS analysis of the hydroxamate 

DMAPH+ salt exchange reactions. 

Table 4.3: Summary of the ratios determined from the exchange reactions between 

1,3,4,2-dioxazaboroles A5 and A11, with boronic acids B and C.  

Table 5.1: Summary of screening tests, carried out at 80 ˚C by use of a sand bath.  
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Technical Details 

Single Crystal X-Ray Diffraction (ScXRD) 

Single-crystal X-ray data was collected at 100 K on a Bruker X8 APEX-II CCD 

diffractometer with a graphite monochromator, using Mo-Kα radiation from a sealed 

source. Data was collected using APEX-II software, integrated using SAINT and 

corrected for absorption using SADABS. All the structures were solved using Olex2, with 

ShelXS direct methods and refined using least squared refinement with ShelXL. Images 

were created in Xseed using Pov-Ray software.1, 2  

Single crystal growth was achieved in most cases by the slow evaporation of a 

concentrated sample in a ‘good’ solvent. By this, we mean that the sample dissolves 

readily in the solvent without aid of heating, albeit in order to achieve the desired 

concentration for which crystallisation to occur, heating was also implemented.  

 

Nuclear Magnetic Resonance Spectroscopy (NMR) 

NMR spectra were recorded using a Bruker AVIII 400 spectrometer, operating at 400.1 

MHz for 1H, 128.6 MHz for 11B NMR, 100.1 MHz for 13C, 376.3 MHz for 19F and 162.0 

MHz for 31P NMR. All spectra were recorded using 10-15 mg of sample in 0.6 mL of 

deuterated solvent, unless stated otherwise. NMR spectra were processed using Bruker 

TopSpin 3.5 pl. 7 software.  

For 1H, 11B{1H}, 19F and 31P NMR analysis, approximately 20 mg of sample was placed 

into a small, sterilised vial, to which deuterated solvent (0.6 mL) was added. The solution 

was then swirled gently to aid solubilisation of the sample. Once fully dissolved, the 

solution was transferred by Pasteur pipette to a clean NMR tube, which was then 

submitted for analysis.   

For 13C NMR, the same procedure was followed, however, due to the reduced sensitivity 

of the nucleus, a sample weight of approximately 30 mg was used.  

 

Infrared Spectroscopy (IR)  

IR spectra were recorded on a Nicolet is5 instrument using 24 scans at a resolution of 1 

cm-1 and data spacing of 0.964 cm-1. 
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Mass Spectrometry (MS) 

ASAP analyses: Initial characterisation of the various boradioxazoles was made by 

atmospheric pressure chemical ionisation (APCI) mass spectrometry via an atmospheric 

solids analysis probe (ASAP) on a Waters Xevo G2-S instrument. A small amount of 

solid sample was transferred to the tip of a glass capillary, which was then placed within 

the ASAP source and inserted into the instrument. The vaporizer temperature was 

increased from 50°C to a temperature at which ions were observed and acquired and the 

discharge current was 4 μA. Data was processed using vendor MassLynx software. 

nESI analyses: mass spectrometry data to test hydrolytic stability of the various 

boradioxazoles was acquired by positive and negative mode nano-electrospray ionisation 

(nESI) via an Advion TriVersa NanoMate on a Thermo Fisher Scientific LTQ Orbitrap 

XL. For each mode, samples were prepared by dissolving in anhydrous acetonitrile 

(CH3CN; Sigma-Aldrich) and diluting approximately 1000-fold in the same solvent. An 

aliquot was loaded into the NanoMate microtiter plate well and infused into the Orbitrap 

instrument for acquisition. Water (H2O; HPLC grade, Fisher Scientific) was then added 

to the dilute solution to comprise approximately 1% of the total volume, then a second 

aliquot was taken and analysed. The Orbitrap source temperature was 200oC, capillary 

voltage was +1.4kV in positive mode, -1.4kV in negative mode and tube lens voltage was 

+150V in positive mode and −100V in negative mode. Data was processed using vendor 

Xcalibur software. 

 

Common reagents  

1-naphthaleneboronic acid 

2,6-dimethylphenyl boronic acid  

2-naphthaleneboronic acid 

5-fluoro-2-methylphenyl boronic acid 

acetonitrile 

acetohydroxamic acid 

benzohydroxamic acid 

benzene boronic acid 

chloroform/d3-chloroform 

dichloromethane 

dimethylsulfoxide/d6- dimethylsulfoxide 

dimethylformamide  

hydrochloric acid 

hydroxylamine hydrochloride 

methanol/d3-methanol 

petroleum ether (40-60 °C) 
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dimethylaminopryidine (DMAP) 

N-methylhydroxylamine hydrochloride 

p-pyridylhydroxamic acid 

p-tolylhydroxamic acid 

p-dimethylaminophenylhydroxamic acid 

p-chlorophenylhydroxamic acid 

p-(trifluoro)phenylhydroxamic acid 

terephthaloylhydroxamic acid 

o-tolyl boronic acid 

sodium hydroxide 

toluene 

triethylphosphine oxide 

 

General procedures 

Synthesis of hydroxamic acids 

In most cases, it was possible to convert the methyl ester to the desired hydroxamic acid, 

by dissolving approximately 20 mmol of methyl ester in CH3OH (50 mL). Separately, 60 

mmol of NH2OH.HCl and 90 mmol of NaOH were dissolved in water (50 mL). The two 

solutions were combined and heated to 40 °C whereupon the solution was then left to stir 

overnight. After cooling to room temperature, the solution was acidified to ~ pH 6, and 

concentrated under reduced pressure to remove the solvent. In the cases where 

precipitation of product did not occur upon removal of solvent, the product was 

recrystallised from warm water (ca. 60 °C*).  

Note: using hot water may lead to decomposition of the hydroxamic acid.  

 

Synthesis of 1,3,4,2-dioxazaboroles 

In general, 1 equivalent (ca. 3 mmol) of hydroxamic acid and 1 equivalent (ca. 3 mmol) 

of boronic acid were combined in a RB flask, to which toluene (~ 50 mL) was added. The 

resulting solution was then heated under reflux for 4 hours, before cooling to room 

temperature. The solvent was removed under reduced pressure and the product 

recrystallised from petroleum ether (40-60 °C).  
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1. Introduction 

 

1.1 Preface 

This chapter aims to concisely outline the concepts involved in and around Dynamic 

Covalent Chemistry (DCC) and describe it in relevance to the work undertaken during 

this project.  Therefore, it will first present a brief introduction into what is meant by DCC 

as well as giving a few illustrations of previously established dynamic covalent systems 

present in the literature, before then divulging into more descriptive examples which have 

more relevance to the project undertaken.  A summary of the dynamic covalent 

chemistries of both hydroxamic acids and boronic acids are also given, as an introduction 

into the synthesis and development of their dynamic interactions, with regards to the 

formation of the heterocycle, a 1,3,4,2-dioxazaborole.  

 

1.2 Dynamic Covalent Chemistry 

Dynamic covalent assembly relies on the reversible reaction between components to 

assemble complex supramolecular structures, and as such, is considered a general term 

for the formation of species under thermodynamic control.3, 4  Supramolecular chemistry 

is defined in this instance as the chemistry concerned with discrete molecules acting as a 

chemical system, wherein the ‘weaker’ intermolecular forces such as hydrogen-bonding, 

metal-complexation and van der Waals forces act upon the individual components.  Due 

to the ‘weaker’ forces binding the components together as one ‘supramolecular’ structure, 

the formation is often reversible, compared to a product formed through covalent 

bonding.  Therefore, supramolecular chemistry is considered a type of dynamic 

chemistry, which is not to be confused with ‘constitutional dynamic chemistry’ which 

relies on both covalent and non-covalent interactions, allowing the continuous exchange 

of building blocks, to build a thermodynamically stable product.  It is worth noting at this 

stage, that the work carried out over the course of this thesis can be defined as 

constitutional dynamic chemistry, as it encompasses the reversibility of covalent bond 

formation.  

By assembling under reversible conditions, a ‘self-correction’ process can take place 

during the synthesis of these structures, thus allowing for the thermodynamic product to 

be formed over the kinetic product (Fig 1.1).  As in many cases for the formation of both 
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connected and discrete supramolecular units, the synthesis process requires a ‘trial and 

error’ approach.  Many factors affect the equilibria of a reversible system, including but 

not limited to:4-7 

i. Solvent – will affect the solubility, as well as increasing the stability of some 

products over others.  

ii. Templating – introduction of a ‘template’ may help drive the reaction towards the 

desired shape, orientation and size. 

iii. Doping – introduction of an ‘impurity’ as a competitor may aid the self-correction 

process, allowing for a more crystalline product. 

iv. Concentration – effects the intermolecular forces acting between different 

species. 

 

 

Figure 1.1: Free energy diagram, describing the kinetic versus thermodynamic control of product 

distribution. Reversible reactions 'self-correct' to reach the thermodynamic product.  

 

Dynamic covalent chemistry (DCC) as a concept has grown substantially in the 

last 20 years, most likely owing to the wide range of properties available to explore within 

the field of chemistry alone (Fig 1.2).  As mentioned previously, the reversible nature of 

these reactions often allows the synthetic chemist to form the more thermodynamically 

favourable product, and as such, a lot of research has gone into investigating the 

mechanism of each DCC system, due to the various advantages of using such a technique.  

By implementing reversible, and dynamic reactivity, there is a greater chance of ‘error 
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correcting’ during the formation of your product as the product can disassociate back into 

its original starting material and reform many times, to form the most energetically stable 

conformation, for example.  As mentioned above, the addition of a dopant will generally 

enhance this ‘self-correction’ process as it adds to the possible number of reactions and 

therefore, aids in reaching the thermodynamic minimum, and can in some cases, increase 

the crystallinity of a sample.   

 

 

Figure 1.2: Analysis of data searched on ‘Web of Science.’ Search phrase; “Dynamic covalent chemistry, 

chemistry” as ‘topic,’ across all years. Total times cited 153,546, the average number of citations per item 

36.15 (*Correct as of 10/01/2020). 

 

Another reason for implementing DCC into a synthetic route is the possibility of 

forming dynamic combinatorial libraries, composed of many species on which a study 

can be made, and the product chosen due to its suitability of the application and is often 

used within biochemical applications for the development of therapeutic drugs and other 

pharmaceutical products.8, 9 

Owing to the many applications which rely on dynamic covalent chemistry, this 

discussion will focus on those based on condensation/hydrolysis mechanisms, as it relates 

to the condensation reactions carried out in this thesis.  Table 1.1 describes several more 

examples of established condensation/hydrolysis-based dynamic covalent chemistries 

already in the literature.   
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Table 1.1: Summary of known condensation-based dynamic covalent chemistries present in literature. 

Dynamic Covalent Chemistry Ref. 

C-C 

bond 

Alkene metathesis 

 

10-12 

C-X 

bond 

Imine 

 

13-16 

 Aminal 

 

17 

X-X 

bond 

Boronate ester 

 

18-22 

 

 

These examples show the dynamic systems available between discrete molecular 

entities but can be used in order to synthesise more complex architectures, through 

dynamic self-assembly.  It is also worth noting that each system will have its own set of 

conditions, in order to drive the reaction towards the desired product, including the factors 

mentioned previously (temperature, solvent, templating, etc.).   

For example, it is well established that for systems that rely on the condensation of 

aldehydes and amines – imine formation – is catalysed by the addition of an acid, such as 

trifluoroacetic acid (TFA).  This is nicely demonstrated in the work of Cooper and co-

workers, wherein they showed that the addition of TFA, rather than using a template, 

formed the triply interlocked architecture of two tetrahedral cages.23  Without the catalytic 

amount of acid, the formation of the cage takes approximately 50 days, but with the 

addition of the acid, the reaction is complete within five days.  The group’s focus on imine 

cages also extends into the region of porous materials, and they have also demonstrated 

the micro-porosity of their covalently bound organic cages.24  Similar to their TFA-

catalysed cages, these imine-linked cages are formed by the reversible condensation 

reaction between 1,2-diaminpropane and 1,3,5,-triformylbenzene without the presence of 
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a template molecule, thereby relying on a ‘self-correcting’ mechanism to achieve the cage 

as the thermodynamic product (Scheme 1.1).  Due to the poor packing of the cages in the 

solid-state, they form 3-dimensional diamondoid channels that run through the cages.  

These channels allow for the adsorption of gases such as N2, H2 and CO2.
24 

 

 

Scheme 1.1: ChemDraw representation of the formation of a [6+4] cage, from the condensation reaction 

between 1,2-diaminopropane and 1,3,5-triformylbenzene. Structure was taken from CSD (refcode = 

FOXLAG).24 

 

1.2.1 Boronic-acid based dynamic covalent chemistry 

As discussed by Fossey and co-workers, the full range of possibilities for the formation 

of self-assembled boron entities is due to the many interactions that boron can exhibit, 

depending on the environment into which it is placed.25  The increased number of 

interactions, and therefore, chemistries possible is because boron can exist as either a 3-

coordinate or 4-coordinate entity.  This is due to the empty p-orbital of the boron, which 

allows for electron-rich Lewis bases to interact and bind with the electron-poor boron 

centre.  Table 1.2 gives a summary of the possible reversible reactions of boron, thus, 

allowing for the formation of a diverse and dynamic library of supramolecular entities to 

be synthesised.  
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Table 1.2: Summary of boron interaction types, of which all systems are dynamic. 

Interaction Type Example 

Esterification 

 

Lewis base coordination 

 

Self-condensation 

 

Hydrogen bonding 

 

Spiroborate formation 

 

 

 

Due to the inherent dynamic behaviour of boronic acids, they are excellent 

candidates for the formation of covalent organic frameworks (COFs). COFs are periodic 

extended polymeric networks of covalently bound organic units and are structurally more 

robust than metal-organic frameworks, owed to the decreased lability of covalent bonds 

compared to supramolecular, coordination bonds.26-28  One of the COFs was synthesised 

by Yaghi and co-workers in 2005, wherein COF-1 was made by the condensation reaction 

of phenyldiboronic acid, taking advantage of boronic acids’ self-condensation dynamic 

reactivity (Scheme 1.3).26  The resulting layered hexagonal framework possesses pores 

measuring 15 Å and a BET surface of 711 m2g-1, indicating a microporous material with 

a reasonable absorption surface.   
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Scheme 1.3: ChemDraw representation of the self-condensation of 1,4-phenyldiboronic acid, with the 

expulsion of 3 equivalents of water for every boroxine molecule formed, to synthesise COF-1. 

 

Since then, the application of boronic acids and boronate esters in the formation 

of COFs has proliferated by making use of the assorted interactions boronic acids have 

with each other, and any Lewis-base type ligands (Table 1.2).  Boronic acids, therefore, 

are considered to have played an essential role in the development of COF chemistry, and 

many examples can be found in the literature, including the reaction of boronic acids with 

silanols,29 polyols and boroxine formation.21, 28, 30, 31.  In addition to the COFs synthesised 

using boronic acids, the same group also demonstrated the use of DCC in the formation 

of COFs utilising the condensation reaction between amines and aldehydes, forming 

imine-based structures, wherein aniline was used as a modulator.32, 33  The addition of a 

modulator, or competitor, increases the number of reactions, and therefore, products, 

possible and allows for an enhancement of the ‘self-correction mechanism to bias the 

formation of the more thermodynamically stable product.  The technique of using 

modulators has now become common practise when attempting to synthesise new 

covalent organic frameworks.34-36 

Special mention must also be made of Lewis acid-Lewis base polymers, especially 

the work carried out by Severin and co-workers, wherein they investigated the 

coordination of pyridyl ligands to 1,4-bis(benzodioxaborole)benzene (BDB) for 

applications in multicomponent assembly.37  The group demonstrated the synthesis of a 

range of macrocycles, 2D and 3D polymers, assembled using the aggregation of BDB 
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units and various polytopic pyridyl ligands (Scheme 1.4, a).  By mixing 4,4´-bipyridyl 

along with 1,4-benzenediboronic acid and catechol to form the BDB unit in situ, and 

heating to reflux using a Dean-Stark trap to aid the removal of water, they produced a 

polymer.  The group found that the reaction was reversible, and it was possible to break 

the B-N bonds, resulting in the break-up of the polymer chain, by dissolving the solid in 

hot CDCl3 and monitoring the dissociation by NMR.  

 

 

Scheme 1.4: ChemDraw representation of the dynamic covalent chemistry exhibited by BDB: a) formation 

of a 2-dimensional polymer by reacting with a linear bipyridly ligand. b) formation of a 4-membered 

macrocycle from the multicomponent assembly of BDB, pyridin-4-ylmethanamine and isonicotinaldehyde 

(brackets are shown to indicate where the macrocycle repeats). 

 

The group also detailed the formation of a macrocycle from the multicomponent 

self-assembly of BDB with isonicotinaldehyde and pyridin-4-ylmethanamine (Scheme 

1.4, b).  In this particular reaction, the linkers that bind to the boron centres are formed 

from a condensation of the amine and formyl groups of both pyridine molecules, adding 

to the overall complexity of the assembly.37  The group were able to synthesise a number 
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of multicomponent structures, and thus, demonstrated the important role of B-N 

coordination in the self-assembly of boron-containing architectures, to which the 4-

coordinate boron work carried out within this thesis is related.  These investigations also 

extended into the application of porous, crystalline polymers which also implemented the 

use of dative boron-nitrogen bonds38, 39, and gel formation.40 

As demonstrated by Severin, boronic acids can be implemented in the production 

of discrete supramolecular structures such as cages and macrocycles.31  Mastalerz and co-

workers isolated a discrete molecular cage made from the condensation of a triboronic 

acid and a tetrol, by refluxing in chloroform (Scheme 1.5).19  This cage still remains one 

of the largest discrete organic cages formed, with a measured specific surface area of 

3758 m2 g-1.   

 

 

Scheme 1.5: ChemDraw representation of the formation of a [12+8] mesoporous cage, formed from the 

condensation reaction between 14,15-diethyl-7-methyl-9,10-dihydro-9,10-[1,2]benzenoanthracene-2,3,6-

triol and benzene-1,3,5-triyltriboronic acid. (Image adapted from published paper; permissions granted)19  

 

This example also nicely demonstrates the effect of solvent choice when 

attempting to isolate one product over another.  The poorer solubility of the cage 

compared to its starting materials means that the product can be separated by precipitation 

and the starting materials and potential by-products are left in solution.  Thus, dynamic 
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covalent assembly can be a sensitive technique in terms of isolating the desired 

thermodynamic product.   

Mastalerz then expanded the scope of this reaction by introducing bromide and 

fluoride substituents along the backbone of the tetra-ol unit, in the hopes of inducing some 

halogen-bond motifs within the packing in the solid-state.41  A family of cages was 

synthesised from a tribrominated triptycene-based tetra-ol condensation reaction with 

various para-substituted diboronic acids.  The resulting cages were characterised by 

DOSY-NMR, of which their solvodynamic radii ranged from 0.89 nm to 1.01 nm, 

depending on the degree of fluorination and their positions on the diboronic acid.  The 

group also found that with increasing fluorine content, the rate of reaction and formation 

of the cage increased, which indicates that an increase in Lewis acidity may indeed 

improve self-assembly in boronic acid-based cages.   

Similarly, Kubo and co-workers performed work on hexa-ol substituted cyclo-

tricatechylene  and its reaction with tri-boronic acids, by using amines to trigger the self-

assembly of heterodimeric molecular cages.42  The group used aliphatic amines to 

template the formation of a capsule out of hexa-ol substituted cyclo-tricatechylene and 

hexahomotrioxacalix[3]arene functionalised with boronic acids, due to the bowl-shaped 

nature of the two components (Scheme 1.6).  They monitored the formation of the capsule 

using 2D exchange NMR spectroscopy (EXSY) experiments, showing that after the 

addition of three equivalents of Et3N
 formation was complete, with one molecule of Et3N

 

held within the cavity.  Further investigations into guest selectivity were carried out and 

showed the successful uptake of both THF and Cs+, as well as preference studies giving 

a binding preference: Et3N > Me3N > Me3P.42  
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Scheme 1.6: ChemDraw representation of the condensation reaction between cyclo-tricatechylene and 

15,55,95-triboronic acid hexahomotrioxacalix[3]arene, facilitated by the presence of triethylamine. 

 

Many other cage examples exist in the literature concerning the use of boronic-

acid diol condensation reactions,25, 31, 43-47 however, a slight variation of the chemistry, 

wherein an imine functionality is introduced, allows for an even greater selection of cages, 

owing to the increased number of dynamic interactions relied upon to form the desired 

cage.  The example given above demonstrates the formation of a product by process of 

multicomponent assembly, which is exploited within this work, by the formation of 4-

coordinate boron centres are synthesised using intramolecular Lewis base-Lewis acid 

interactions (Chapter 2, section 2.5).  Of particular interest is the cage synthesised by the 

[6+3+2] condensation of 2-formylphenyl boronic acid, m-xyxylenediamine and 

cyclotricatechylene, respectively, by Nitschke and co-workers.48  This multi-component 

assembly elegantly demonstrates that although this chemistry had previous application in 

determining enantiopurity of amines,49 by altering the conditions slightly, the chemistry 

can be utilised in the formation of supramolecules.  The group carried out an extensive 

study on the formation of iminoborates from many amine and diol combinations in order 

to derive a set of rules governing iminoborate ester formation.  They found that for all 

three of the diols tested against the 14 amines, the percentage yield was always greater 

for catechol compared to the electron-rich aliphatic diols, which was postulated to be due 

to a consequence of the greater resonance stabilisation of the catecholate.  It was also 

found that more electron-rich amines tended to give better yields, most likely due to their 
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greater nucleophilicity.  After defining some guidelines for the formation of the 

iminoborate esters, the group set about increasing the complexity of their designs, 

eventually moving to the assembly of diamines and triols, such as m-xylylenediamine, 2-

formylphenylboronic acid and cyclotricatechylene (Scheme 1.7).48  The resulting cage 

was confirmed by both 1D 1H NMR and 2D Rotating-frame Overhauser Spectroscopy 

(ROESY) NMR spectroscopy, as well as MALDI-MS experiments. 

 

 

Scheme 1.7: ChemDraw representation of the formation of a helical cage, formed from the multicomponent 

assembly of m-xylylenediamine, 2-formylphenylboronic acid and cyclotricatechylene.  

 

Cage synthesis has also focused on the use of the dynamic self-condensation of 

boronic acids, utilising the formation of boroxine as a building block for the self-
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assembly.18, 19, 50, 51  However, the number of cages formed using boroxine formation is 

somewhat limited and could be attributed to the cages being inherently less stable with 

their tendency to collapse after removal of the template molecule as the boroxine moiety 

is more susceptible to hydrolysis, compared to other boronate.52  The majority of work  

exploits the boroxine ring’s planarity to synthesise COFs, which, due to the highly 

dynamic nature of boronic acids, tend to have high levels of crystallinity.52  

 Owing to boron’s ability to exist dynamically as both 3-coordinate and 4-

coordinate species, boronic acids and boronate esters have found a niche within the 

application of chemical sensing.53-55 Chemical sensors work by converting a chemical 

property into a measurable signal, in which generally the intensity is dependable on the 

concentration of the analyte.  For the sensor to be efficient, the overall response must be 

reversible to allow for the sensor to be reused.  One of the first applications of boronic 

acids was in the sensing of sugars, such as glucose and other saccharides, of which there 

are a plethora of reviews.56-60  A particularly descriptive review by Fossey and co-workers 

describes the different interactions of boron, i.e. B-N, B-O and B-X, where X represents 

an anionic species, before delving into the use of boronic acids as sensors and 

separators.25   

 Owing to the previously mentioned dynamic esterification reaction, it would be 

pertinent to discuss the development of boronic acid-based sensors for the detection of 

diols, which is of course a functional group found within saccharides.  In order to create 

an effective sensor, a method of detection and measurement is required, and one such 

technique is to take advantage of a compound’s electro-chemiluminescence.  Work 

performed by Sojic and co-workers demonstrated the use of fluorescent boronic acids as 

saccharide sensors, specifically, d-glucose.61  The group formulated a water soluble, 

glucose-selective electrogenerated chemiluminescence (ECL) system, which operates on 

a cascade reaction upon the binding of a glucose molecule to one of the Lewis acidic 

boron sites, which can then be monitored by cyclic voltammetry.  The selectivity can be 

changed to favour d-fructose by altering the number of boronic acid functional groups 

and the distance between the binding sites, n (Figure 1.3).   
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Figure 1.3: ChemDraw representation of a boronic acid-based sensor, developed by Fossey and co-

workers for the detection of saccharides.   

 

A more historically important example of using spectroscopy in detecting binding 

events between boronic acids and saccharides was the use of a fluorescence sensor by 

Shinkai and co-workers.62  They discovered that anthrylic-based boronic acids show 

increased Lewis acidity upon the binding of a saccharide molecule, and thus, the binding 

of the boron to the amine nitrogen strengthens and turns on the fluorescence through 

photo-induced electron transfer (PET) as demonstrated in Scheme 1.8.  The pH studies 

carried out indicate that the fluorescence is at its most intense at pH 6.34, thus, suitable 

for application within physiological systems.  It was then later discovered that the 

increased fluorescence was due to the greater acidity causing the nitrogen to remain 

protonated, thus, less likely to interact and bind to the boron.63 

 

 

Scheme 1.8: ChemDraw representation of the PET fluorescence, indicating the conditions in which the 

fluorescence is active.  
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1.3 Hydroxamic Acids 

 

1.3.1 Properties, structure and bonding 

Hydroxamic acids have the general molecular formula RC(O)NRʹOH, where R and Rʹ 

can be a H atom, aryl or aliphatic group.  The first hydroxamic acid was described in 

1869, but their true potential in biochemistry was not realised until the late 1970s where 

they were found to play an important role in metal chelation.64  With this realisation, HAs 

have become very useful within medicinal chemistry.  The ability of HAs to bind so 

readily to metals comes from the ease with which they can deprotonate (pKa ranges 

between 6.2-10.8),65, 66 to form the hydroxamate anion, exposing the preferential [O,O] 

binding mode, over the [N,O] binding mode (Scheme 1.9).  This gives this class of 

compounds the desirable properties required for applications such as drug delivery, 

wherein they have been utilised as siderophores. This is a class of compound that 

preferentially binds to Fe(III), allowing for the vital electron transport within organisms 

(Fig 1.4).67-69  It is important to note that hydroxamic acids will also bind to other metal 

centres, including a wide range of transition metals (TMs) and even lanthanides.70-74 

 

 

Scheme 1.9: Deprotonation of a hydroxamic acid to give the corresponding hydroxamate, which will 

readily coordinate to a hard metal centre. Hydroxamic acids have a strong affinity to bind to iron metal 

centres, making them an important compound type of the general family of siderophores. The hydrogen-

bonding donor and acceptor sites have also been shown in red and blue, respectively. 
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Figure 1.4: (a) ChemDraw representation of the fusarinine-based siderophores before binding to ferric 

iron. (b) Crystallographic representation of ferric N,N’,N”-triacetylfusarinine [hydrogens omitted for 

clarity]. Structure was taken from CSD (refcode =FTAFUS10)75 

 

 It has been noted that the chelating capacity of hydroxamic acids, compared to 

their corresponding carboxylic acid derivative, is much stronger, possibly due to the 

formation of a 5-membered ring opposed to the 4-membered ring that a carboxylate would 

form, as well as any electronic effects the substituents off the hydroxamic acid may add 

to the coordination potential.68  Due to their chelating properties and ability to form 

hydrogen bonds (Scheme 1.9), they also have applications in enzyme inhibition, with 

particular applications including the interaction with metalloproteinases, enabling the 

production of cancer-fighting drugs, as well as insecticides.76, 77  Further studies carried 

out by Perlepes and co-workers on acetohydroxamic acid and their application in urease 

inhibitors resulted in the determination of the various modes of binding of HAs to metal 

centres.78  Perlepes’ work was further developed by Kakkar and co-workers in their 

investigations into optimising computational simulations of the complexation energies of 

different hydroxamic acid-metal complexes.73  They found that although the 

complexation energies correlate with the ionic radii of the metal ions, there is also a 

significant contribution from the covalent character of the metal-ligand bonds. 

 In addition to this diverse range of coordinating abilities, HAs also exist in various 

tautomeric forms, as discussed by Kakkar and co-workers, wherein they calculated 

computationally the relative energies of the three possible tautomers of alkyl-hydroxamic 

acids in the gas-phase, as well as their corresponding transition states (Scheme 1.10).79, 80  

An earlier study, carried out by Venturini and co-workers found similar results when they 
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too calculated the relative stabilities of HAs in solution, stating the stability of 

hydroxamic acids and their conformations are highly dependable on the polarity of the 

solvent chosen.81  These effects are further enhanced by electronics, and therefore, highly 

dependent on the substituents present.82  Conformational studies using NMR experiments, 

such as 1H-1H 2D NOESY and 1H-1H 2D COSY, also confirm the geometries of the 

different tautomers in solution.81, 82  

 

 

Scheme 1.10: Tautomeric forms of hydroxamic acids, where R = H, CH3, CH2CH3, and their transition 

states. 2E and 2Z are known as hydroximic acids.  

 

Exner and co-workers also discussed that the increased acidity of hydroxamic 

acids, compared to their corresponding amides, is owed to the destabilising inductive 

effect of the OH group.66  This destabilising effect is less evident in carboxylic acids and 

accounts for the increased acidity of the carboxylic acid OH group.  
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 As demonstrated in Scheme 1.10, the inter-conversion of the configurations 

1E1Z is caused by the internal rotation of the C-N bond, with a Gibbs free energy of 

0.6 kcal mol-1 indicating an accessible equilibrium between the two configurations.  

Owing to the greater stability of the 1E tautomer (hydroxamic acid), compared to the 2E 

tautomer (hydroximic acid), the more dominant tautomer in most conventional solvents 

is the hydroxamic acid form.81, 83  

It is due to the numerous configurations and binding modes that hydroxamic acids 

are of such interest to the biochemical and chemical community.   However, although 

there is a lot of literature on the binding and conformational analysis on primary HAs, 

where the nitrogen has only a hydrogen substituted off of it, there is comparatively sparser 

information on secondary HAs, where the substituent is something other than hydrogen, 

and therefore, can be considered as protected, or blocked from further reaction.  This is 

despite a study carried out by Farkas and co-workers in which they found that having an 

alkyl group on the nitrogen does not affect the molecule’s ability to bind to a metal 

centre.71 This, therefore, suggests that although the acid can no longer tautomerise, it can 

still undergo chelation with iron and other metals, adding to its possible applications in 

pharmaceutical studies.  

 

1.3.2 Synthesis and reactivity 

The general and most well-known method for synthesising hydroxamic acids is by the 

direct acylation of hydroxylamine, or protected hydroxylamines, with acid chlorides, 

carboxylic acids or activated esters.84-87  However, depending on the substituents present, 

the separation and purification steps using this method often gives mixed results because 

of the possible side-reactions occurring due to O-acylation instead of the desired N-

acylation (Scheme 1.11).88  Another potential disadvantage of using this method is that 

you are limited to the substituents available on the acid chlorides, and when using esters, 

the pH of the reaction must be kept optimally at pH 10, which removes the possibility of 

using halide substituents or other base-sensitive functional groups. Achieving such highly 

basic conditions also requires excessive amounts of hydroxide salts, leading to issues with 

large quantities of aqueous waste.  

 

 

 



1. Introduction 

19 

 

 

Scheme 1.11: ChemDraw representation of the two acylation products, formed from the reaction of 

hydroxylamine and an acid chloride.  

 

 Alternatively, a one-pot reaction that converts a carboxylic acid starting material 

to a HA in neutral conditions has been reported by Reddy and co-workers, wherein they 

used a variety of aliphatic and aromatic carboxylic acids in a simple and cheap method 

that results in good yields (>80%), with relatively short reaction times.89  The carboxylic 

acid is activated using ethylchloroformate to form an asymmetric anhydride in the 

presence of a base, which then subsequently reacts with hydroxylamine in methanol, all 

at room temperature (Scheme 1.12).  Despite the ease of this process, it is restrictive in 

that it cannot be applied to N-protected-α-amino-acids, which limits its practical uses in 

biochemical applications where chiral centres are necessary.   

 

 

Scheme 1.12: ChemDraw representation of the formation of a hydroxamic acid, from the sequential 

activation of the carboxylic acid to the ester, followed by the addition of a hydroxylamine salt.  

 

However, Vasanthakumar’s group in Bangalore found that it was possible to 

produce amine protected HAs using an Fmoc protecting group to protect the amine, 

before reacting with a hydroxylamine salt, and thus, allowing for the synthesis of N-

protected-α-amino-acids (Scheme 1.13) with formation of the N-acylated species as the 

sole product, in comparison to what is observed in Scheme 1.11.90  MgO acts as a 

heterogeneous catalyst for the reaction between the acid chloride and hydroxylamine 



1. Introduction 

20 

 

hydrochloride, as well as acting as a base to deprotonate the hydroxylamine.  As with the 

ethylchloroformate procedure, this synthetic route is generally high-yielding (>82 %), 

with the completion of reaction monitored by thin-layer chromatography (TLC).   

 

 

Scheme 1.13: Synthesis of Fmoc protected amino acid hydroxamic acids, wherein magnesium oxide is used 

to catalyse the deprotonation of the hydroxylamine, with retention of stereochemistry. 

 

 As mentioned previously, hydroxamic acids can also be prepared from esters. 

Hydroxylamine hydrochloride is used as the nitrogen source and compared to the 

previous activated carboxylic acid approaches (i.e. carbonyl chlorides and anhydrides), 

the ester pushes the reaction towards N-addition, rather than the O-addition, leading to 

greater selectivity (Scheme 1.14).  This method will allow for the synthesis of compounds 

containing more than one hydroxamic acid functionality, however, it has been found that 

increasing the number of HA-functional groups does severely decrease the solubility of 

the compound, as discussed in chapter 2.  The yields using this methods appears to be 

very much reliant on the substitution of the R-group, and can vary between 20-90%, 

however, it is also worth  noting that the scalability of the reaction is not overly sensitive 

and batch reactions of up to 20 g have been successful in our own lab, wherein various 

phenyl substituents have been trialled, including halogen and pyridyl groups.  Further 

details will be covered in the synthetic protocols sections of the following chapters.  

 

 

Scheme 1.14: Ester method of hydroxamic acid synthesis, under basic conditions. 
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 A more recent approach to synthesising hydroxamic acids is the application of 

mechanochemistry from carboxylic acids, in a one-pot, two-step synthesis, using 

carbonyldiimidazole  (CDI) to activate the carboxylic acid (Scheme 1.15).91  This method 

allows for great diversity in hydroxamic acid synthesis due to the large variety of 

carboxylic acid starting materials available, including amino acids, where no detectable 

loss of enantiopurity is observed when used in conjunction with suitable protecting 

groups.  This method also proved successful for the synthesis of secondary HAs, which 

tend to have decreased yields when made using solution chemistry.  However, the 

scalability of the reaction is highly dependable on the size of the ball-mill, and the 

conditions highlighted in Scheme 1.15 are suitable for a 1-2 g reaction, with varying 

percentage yields dependent on the substituents chosen.  

 

 

Scheme 1.15: Ball-mill synthesis of hydroxamic acids, starting from the carboxylic acid.  

 

One of the most well-known reactions of HAs is the Lossen rearrangement, and 

is a popular route in the synthesis of isocyanates, which can undergo further reaction to 

produce amines.92-94  The rearrangement is facilitated by the presence of base and water, 

and it is for this reason that care must be taken when carrying out further synthesis using 

HAs, especially when considering carrying out reactions in basic solvents and at high 

temperatures in ‘wet’ conditions.95  

Hydroxamic acids are most prominently used in coordination chemistry, due to 

their ability to act as chelators, as described in Section 1.2.1.  Due to their siderophore-

like nature, they are ideal candidates for applications within biology, for example, by 

increasing the solubility of Fe(III) in order to cross cell membranes, to be metabolised 

within the body.96, 97  Salicylhydroxamic acid (12), in particular, is often used as a 

trypanocidal agent for the treatment of protozoan infection.98, 99  The work performed by 

Dardonville and co-workers examined the application of 12- and 2,4-dihydroxybenzoic 

(Fig 1.5) in the formation of lipophilic cation conjugates, which showed activity against 

multidrug resistant strains of African trypanosomes, organisms shown to cause the 

African Sleeping Sickness.99, 100  
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Figure 1.5: ChemDraw representation of salicylhydroxamic acid (SHA) and 2,4-dihydroxybenzoic acid. 

Upon binding to a mitochondrion-targeting lipophilic cation through the hydroxyl group off of the phenyl 

ring, the complexes can deliver trypanocidal drugs across the blood-brain barrier. 

 

 Hydroxamic acids have also shown great importance within the supramolecular 

and macrocyclic community, and have been demonstrated to have applications in the 

production of discrete, molecular cages and metallocrowns,74, 101-104 coordination 

polymers and metal-organic frameworks (MOFs).95, 105  

The recently reported first water-soluble polymetallic macrocycle was formed 

from glycinehydroxamate ligands with strontium(II) and copper(II) ions (Figure 1.6).106  

The additional amino-acid functionality of the hydroxamic acid compound, in addition to 

the amine group, allows for greater chelation ability due to the presence of four potential 

donor atoms, and are of a class of compounds known as metallocrowns.  Having both 

oxygen and nitrogen donors greatly improves the chances of forming polymetallic 

systems, due to the atoms having different affinities to hard and soft metal centres.  The 

stability of the complex was monitored over the course of several months, using UV/Vis 

spectroscopy, with no decrease to the absorption observed.  However, the metallocrown 

was seen to undergo spontaneous substitution of the strontrium(II) by yttrium(III), evident 

by the colour change of blue-violet to dark blue and a redshift in the UV/Vis spectrum.  

It is the hope of the group that this complex could be considered as a model for which the 

development of 90Strontium radiotherapy drugs can begin, following the preliminary low 

toxicity results.     
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Figure 1.6: Crystallographic representation of a metallacrown, formed from the coordination of 

glycinehydroxamate ligands to Sr(II) and Cu(II) cations. Structure was taken from CSD (refcode 

=GONCOE)106 [Dark green = strontium; dark blue = copper; red = oxygen; lighter blue = nitrogen; grey 

= carbon. Hydrogens and solvent omitted for clarity] 

 

 

1.3.3 Hydroxamic acids as diols 

There is great structural similarity between the enol-tautomer of hydroxamic acids 

(hydroximic acids) and diols.  As demonstrated by Ghosh and co-workers hydroxamic 

acid groups can be protected analogously to traditional ketones, using 2,2-

diethoxypropane to form 5,5-dimethyl-1,4,2-dioxazoles using camphorsulpfuric acid 

(CSA) in dichloromethane (DCM) as a solvent, and therefore, prevent any attack of the 

carbonyl and hydroxamic acid functionality (Scheme 1.16).107  The hydroxamic acid can 

then be deprotected with Nafion-H.  It was noted, however, that the protection chemistry 

can result in a mixture of products due to self-condensation and cross-coupling reactions 

that can also take place and thus, allowing for an investigation into selectively protecting 

primary hydroxamic acids by treating them as diols.  The diol-like behaviour most likely 

stems from the low energy barrier of tautomerisation (2Z, Scheme 1.10), due to the 

delocalisation across the carbonyl and NH groups of the acid.  
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Scheme 1.16: ChemDraw representation of a generic hydroxamic acid being protected by the condensation 

reaction with 2,2-diethooxypropane to form 5,5-dimethyl-1,4,2-dioxazaoles. The hydroxamic acid can be 

released by stirring in the presence of the ionomer, Nafion-H.  

 

 Indeed, the concept of using hydroxamic acids as diol substitutes was recently 

explored by Frey and co-workers in their work utilising HAs in polymer synthesis.108  

They proposed to use HAs as oxidation-stable replacements to catechols in materials 

chemistry in order to increase water-solubility and decrease the likelihood of cross-

linking via oxidative Michael additions that can lead to high toxicity.  The work included 

the protection of the hydroxyl functionality by reversible formation of 1,4,2-dioxazole, 

followed by subsequent polymerisation by epoxide opening, and finally acidifying to 

cleave off the protecting group to reveal the hydroxamic acid end group.  The group later 

released a paper utilising these polymers for the application of multi-functional iron(III) 

binding.109  It is important to note, however, that the concept of incorporating hydroxamic 

acids into polymers was first patented by Du Pont as early as 1942, yet the first published 

methodical studies were not carried out until the late 1970s by Mazza and co-workers.110  

Nevertheless, the polymers synthesised in these earlier reports were made by the post-

synthetic modification of poly(methacrylate)-based esters, rather than starting off with 

the hydroxamic acid functionality.  It is for this reason that the work reported by Frey and 

co-workers is important in demonstrating the possibilities of HAs in dynamic covalent 

chemistry.108, 109  

 Generally, diols can be used as a protecting group for carbonyl functionalities, 

and vice versa. Work performed by Wang and co-workers has given an alternative to 

using carbonyls to achieve protection of diols: boronic acids (Scheme 1.17).111  By using 

a boronic acid rather than a carbonyl functionality, they have generated a product that is 

redox-sensitive, therefore, allowing for the possibility of using this protected compound 

in sensing applications.  It is worth noting that the chirality of the diol is not mentioned 

within the text, and therefore, it is assumed to be racemic.  
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Scheme 1.17: The use of phenylboronic acid as a protecting group for 1-(1,4-methoxyphenyl)-2-

methylpropane-1,2-diol, as demonstrated by Wang and co-workers111  

 

 

1.4 Boronic Acids 

 

1.4.1 Properties and structure 

Boronic acids, RB(OH)2, are trivalent boron-containing organic compounds, where R can 

be either aryl or aliphatic. Since the boron is only bound to three substituents, leaving the 

element lacking the two electrons required to fulfil the octet rule, the sp2 hybridised boron 

has a vacant p-orbital (Scheme 1.18).  Due to this low-energy orbital, the boron atoms 

behave as mild Lewis acids and form adducts with both inorganic and organic Lewis 

bases.59, 112  

 

 

Scheme 1.18: ChemDraw representation of the dynamic equilibrium between a generic 3-coordinate 

boronic acid and the Lewis-base complexed, 4-coordinate boronic acid.  As the 3-coordinate species, the 

boronic acid exhibits trigonal planar geometry, owing to the vacant p-orbital lying along the z-axis of the 

molecule. Upon complexation, the octet rule is fulfilled, and the molecule converts to tetrahedral geometry. 
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 As the R-substituent is the only variable within the boronic acid (BA) moiety, it 

plays a large role in determining the properties and reactivity of the compound.  X-ray 

experiments carried out on various BAs by Trotter and co-workers have shown that 

hydrogen bonds exist between neighbouring acids, and a slight twist around the C-B 

bonds allow for the minimisation of steric interactions of bulky substituent groups, such 

as aromatic groups (Fig 1.7).  Thus, the trigonal planar geometry is removed and a 

distortion of bond lengths occurs.113  A search using the Cambridge Structural Database 

(CSD) shows that as a 3-coordinate species, B-O bond lengths average 1.38(5) Å, whereas 

in 4-coordinate species where the Lewis base is oxygen-based, the bond lengths increase 

to 1.55(4) Å.  However, if the Lewis base used to form the 4-coordinate species is 

nitrogen-based, then the B-O bond lengths of the acid reside between the two previous 

values, at 1.43(3) Å, indicating that the type of Lewis base has a large impact upon the 

overall binding efficiency, and resulting electron donation of the acid’s oxygen atoms.  

 

 

Figure 1.7: Crystallographic representation of 1-naphthalene boronic acid, showing the H-bonding motif 

that causes the twist around the C-B bond, thus distorting the planarity of the boronic acid in the solid 

state. Structure was taken from CSD (refcode =ISANOH)114 [Green = boron; Red = oxygen; Dark grey = 

carbon; Light grey = hydrogen] 
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1.4.2 Boronate complexes and chemistry 

A well-known and studied feature of boronic acids is their reversible reaction with diols 

to form boronate esters.  Boronic acids are also well known to dynamically self-condense 

to form boroxines (Scheme 1.19), but this species is fairly unstable in aqueous conditions 

and its hydrolysis plays a large role in directing the solution chemistry of this 

equilibrium.51  A study conducted  by Seo and co-workers found that using arylboronic 

acids containing electron-withdrawing substituents will encourage the formation of the 

boroxine ring, and vice-versa for electron-donating substituents.52 

 

 

Scheme 1.19: ChemDraw representation of the trimerisation of a boronic acid to form a boroxine ring, 

followed by the reversible complexation of a Lewis base to one of the boron centres, resulting in the 

planarity distortion.  

 

 Due to this inherent dynamic equilibrium of the various species in solution, 

boronic acids can be troublesome in certain ‘dry’ reactions, for example.  The relatively 

low reactivity of the boroxine derivative can be considered as a kinetic trap during 

reaction sequences, especially in reactions which require ‘dry’ conditions, which may 

favour formation of the boroxine, and can therefore, prevent formation of the desired 

product.52  Pinacol esters have become popular due to the ester group preventing the rapid 

boron homocoupling side reaction, as they are somewhat less reactive towards 

carbocations compared to their parent boronic acid derivative.115  As such, a new reagent 

of choice is the ‘MIDA’ ligand, 2-[carboxymethyl(methyl)amino]acetic acid (Fig 1.8), 

which, as well as being more functional-group tolerant, also allows for carrying out 

consecutive couplings under mild conditions.  MIDA is also air-stable for a lot longer 

than its respective phenylboronic acid analogues.  
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Figure 1.8: ChemDraw representation of paraformaldehyde functionalised with ‘MIDA’, denoted in blue.  

 

 As previously mentioned, boron compounds can form bonds to Lewis bases.  

These bonds are thermodynamically stable, yet often kinetically labile, and allow for 

correctional processes to occur during a self-assembly reaction.  Coupled with the ease 

with which they can be condensed with diols, they make for ideal starting materials for 

the formation of more complex structures.  Höpfl then carried out studies on a variety of 

compounds containing nitrogen and boron dative bonds, in order to calculate their 

tetrahedral character (THC), which is often used as a tool to compare bond strength.116  

Wulff theorised that the interaction between a boronic acid and an amine or diol will 

reduce the pKa of the boronic acid, and it has been noted that the decrease of the O-B-O 

bond angle upon complexation would also increase the acidity of the boron (Scheme 

1.20).117 

 

 

Scheme 1.20: ChemDraw representation of the dynamic equilibrium that exists between a boronic acid 

and its boronate ester derivative, and its corresponding anions. (Figure adapted from Jiang and co-

workers)118 
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 However, despite the depth of literature knowledge concerning the correlation 

between bond length and bond strength, and the bond length and geometry of N-B bonds, 

there have been no such studies on the interaction between hydroxamic acids and boronic 

acids, and the resultant 1,3,4,2-dioxazaboroles and its complexes.  

 

1.5 Previously Reported 1,3,4,2-Dioxazaboroles 

With the previous sections in mind, the next logical step would be to examine the reaction 

between hydroxamic acids and boronic acids.  The first documented reaction between 

HAs and BAs was in 1966 by Christian and co-workers,119 however, this research was 

not picked up again until almost 40 years later when Stolowitz and co-workers. carried 

out a reaction between phenylboronic acid and salicylhydroxamic acid (12) for 

applications in protein immobilisation and chromatography.120,121  This work 

demonstrated a pH-dependent, dynamic system, where they concluded that at low pH, 

there would be a mixture of 4-coordinate boron complexes. The mixture comprised of a 

dominant product (a 6-membered ring where the boron is bound to the nitrogen of the 

hydroxamic acid and the phenolate anion) and a trace amount of a 5-membered ring where 

the boron is bound to both oxygens of the hydroxamic acid, as well as the free 

phenylboronic acid (Scheme 1.21).  At increased pH, a singular, 4-coordinated bound 

complex becomes more dominant, which they postulated to be the 6-membered ring.  The 

hypothesis was that the complex would perform similarly to an anti-hapten antibody.121   
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Scheme 1.21: Possible products from the condensation reaction between phenylboronic acid and 12. 

(Upper = 1,3,4,2-dioxazaborole, heterocyclic 5-membered ring; lower = heterocyclic 6-membered ring)120 

 

Further studies reviewing the alteration of substitution of the hydroxamic NH to 

N-methyl and using benzohydroxamic acid showed the preferred formation of the 5-

membered ring – 1,3,4,2-dioxazaborole.  They also demonstrated by methylating the 

hydroxamic acids OH group, it is no longer possible to form the 5-membered ring and 

therefore, the 6-membered ring must be formed only.  Thus, they postulated that the ring 

size was highly dependent on both the substitution of the hydroxamic acid and the 

presence of ortho-hydroxy groups.  

 Since then, the reactivity of phenylboronic acid and 12 has further developed, with 

studies being performed to determine stability constants of related starting materials, 

including benzohydroxamic acid, 12, N-methyl salicylhydroxamic acid (SHA-OMe, Fig 

1.9, reactions c and d), and their phenylboronic acid complexes (Fig 1.9).122  These 

findings comprise of the ambiguous formation of a 7-membered ring (shown in Fig 1.9,  

reactions b and d) when analysing the possible complexes formed by the reaction of 

phenylboronic acid and SHA-OMe, and concluding that phenylhydroxamic acids that do 

not contain an OH group ortho- to the HA functionality, or will form less stable boronate 

complexes 
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Figure 1.9: ChemDraw representations of some of the complexes investigated by Yatsimirsky and co-

workers.122  

 

Substantial work has been performed in utilising this chemistry for gel formation. 

Kiser and co-workers reported the formation of a hydrogel network from the reaction 

between polymerised phenylboronic acid and salicylhydroxamic acid moieties, which 

form pH-sensitive cross-links.123  These polymers demonstrated potential in biomedical 

applications due to the pH-dependence of the system, which works best under 

physiological-type conditions (e.g. self-healing at pH 4.2 but exhibit cross-linking at pH 

7.6, thus allowing for a rigid structure at physiological pH with an ability to self-heal 

upon increasing the acidity of the environment) as well as displaying temperature-

sensitive viscoelastic behaviour.  The group later widened their research and targeted a 

sulfonated backbone in order to bring the self-healing pH towards neutral.124  The ionic 

strength was then altered by the addition of Na+ which, through the competitive 

displacement of protons, causes the gel to become more highly cross-linked, mimicking 

the non-sulfonated polymer and becoming more brittle and less pH-dependent.  The effect 

is most likely due to the inherent nature in which the two separate polymers exist in 

solution.  Before the addition of the Na+, the environment around the polymer chains is 

slightly acidic, due to the anionic backbone which induces local acidic environments.  

Although this is not directly related to the project described in this thesis, it is worth 

noting that the addition of even the smallest amount of anionic (or cationic) species may 
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have a direct impact on the formation of the desired product, and maybe worth 

considering upon attempting the synthesis of polymers from the condensation of HAs and 

BAs. 

The crystal structure of bis(benzohydroximato)borate was successfully solved by 

Figueiredo and co-workers, again confirming the formation of the 5-membered 

heterocycle.125  The species has been reported several times before, yet the structure was 

not previously confirmed,126-128 along with similar species from various starting materials, 

such as 1,3,2,4-dithiastannaboretane,129 and diphenylborenium130 in addition to some 

complimentary work using 12, phenylboronic acid and N-hydroxypiperidine as a Lewis 

base.131  The crystallographic data showed the formation of a 4-coordinate spiroborate 

species, formed from the condensation reaction of benzohydroxamic acid and boric acid 

heated to reflux in the presence of dicyclohexylamine in high yields (Scheme 1.22).125  

Other cations were tested, such as tetra-n-butylammonium (TBA) which also afforded 

high yields.  The group reported that between the two crystal structures obtained, the B-

O bonds were 1.26-1.29 Å in length and the C-O bond lengths shorter than those of a 

single bond (1.33-1.34 Å rather than 1.43 Å),132 indicating significant delocalisation of π 

electrons around the O-N-C bond. 

 

 

Scheme 1.22: ChemDraw representation of the condensation reaction between benzohydroxamic acid and 

boric acid to form bis(benzohydroximato)borate, releasing 3 equivalents of water. (dicyclohexylammonium 

cation and by-products omitted for clarity) 
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Similar structures within literature also show the formation of the 5-membered 

heterocycle, however, are formed from the reaction between glycolohydroxamic acids 

and oxybis(diphenylborane) or boron trifluoride, to give the structures shown in Scheme 

1.22, respectively.130  These compounds were being investigated for their potential use in 

the application of anti-inflammatory and analgesic drug development, with the 

hydroxamic acids chosen due to their various chelating modes.  The formation of these 

heterocycles was not confirmed until the group successfully grew and analysed the 

crystals, which proved the [O,O] chelation mode of the hydroxamic acid functional group 

to the boron centre, rather than the [N,O] chelation mode which also includes utilisation 

of the hydroxy functionality.  At the time, this was the first time that this chelation mode 

had been observed when implementing a hydroxamic acid with additional functionality 

that could also coordinate to the boron centre, and as such, implies the preferential 

formation of the 5-membered ring.  It is also worth noting that structures are neutral 

overall, owing to the nitrogen remaining protonated, resulting in the presence of 

intermolecular hydrogen bonding between adjacent N-H···O and O-H···O groups, which 

is observed within the crystallographic data with the formation of tetramers.  These 

electrostatic interactions may be partially responsible for the overall stability of the 

structure in solution and the solid-state.  

 

 

Scheme 1.23: ChemDraw representation of the formation of substituted 1,3,4,2-dioxazaborol-4-ium 

compounds, from the condensation of glycolohydroxamic acids and oxybis(diphenylborane (left) and boron 

trifluoride (right).130 
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Recent work performed by Byron Jennings during his BSc project within the 

Lloyd research group resulted in the successful synthesis of certain 4-

dimethylaminopyridine (DMAP) complexes of 1,3,4,2-dioxazaboroles (Fig 1.10).  His 

work mirrored the work performed by Höpfl and Farfán in which the stability allowing 

for the formation of these boronate esters comes from the complexing Lewis base.133  

Byron, however, was unable to successfully isolate a non-complexed 1,3,4,2-

dioxazaborole, leading to the question as to whether a trigonal planar 1,3,4,2-

dioxazaborole molecule is stable and isolatable.   

 

 

Figure 1.10: Crystallographic representation of the DMAP complex of 2-phenyl-5-methyl-1,3,4,2-

dioxazaborole. [Green = boron; Red = oxygen; Dark grey = carbon; Light grey = hydrogen] 

 

Literature suggests that in the presence of excess hydroxide anions – possibly 

originating from the removal of water during the condensation reaction – that the 

formation of a 4-coordinate boron species is more favourable (Fig 1.11), with there being 

a number of these compounds previously documented.122, 128  Therefore, the successful 

isolation of a 3-coordinate boron 1,3,4,2-dioxazaborole would be beneficial, in terms of 

determining the chemical structure, and would also be worth exploring in terms of its 

Lewis acidity, owing to its potential in the application of sensing and catalysis.   
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Figure 1.11: ChemDraw representation of the hydroxide complex of a 1,3,4,2-dioxazaborole compound, 

previously recorded in literature.  

 

1.6 Hypothesis and Research Aims 

As discussed by Stoddart and co-workers, the majority of organic synthesis is subject to 

kinetic control, leading to the construction of an irreversibly formed product with strong 

covalent bonds.5  However, dynamic covalent chemistry (DCC) takes advantage of the 

reversibility of reactions in order to push the reaction towards the thermodynamic 

product, rather than a kinetic product, as demonstrated in the previous sections.  In these 

conditions, it is the relative stabilities of the products rather than the transition-state 

barrier heights that controls the proportions of products.  Thus, DCC can be a highly 

useful tool in the synthetic chemist’s toolbox, and as such, the discovery of new, 

reversible and therefore, dynamic, reactions are of great importance for the progression 

and development of new compounds, systems and applications.  

 With this in mind, along with the characteristics of boron to form Lewis adducts 

with Lewis bases, an opportunity has arisen to explore the potential of utilising 1,3,4,2-

dioxazaboroles within DCC applications.  Therefore, this project focused on the synthesis 

of a family of 1,3,4,2-dioxazaborole compounds, by the reaction of various hydroxamic 

acids and boronic acids, with the aim of exploring their dynamic covalent chemistries.  

The investigation and quantification of their Lewis acidity was undertaken, as well as 

studies on their heterocyclic, aromatic and dynamic nature, with the aid of NMR 

spectroscopy, mass spectrometry and X-ray diffraction techniques.  The project also 

targeted the elucidation of the mechanisms of exchange of both hydroxamic acids and 

boronic acids, involving the investigation of both hydrolysis and concerted mechanistic 

pathways. 

 Once an understanding of the dynamics was achieved, conditions for the synthesis 

of supramolecular assemblies, such as cages, macrocycles and COFs was also explored.  
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The Lewis acidity of the boron will also be considered for the application of chemical 

sensing.  

The aims of the work reported chapter 2 were to synthesise and characterise the 

general structure of 1,3,4,2-dioxazaboroles, and the compounds’ aromatic character.  

Within the chapter, investigations into the stability of the compounds was also carried 

out, in relation to its hydrolysis reverse reaction to the hydroxamic acid and boronic acid 

starting materials.  

Chapter 3 describes the Lewis acidity of the synthesised 1,3,4,2-dioxazaborole 

compounds, with comparisons drawn against pre-existing boron heterocycles.  NMR 

spectroscopy and UV-vis spectroscopy were employed to determine the Lewis acidity as 

well as highlight the selectivity of the 1,3,4,2-dioxazaboroles towards various 

coordinating anions.  

Chapter 4 discusses the dynamic covalent chemistry of 1,3,4,2-dioxazaboroles, 

and will explore the exchange reactions between both hydroxamic acids and 1,3,4,2-

dioxazaboroles as well as boronic acids and 1,3,4,2-dioxazaboroles.  This work was 

supported by computational calculations carried out in order to elucidate the preferred 

mechanism of exchange.   

Chapter 5 illustrates the application of 1,3,4,2-dioxazaboroles in supramolecular 

chemistry, with focus mainly on the construction of large architectures, such as cages and 

macrocycles.  Investigations were carried out into the coordination chemistry of these 

compounds, with the intention of creating building blocks for more complex assemblies.   

The appendix attached to this thesis includes the technical details and protocols 

for procedures carried out during the work reported within Chapters 2, 3, 4 and 5.  Also 

included are the crystallographic data for all crystal structures solved during this project, 

including some data provided by undergraduate students within the research group.  

Specific synthetic procedures are provided at the end of the Chapter in which they are 

first mentioned. 
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2. The Synthesis and Structural Determination of 1,3,4,2-

dioxazaboroles 

 

2.1 Chapter Preface 

The work reported in this chapter comprises of summarised synthetic work undertaken 

by myself, as well as computational calculations carried out by Thomas Malcomson 

(PhD, completed 2019), along with supplementary synthetic work carried out by Joe 

Spence (BSc, 2016-17) and Helen Tunstall-Garcia (MChem, 2018-19).  The first synthesis 

of the 4-dimethylaminopyridine complex of a 1,3,4,2-dioxazaborole was carried out by 

Byron Jennings (BSc, 2015-16), upon which this work was built.   

 

2.2 Synthesis of 1,3,4,2-dioxazaboroles 

This chapter describes the synthesis and full characterisation of 1,3,4,2-dioxazaboroles 

with a series of derivatives wherein the functionalities on both the hydroxamic acid and 

boronic acid starting materials are altered.  Through the development of a library of 

related compounds, and by using various analytical techniques such as IR spectroscopy, 

NMR spectroscopy, mass spectrometry and single-crystal X-ray diffraction, key 

structural characteristics of these compounds can be defined.   

Work in this chapter shows that upon the condensation of boronic acids with 

hydroxamic acids, a five-membered ring containing four heteroatoms is formed, a 1,3,4,2-

dioxazaborole.  Previous work carried out on the reactivity of hydroxamic acids with 

boronic acids, however, demonstrated the formation of boron spirochelates from boric 

acid as the starting material (Fig 2.1, left),127, 134 or anionic tetrahedral species from the 

complexation of hydroxyl groups to the boron centre (Fig 2.1, right).120, 122, 134  The 

majority of the work performed to date has used salicylhydroxamic acid, resulting in the 

formation of a dynamic six-membered ring with applications in bioconjugation and 

dynamic polymers.  Within these reports are snippets of information about the formation 

of 1,3,4,2-dioxazaboroles which inspired this work, as discussed within the introduction 

chapter (Section 1.5).128, 129 
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Figure 2.1: (left) Spiro-boronate complex, formed by the condensation reaction between phenylhydroxamic 

acid and boric acid.134 (right) anionic hydroxy complex, formed from the condensation reaction of a boronic 

acid and hydroxamic acid.122, 128 

 

In general, the synthesis of 1,3,4,2-dioxazaboroles is straightforward, due to the 

relatively simplistic nature of the condensation reaction.  An equivalent each of 

hydroxamic acid and boronic acid are combined and heated under reflux in a solvent to 

facilitate the removal of two equivalents of water and form the desired 5-membered 

heterocycle (Scheme 2.1).  The reaction itself is reversible and therefore, the removal of 

water is often necessary for a good yield.  For this reason, solvents such as ethanol and 

toluene are more favourable, due to their azeotropic effects with water.135  Toluene was 

found to be the solvent of choice because of its higher boiling point, thus, it was used in 

most of the syntheses carried out in this work.    

 

 

Scheme 2.1: A ChemDraw representation of the dynamic formation of a 1,3,4,2-dioxazaborole, from the 

condensation of a boronic acid (blue) and a hydroxamic acid (red).   

 

Conversely, several studies have shown that within different solvents, the ratio 

between the hydroxamic acid tautomers (Chapter 1, Scheme 1.10) can vary 

significantly.79, 80, 83, 136  In toluene and other apolar solvents, the ratio between the 

hydroxamic and hydroximic acid was found to be approximately 99:179, indicating that 

although the diol-like tautomer could react with the boronic acids to form the 1,3,4,2-

dioxazaborole species, it is more likely that the main reactant is the hydroxamic acid, 

rather than the hydroximic acid.  However, this in not conclusive as it is may well be that 

the formation of the 1,3,4,2-dioxazaborole will influence and drive the equilibrium 
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between the various tautomers of the hydroxamic acid, and therefore, a redistribution of 

tautomeric forms occurs as the formation of the 1,3,4,2-dioxazaborole drives the 

equilibrium towards that of the hydroxamic acid form.  This is apparent due to the 1,3,4,2-

dioxazaborole forming in a variety of solvents, implying the irrelevance of the starting 

tautomeric form of the HA.  

The solubility of hydroxamic acids in most solvents, including toluene, tends to 

decrease dramatically with increasing number of hydroxamic acid functional groups on 

the molecule.  A reduction in solubility may lead to incomplete reactions, and therefore, 

the synthesis of 1,3,4,2-dioxazaboroles was tested in a range of solvents, with varying 

percentage yields.  It was found that the addition of methanol or ethanol to toluene (as the 

main solvent) improved reactions where the solubility of the hydroxamic acid was low.   

As discussed in the previous chapter (1.2.2), the dynamic dehydration reaction of 

boronic acids to form their boroxine derivative also affects the efficiency of a synthetic 

reaction.52  This is true in the case of 1,3,4,2-dioxazaborole formation, and therefore, 

studies were conducted on the solvent and amount of water present within the reaction 

mixture to determine the optimal conditions for synthesis (Table 2.1 and Table 2.2).  In 

all cases, reflux conditions were used, in order to remove as much water as possible, to 

drive the reaction forward.  At first, dry toluene was used to reduce the amount of water 

added to the reaction.  This resulted in high yields of 1,3,4,2-dioxazaborole formed, 

however, the process required glassware to be oven-dried for several hours, as well as the 

need for the dry toluene, and thus, bench-top grade toluene was also tested.  The result 

was a slight drop in overall yield, but due to the poorer solubility of the final product and 

the higher boiling point, toluene was chosen to be the solvent of choice to simplify 

purification.  Cyclohexane was also found to give high yields, however, due to cost 

considerations, toluene was determined to be the more suitable choice of solvent.  In 

addition, it was found that the reaction times for the synthesis of A1 – chosen because of 

the availability of starting materials – were fairly important for the formation of the 

desired product, with the minimal time for reaction being approximately 4 hours for 

simple 1,3,4,2-dioxazaboroles.  
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Table 2.1: A summary of the yields taken for the synthesis of 2-(2,6-dimethylphenyl)-5-phenyl-1,3,4,2-

dioxazaborole (A1) in various solvents.  

 

Solvent Used  (%) isolated yield of 1,3,4,2-

dioxazaborole formed 

ethyl acetate  93 

cyclohexane   95 

tetrahydrofuran  35 

hexane   81 

acetone  74 

dichloromethane  90 

petroleum ether (40-60)  80 

toluene: dry 

Dean-Stark  

‘wet’ 

98 

96 

97* 

*after further optimisation of the boronic acid.  

 

Table 2.2: A summary of the yields taken for the synthesis of 2-(2,6-dimethylphenyl)-5-phenyl-1,3,4,2-

dioxazaborole (A1) at various reaction times, using toluene as the solvent.  

 

Time (min)  (%) isolated yield of 1,3,4,2-

dioxazaborole formed 

30  5 

60 24 

90 42 

120 63 

240 97 

480 98 
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The yield was also increased by recrystallising the boronic acid starting material 

in the presence of water, before reacting it with the hydroxamic acid.  This forced the 

equilibrium between the boronic acid and its respective boroxine to be in favour of the 

boronic acid, which in turn, is more favourable to produce the 1,3,4,2-dioxazaborole 

(Scheme 2.2). 

 

 

Scheme 2.2: A ChemDraw representation of the dynamic equilibria involved in the formation of 1,3,4,2-

dioxazaboroles.   

 

 Following the optimisation of the reaction conditions, the synthesis of a wide 

range of 1,3,4,2-dioxazaboroles was carried out, with the focus on the being the diversity 

of functionality on the hydroxamic acid used.  Thus, the general procedure for the 

synthesis of 1,3,4,2-dioxazaborole is to combine one equivalent of hydroxamic acid with 

one equivalent of boronic acid in toluene and heat under reflux for 4 hours.  Upon cooling, 

the solution is filtered to remove any unreacted hydroxamic acid and then concentrated 

under reduced pressure to afford the crude product.  The product is then recrystallised 

from petroleum ether/toluene mixtures.  It is important to note that syntheses using a 

Dean-Stark apparatus were also carried out, but this made very little difference in the 

overall yield and time required for the reaction to go to completion (% conversion was 

monitored by 1H NMR).  Thus, the synthesis of 1,3,4,2-dioxazaboroles took place under 

normal reflux conditions, and without the use of Deans-Stark trap.  Overall, the yields of 
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crude 1,3,4,2-dioxazaborole products were high, however, a significant drop in yield did 

occur during the purification of some compounds with some yields dropping by as much 

as 48 %.  In most cases, the impurities observed within the crude NMR samples were 

unreacted starting materials; the hydroxamic acid was generally more straightforward to 

remove due to its insolubility in non-polar solvents.  Removing the excess boronic acid, 

however, is where the largest decrease in yield was observed, due to the similar 

solubilities of the 1,3,4,2-dioxazaboroles and their boronic acid starting materials.  The 

complete synthetic and characterisation details for all 1,3,4,2-dioxazaboroles can be 

found at the end of this chapter (Section 2.6), with a summary of the synthesis of the 3-

coordinate 1,3,4,2-dioxazaboroles detailed in Table 2.3.  
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Table 2.3: Summary of 1,3,4,2-dioxazaboroles synthesised, along with their respective crude and isolated yields, along with indications of which structures the ScXRD has been solved. 

All compounds were synthesised using the above-mentioned optimised conditions.  

Compound  Identifier Crude yield 

(%) 

Isolated yield 

(%) 

ScXRD 

structure? 

Compound Identifier Crude yield 

(%) 

Isolated yield 

(%) 

ScXRD 

structure? 

 

A1 >99 97 Yes 

 

A6 78 72 - 

 

A2 87 43 Yes 

 

A7* 95 89 Yes 

 

A3 - 84♦ - 

 

A8*† 93 82 - 

 

A4 97 74      - 

 

A9*† 98 88 - 

 

A5 - 97♦ Yes 

 

A10*† 70 67 - 

* First synthesised by Joe Spence (BSc, 2016/17). ♦ No further purification required after initial separation from reaction solution. † reaction solution was under reflux overnight, 

rather than the standard 4 hours.  
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Compound  Identifier Crude 

yield (%) 

Isolated 

yield (%) 

ScXRD 

structure? 

Compound Identifier Crude 

yield (%) 

Isolated 

yield (%) 

ScXRD 

structure? 

 

A11† 75 62 - 

 

B7 - 96♦ - 

 

A12 67 48 Yes 

 

B11 81 68 - 

 

B1 - 96♦ - 

 

C5 - 93♦ Yes 

 

B4 - 98♦ - 

 

C11 85 80 - 

 

B5 - 96♦ - 

 

D1** 99 98♦ Yes 

 

B6 - >99♦ - 

 

D6**† 89 84 - 

♦No further purification required after initial separation from reaction solution. † reaction solution was under reflux overnight, rather than the standard 4 hours. 
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Compound  Identifier Crude 

yield (%) 

Isolated 

yield (%) 

ScXRD 

structure? 

Compound Identifier Crude 

yield (%) 

Isolated 

yield (%) 

ScXRD 

structure? 

 
D11** 94 88 Yes 

 

E6**† 82 40 - 

 

E1** 67 33 - 

 

E11**† 53 20 - 

**First synthesised by Helen Garcia-Tunstal (MChem 2018/19). † reaction solution was under reflux overnight, rather than the standard 4 hours. 
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 Through compiling the data of all synthesised 1,3,4,2-dioxazaboroles, it is 

possible to identify the key characteristic analytical data that allow for the identification 

of the molecule.  One such method of determining the presence of the heterocyclic ring 

is through infrared (IR) spectroscopy, which was chosen because of its sensitivity to 

functional groups.  The table below (Table 2.4) lists the stretches of note, for the above 

1,3,4,2-dioxazaboroles, and show the consistent presence of stretches between 1300-1350 

cm-1, which has been concluded to be due to the B-O stretches of the heterocyclic ring.  

This stretch was chosen as it appeared to be a new stretch when compared to the IR spectra 

of the starting materials.  In comparison, the amide-type carbonyl stretches of the 

hydroxamic acids and the C=N stretch of the 1,3,4,2-dioxazaboroles were too like be 

useful in determining a difference between starting material and product, especially if a 

mixture was present.  The data indicates that the change of substitution on both the 

hydroxamic acid and the boronic acid affects the strength of the B-O bond.   This is shown 

by the value of the wavenumbers ranging from 1314 to 1321 cm-1 across various 

functionalities of the hydroxamic acid.  This trend, however, does not appear to be linear, 

with there being no direct correlation between the electron-density of the functional group 

in relation to the wavelength of the B-O stretch.  Indeed, compounds A2 and A4, of which 

both functionalities are pyridyl groups, have different values of B-O wavelength (1321 

cm-1 and 1316 cm-1, respectively).  It is, therefore, likely that as well as the electronics of 

the compound, sterics also play a role in determining the overall bond strength.   
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Table 2.4: Summary of key IR data for a family of 1,3,4,2-dioxazaboroles, corresponding to the B-O stretch.  

The full IR spectroscopic data can be found in the experimental section at the end of the chapter.    

 

          Ar1 

Ar 
  

 
 

 

A1 

1320 cm-1 

B1 

1327 cm-1 

D1 

1352 cm-1 

E1 

1348 cm-1 

 

A2 

1321 cm-1 

 

* 

 

* 

 

* 

 

A3 

1310 cm-1 

 

* 

 

* 

 

* 

 

A4 

1316 cm-1 

B4 

1331 cm-1 

 

* 

 

* 

 

A5 

1321 cm-1 

B5 

1314 cm-1 

 

* 

 

* 

 

A6 

1317 cm-1 

B6 

1328 cm-1 

D6 

1340 cm-1 

E6 

1372 cm-1 

 

A7 

1321 cm-1 

B7 

1339 cm-1 

 

* 

 

* 

 

A8 

1319 cm-1 

 

* 

 

* 

 

* 

 

A9 

1318 cm-1 

 

* 

 

* 

 

* 

 

A10 

1314 cm-1 

 

* 

 

* 

 

* 
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A11 

1314 cm-1 

B11 

1326 cm-1 

D11 

1320 cm-1 

E11 

1323 cm-1 

 

A12 

1348 cm-1 

 

* 

 

* 

 

* 

* Compounds not synthesised.  

 

The electronic effect is more apparent when comparing 1,3,4,2-dioxazaboroles 

with different boronic acid substituents.  For example, by comparing A6 and B6, where 

both compounds contain a strongly electron-donating dimethylamino substituent, but the 

boronic-acid-derived substituent for B6 now contains an electron-withdrawing F 

substituent.  In this instance, the fluorine pulls electron density away from the boron 

centre, through the aromatic ring.  This effect is countered by the electron-donating 

methyl group ortho- to the boronic acid.  The A-boronic acid, which contains two ortho- 

methyl groups, has the combined electron donation from both groups, therefore, moving 

more electron-density onto the boron.  The overall effect is that A6 has a more electron-

rich boron centre, compared to B6, which is seen by the slight increase in wavenumber 

of all ‘Family B’ 1,3,4,2-dioxazaboroles, compared to the ‘Family A’ 1,3,4,2-

dioxazaboroles.   

 Another feature of the formation of a 3-coordinate boron-containing 1,3,4,2-

dioxazaborole ring is the change in the 11B{1H} NMR spectrum.  The characteristic shift 

for a 3-coordinate boronic acid or ester is around 30 ppm, which is observed in both the 

NMR spectra of 1,3,4,2-dioxazaboroles, as well as the boronic acid starting materials.  

However, instead of a sharp peak as seen in the likes of non-dynamic boron-containing 

structures, due to the dynamic nature of the formation of the 1,3,4,2-dioxazaboroles, the 

resulting peak is relatively broad in appearance, although this may be partially due to the 

quadrupolar nature of the boron nuclei.  It is for these reasons that it is important to carry 

out other analytical techniques, such as mass spectrometry (MS) and both 1H and 13C 

NMR spectroscopy to ensure that the product made is pure before carrying out further 

studies.   

 Comparison between the 1H NMR spectra of the starting materials and the 

resulting 1,3,4,2-dioxazaborole, in most instances, is a simple and quick method of 

determining the formation and purity of a sample.  For example, in the case of the starting 
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boronic acids containing H-substituents, the 1H resonances experience a downfield shift 

upon the formation of the 1,3,4,2-dioxazaborole, indicating a deshielding of nuclei.  For 

the A-derivatives of the 1,3,4,2-dioxazaboroles, the proton resonances moved from 

approximately 7.03 and 7.20 ppm as the free boronic acid, to approximately 7.15 and 7.35 

ppm, depending on the hydroxamic acid functionality (Fig 2.2, left).  For the B-

derivatives of the 1,3,4,2-dioxazaboroles, the more easily identifiable aromatic peaks of 

the boronic acid starting material at approximately 7.02 and 7.15 ppm also experience a 

downfield shift, towards approximately 7.14 and 7.55 ppm, respectively.  However, the 

resonance from the proton in position 1 appears to shift upfield towards 7.63 ppm, 

indicating a slight shielding effect (Fig 2.2, right).  Similar shifting patterns are observed 

for the naphthalene-based derivatives, the C- and D-derivatives of the 1,3,4,2-

dioxazaboroles.  

 

 

Figure 2.2: (left) stacked 1H NMR spectra (400 MHz, CDCl3, 298K) of the 2,6-dimethylphenylboronic acid 

starting material in blue, and the resulting 1,3,4,2-dioxazaborole upon condensation with benzohydroxamic 

acid in red. (right) stacked 1H NMR spectra (400 MHz, CDCl3, 298K) of the (4-fluoro-2-

methylphenyl)boronic acid starting material in blue, and the resulting 1,3,4,2-dioxazaborole upon 

condensation benzohydroxamic acid in red.  

 

A true comparison could not be made between the free hydroxamic acid and the 

resulting 1,3,4,2-dioxazaborole peaks in chloroform due to the HA’s poor solubility.  
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However, upon dissolving both the HA and 1,3,4,2-dioxazaborole in CD3CN, one can see 

the downfield shift of the aromatic protons upon reaction with the 2,6-dimethylphenyl 

boronic acid, for example, compounds A5 and A11 (Fig 2.3).  This downfield shift of 

aromatic protons in both compounds, upon the formation of 1,3,4,2-dioxazaborole, 

signifies the removal of electron-density from the phenyl rings towards the electron-

deficient boron.   

 

 

Figure 2.3: (left) stacked 1H NMR spectra (400 MHz, CD3CN, 298K) of the 4-tolyhydroxamic acid starting 

material in blue, and the resulting 1,3,4,2-dioxazaborole upon condensation with 2,6-dimethylphenyl 

boronic acid in red. (right) stacked 1H NMR spectra (400 MHz, CD3CN, 298K) of the (4-

trifluoromethyl)phenyl hydroxamic acid starting material in blue, and the resulting 1,3,4,2-dioxazaborole 

upon condensation 2,6-dimethylphenyl boronic acid in red.  

  

 Despite all the available analytical data, however, the structure of a 1,3,4,2-

dioxazaborole was not conclusively proven until the isolation of single crystals.  The most 

significant compound isolated was that of the crystal structure of A12, from the 

condensation of 2,6-dimethylphenyl boronic acid and salicylhydroxamic acid (12).  The 

isolation of this compound proves the formation of the 1,3,4,2-dioxazaborole ring, over 

the 6-membered ring, which had formerly been presumed to be the more likely 

heterocycle to form upon the reaction of a boronic acid with 12, owing to the possible 
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binding of the hydroxyl to the boron centre, rather than the nitrogen (as discussed in 

Chapter 1).  Previous citations in the literature by various groups predict the preferential 

formation of a 6-membered ring over the 5-membered ring, the 1,3,4,2-dioxazaborole.119-

121, 128  The isolation of the resulting crystal structure of A12, as well as the other 16 

collected crystal structures (eight 3-coordinate; ten 4-coordinate 1,3,4,2-dioxazaboroles), 

are the first of their kind to be isolated with no such compounds previously recorded, and 

proves the formation of the 5-membered 1,3,4,2-dioxazaborole heterocycle (Fig 2.4).   

However, it is worth noting that the previous investigations were carried out in aqueous 

conditions, which, may or may not, increase the overall stability of the 6-membered ring, 

and therefore, it is important to realise that the isolation of 3-coordinate boron centre of 

the 1,3,4,2-dioxazaborole does not disprove the possibility of the formation of the 6-

membered ring.  Yet, there are no crystallographic representations of the postulated 6-

membered ring within the Cambridge Structural Database (search carried out on 

08/02/2020). 

   

 

Figure 2.4: Crystallographic representation of A12, depicting the hydrogen bonding between the hydroxyl 

group and the nitrogen of the 5-membered ring of the 1,3,4,2-dioxazaborole. [Green = boron; blue = 

nitrogen; red = oxygen; dark grey = carbon; light grey = hydrogen] 

 

 The formation of the 5-membered ring over the 6-membered ring in the synthesis 

of A12 may be due to stabilisation effects of the hydrogen bonding exhibited between the 

hydroxyl hydrogen and the nitrogen within the ring.  The low percentage yield for the 

formation and isolation of the final product, from the condensation of 2,6-dimethylphenyl 

boronic acid and salicylhydroxamic acid (12) indicates either of the following: 1) there is 

a mixture of 1,3,4,2-dioxazaborole and 6-membered ring present in solution, thus 
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lowering the yield of the desired compound, or 2) the energetics of the reaction means 

that the desired product is less favourable to formation, compared to other 1,3,4,2-

dioxazaboroles synthesised, thus more forcing conditions may be required to drive the 

reaction to completion.  In either case, further investigations by IR spectroscopy and MS 

fail to elucidate point 1, due to both compounds having the same molecular mass and very 

similar IR stretches.  Additionally, increasing reaction time appears to be ineffective in 

greatening the percentage yield of A12, yet no evidence is seen using NMR spectroscopy 

for the presence of the 6-membered ring. Therefore, it is concluded that after isolation of 

several other crystal structures of 1,3,4,2-dioxazaboroles confirms the preferential 

formation of the 1,3,4,2-dioxazaborole over the 6-membered ring, in the case of using 

SHA as the starting hydroxamic acid.  It is worth noting that all the other hydroxamic 

acids tested did not include an adjacent hydroxyl group, and therefore, only formation of 

the 1,3,4,2-dioxazaborole was possible.  

 

2.3 The Structure of 1,3,4,2-dioxazaboroles 

One of the most conclusive methods of elucidating structural information about a 

molecule is from single-crystal X-ray diffraction experiments.  Although crystallography 

does not give direct information on the solution-state chemistry of the product, it is hugely 

beneficial in determining the overall structure, configuration and conformation of 

inorganic and organic molecules in the solid-state.   

 Through the isolation of eight different 3-coordinate 1,3,4,2-dioxazaborole crystal 

structures (A1, A2, A5, A7, A12, C5, D1 and D11), the formation of the 5-membered 

heterocyclic ring was confirmed (see appendix, section A for full crystallographic 

details).  In most cases, crystals were grown from the slow evaporation of chloroform 

solutions, due to the high solubility of these compounds in chloroform, or from the crude 

toluene reaction mixtures.  Solvents such as methanol and ethanol were also attempted, 

as the 1,3,4,2-dioxazaboroles appeared to have good solubility in them, however, the 

process resulted in amorphous solids being formed, in some cases.  It is thought that due 

to increased miscibility with water, the alcohol solutions had a greater effect on the 

dynamics of the system, influencing the equilibria between the forward and reverse 

reactions, thus, reducing the chance of crystallisation of the desired species.  

 The crystallographic structures throughout this thesis will be represented as 

capped-sticks models, to display the compound’s geometries. The colour scheme is as 
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follows: boron = green, oxygen = red; nitrogen = dark blue; carbon = dark grey and 

hydrogen = light grey.  Additional atoms, such as fluorine and chlorine are represented 

using yellow and light green, respectively.  In most instances’ solvent molecules, if 

present within the crystallographic structure, will be omitted for clarity unless required as 

part of the discussion.  The full crystallographic details for all structures discussed can be 

found in the Appendix, section A. 

 The resulting crystallographic data of 1,3,4,2-dioxazaboroles (Fig 2.5) gave 

significant insight into the planarity (RMS = 0.002 [13] Å, across all structures) of the 

non-coordinated heterocycles, which can be seen across all crystallographic structures of 

the 1,3,4,2-dioxazaboroles with 3-coordinate boron centres.  The planarity of the 

heterocycle, coupled with Hückel’s rule of aromaticity with 4n + 2 electrons, suggests 

aromatic character within the ring, which was verified by further computational studies 

on this motif (see Section 2.4). 
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Figure 2.5: The above images have been created using Mercury, using the capped stick representation, 

after solving the crystal structures in Olex 2, using ShelXT intrinsic phasing to solve, and ShelXL least 

squares to refine.  a) Crystallographic representations of compounds A2 and A7 overlaid, space group = 

P212121, RMS = 0.0136.  b) Crystallographic representations of compounds A1 and A12 overlaid, space 

group = P21/n, RMS = 0.0112.  c) Crystallographic representations of compounds D1 and D11 overlaid, 

space group = P21/c, RMS = 0.0001.  d) Crystallographic representations of compounds A5 and C5 

overlaid, with space groups P212121 and P-1 respectively, RMS = 0.0103.  [Green = boron; blue = 

nitrogen; red = oxygen; yellow = chlorine; light green = fluorine; dark grey = carbon; light grey = 

hydrogen] 

 

In the case of the ‘Family A' 1,3,4,2-dioxazaboroles, where there are several 

examples of crystal structures to compare, planarity was observed across the heterocyclic 

ring as well as across the molecule as a whole, despite the conformational flexibility of 

the single bonds that connect the three rings.  The average torsional angles across the ring, 

C3-C2-C1-O1 and C9-C8-B1-O1, gave values of 2.55 (2) degrees and 1.88 (3) degrees, 

respectively, indicating a flat molecule (Fig 2.6).  Previously reported crystallographic 

structures that also contain three connected aromatic rings commonly exhibit twists 

around the single C-C bonds that link the rings, due to the steric hindrance between 

hydrogen atoms of adjacent rings.  By comparing the crystallographic data already present 
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within the database, it is possible to see the increased ‘flatness’ of the 1,3,4,2-

dioxazaborole centre, against 6-6-6 membered ring structures which have an average C-

C-C-C torsion angle = 73.3 [62] degrees and 6-5-6-membered ring structures which have 

an average C-C-C torsion angle = 61.9 [69] degrees (CSD search carried out on 07/08/20, 

using carbon-containing rings only).  The inherent twist around the single C-C bonds of 

these structures leads to a loss of conjugation between the rings, whereas, the resulting 

flatness and torsional angles with values close to 0 degrees indicates conjugation across 

the 1,3,4,2-dioxazaborole ring and adjacent aromatic rings.  

 

 

Figure 2.6: Crystallographic representations of the 1,3,4,2-dioxazaborole ring, showing the torsion angles 

measured to determine the molecules’ planarity. a) Torsion angle measured using C9-C8-B1-O1, giving 

an angle of 1.88 (3) degrees. b) Torsion angle measured using C3-C2-C1-O1, giving an angle of 2.55 (2) 

degrees.  

 

By studying how the molecules pack in the solid-state (Fig 2.7, a), it was observed 

that the flat 1,3,4,2-dioxazaborole molecules tend to sit on top of each other, exhibiting a 

one-dimensional staggered, herringbone-type configuration.  This observed stacking 

motif is likely due to electronegativity-induced polarisation, wherein the electron-rich 

centres of the phenyl rings interact with the electron-poor heterocycle, with an average π-

π distance of 3.295 [7] Å between the molecule planes of the A and G-families of 1,3,4,2-

dioxazaboroles.  There are clear heteroatom interactions with C-H…N close contacts, 

wherein the edge-to-face interaction between the molecules can be shown through the C-

H…N close contacts (H6…N2 2.611(3) Å and H11…N1 2.550 (3) Å (Fig 2.7, b), which 

result in the herringbone configuration, observed in most of the crystal structures. 
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Figure 2.7: a) Crystallographic representation of A2, showing the one-dimensional slipped π-π-stacking 

motif, showing the measured distances between selected atoms. b) View of the A12 crystal packing, down 

the a-axis, showing the C-H···N interactions. [Green = boron; blue = nitrogen; red = oxygen; dark grey = 

carbon; light grey = hydrogen].   

 

An interesting consequence of this planar molecule packing style and the short 

interaction distance between the overlapping rings of A2 (ca.  3.335 Å) is the needle-like 

crystals that are formed which display elastic-like characteristics, allowing for the crystal 

itself to be manipulated into different shapes without any apparent breakage of the crystal 

itself (Fig 2.8).  It has been suggested that elasticity within organic molecular crystals 

arises due to the anisotropic molecular packing and the ability to stretch elastically comes 

from the perpendicular C-H··π interactions within the molecules.  This phenomenon is 

generally known as bendy crystals and is a recent hot topic within molecular crystal 

engineering.137, 138 The 1,3,4,2-dioxazaboroles which have so far demonstrated elastic 

behaviour – A2 and A7 – do so at room temperature and have yet to be tested at different 

temperatures, and therefore, further investigation is required to see whether these 

compounds pose interesting possibilities for application within optoelectronic 

applications.139  Recent work in the field has led to the discovery of an organic crystal 

that is malleable at high temperatures and exhibits high elasticity at low temperatures, 

with hopes that this will aid the development of light-weight, flexible devices and 

sensors.140  As this field is relatively new, the full mechanical properties and 

crystallographic studies of the elastic behaviour of these materials still needs further 

research to realise their full potential.  One problem in achieving this is having enough 

chemical variation to understand the materials completely, however, the 1,3,4,2-

dioxazaboroles are easily functionalised, due to the availability and ease of synthesising 
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different starting reagents.  Thus, 1,3,4,2-dioxazaboroles may have further applications 

within the field of crystal engineering and material design.   

 

 

Figure 2.8: Microscopic image (40 x magnification) of an A2 crystal, formed by the slow evaporation of 

acetone, displaying its bendiness.   

 

Through analysis of the average bond lengths in the molecular structures of these 

heterocycles, it is possible to infer the relative bond orders of each connectivity and give 

further insight into the overall bonding in the moiety (Fig 2.9).  The C=N bond length 

(1.286 (7) Å) within the ring has a value that lies between that expected of a standard 

C=N bond such as in imines (1.25 Å) and an aromatic C=N bond such as in pyridine (1.34 

Å)141.  Similarly, the C-O bond distance (1.338 (4) Å) also lies between the standard 

single bond distance of 1.43 Å for alcohols and the double bond distance of 1.21 Å for 

esters.141  Overall, the slight divergence of the bond lengths from their standard lengths 

implies delocalisation of electron-density across the N-C-O fragment of the heterocycle.  
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Figure 2.9: Crystallographic representation of 1,3,4,2-dioxazaborole ring with average crystallographic 

bond lengths labelled, with their respective standard deviations given in the square brackets. The 

substituents off the boron and carbon removed for clarity.  [Green = boron; blue = oxygen; red = nitrogen; 

dark grey = carbon]  

 

By using the Cambridge Structural Database to search for structures similar to the 

1,3,4,2-dioxazaborole ring, both of the B-O distances (1.379 (4) and 1.396 (4) Å) appear 

to be similar compared to the distances of other 5-membered ring heterocycles that only 

contain boron, carbon and oxygen (ca.  1.39 Å).  Conversely, once a nitrogen atom is 

entered into the search, though not necessarily as a doubly bonded entity, the statistics 

show a slight increase in B-O bond length, compared to our systems (ca. 1.482 [16] and 

1.529 [25] Å). This implies that the addition of the imine-type nitrogen into the 

heterocycle has a substantial effect on the electron-donation of the oxygen into the 

boron’s lone pair, as well as contributing to the overall electron count for the heterocycle.  

Indeed, by comparison of the oxygen-nitrogen bond length of the starting hydroxamic 

acids (ca.  1.325 (16) Å) with the oxygen-nitrogen bond length within the 1,3,4,2-

dioxazaborole (1.438 Å), it is possible to see a significant increase, indicating a loss of 

delocalisation along the amide functionality in order for the oxygen to better donate into 

the electron-poor boron.  From these observations, it is possible to postulate the various 

resonance structures for the 1,3,4,2-dioxazaborole ring (Scheme 2.3). 
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Scheme 2.3: ChemDraw representation of the resonance structures of 1,3,4,2-dioxazaboroles 

 

The planarity of the molecule coupled with equilibration of the bond lengths 

implies that there is delocalisation around the heterocyclic ring.  Most importantly, the 

number of π-electrons within the heterocycle means that the 1,3,4,2-dioxazaborole ring 

also obeys Hückel’s (4n + 2) rule, again, pointing towards this moiety being at least 

partially aromatic in character.  A final experimental indication of the aromaticity of the 

1,3,4,2-dioxazaborole ring comes from the 1H NMR data of A3, wherein the shift of the 

methyl group more closely resembles that of toluene (ca. 2.5 ppm), rather than an aliphatic 

methyl hydrogen (ca 1-2 ppm) within the same proximity of a heteroatom (i.e. three bonds 

away).  The downfield shifting of the methyl peak of A3 from 2.00 ppm to 2.37 ppm upon 

comparison with its hydroxamic acid starting material (3) suggests that there is potentially 

magnetic anisotropy across the ring, which deshields the protons of the methyl group and 

results in the higher ppm shift of those signals, implying significant delocalisation across 

the ring.   

Computational studies utilising ‘complete active space self-consistent field’, or 

CASSCF, indicate pz-orbital occupation of the boron, which infers that there is electron 

donation from the oxygen atoms into the boron.  CASSCF occupancies were obtained 

from localised molecular orbitals using Gaussian16.142  These localised orbitals were then 

used to calculate Pij values, which can be interpreted to describe the spin coupling 

between two centres.143  In an ideal situation, the Pij have values of +1 for a singlet-

coupled pair, -1 for a triplet coupled pair and -1/2 when the pair is uncoupled.  However, 

the methods used result in computed values differing from the ideal and, as such, it is 

common to take a positive Pij value to represent a singlet coupled pair with a negative 

value representing uncoupled centred.144, 145  The results obtained (Fig 2.10) indicate that 

there is delocalisation observed across the carbonyl oxygen-boron bond, with a Pij value 
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of 0.351, however, the hydroxyl oxygen-boron bond has a significantly lower Pij value 

(0.042), indicating that there is little overlap exhibited between the two orbitals, and 

therefore, no delocalisation across that bond.  As expected, the overlap between the 

carbon and nitrogen atoms have a greater value than the carbonyl-oxygen-boron bond, 

due to the presence of the formal double bond, but interestingly, the N-O bond has a Pij 

value close to zero, implying that there is no delocalisation between the π-orbitals.  

Therefore, despite obeying Hückel’s (4n + 2) rule and exhibiting a cyclic, planar structure 

the lack of complete delocalisation around the ring would suggest that perhaps the 

molecule is perhaps non-aromatic. 

 

 

Figure 2.10: Computationally calculated Pij values for the localised molecular orbitals of the 1,3,4,2-

dioxazaborole heterocycle.  

 

However, subsequent nucleus-independent chemical shift (NICS) calculations 

were carried out using a dummy atom placed 1Å above the ring and raised in several 

heights above the ring, with the effect of ring current measured (Fig 2.11) as a function 

of height.146  The NICS(1)zz value of  = -13.097 reinforces the assignment of aromatic 

character to the planar complexes (benzene  = -29.919).147  Compared to studies carried 

out on 1,3,2-diazaboroles and 1,4,2-diazaboroles, with NICS(1) values of -6.7 and -7.0 

respectively,148 the computational studies on 1,3,4,2-dioxazaboroles show a significant 

increase in aromatic character.  It can, therefore, be concluded that 1,3,4,2-dioxazaboroles 

do possess a limited degree of aromaticity, especially when compared to similar 
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heteronuclear 5-membered rings.  This may explain their relative stability when it comes 

to forming Lewis acid-Lewis base adducts, which will be discussed further in Chapter 3, 

Lewis Acidity of 1,3,4,2-dioxazaboroles.   

 

 

Figure 2.11: Crystallographic representation of A1, showing the placement of ‘dummy’ atoms required to 

measure the ring current of the 1,3,4,2-dioxazaborole ring.   

 

 

2.4 Stability of 1,3,4,2-dioxazaboroles 

 

2.4.1 Hydrolytic stability of 1,3,4,2-dioxazaboroles 

The reaction to form 1,3,4,2-dioxazaboroles is reversible, hence, hydrolytic studies were 

carried out to determine the overall stability of the compounds in the presence of water, 

in terms of its dynamic equilibrium.   

General Protocol: 

Studies were carried out by analysis of 1H NMR spectra, wherein the pure 1,3,4,2-

dioxazaborole (0.08 mmol) was dissolved in a deuterated solvent (0.6 mL) and a spectrum 

was recorded.  Then, deionised water (20 μL) was added to the solution and another 1H 

NMR spectrum was recorded to see the immediate effect of the addition of water.  A 

third, final spectra was then recorded 24 hours after the initial adding of water and 

compared to the first spectra that contained no additional water.   
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The resonances corresponding to the hydrolysis products were integrated with 

respect to the 1,3,4,2-dioxazaborole resonances to characterise the effect that the addition 

of water has on the overall equilibrium, and to determine the systems dynamic potential 

in terms of the reversibility of the reaction (Fig 2.12).  Analysis by 11B{1H} NMR 

spectroscopy, however, was not possible due to there being no resolvable chemical shift 

difference between the boronic acid starting material, and the 1,3,4,2-dioxazaborole.  

Addition of neutral pH water results in only a small amount of 4-coordinate species being 

formed, which could be either due to the anionic hydroxyl complex of boronic acid or the 

anionic hydroxyl complex of the 1,3,4,2-dioxazaborole.  Due to the poor signal-to-noise 

ratio and boron’s quadrupolar nature, quantitative analysis of the formation of the 4-

coordinate was also not possible.   

 

 

Figure 2.12: 1H NMR (400 MHz, CDCl3, 298K) monitoring of A1, showing the evolution of the hydrolysis 

products overtime after the addition of deionised water (20 μL).  The boxes highlight the spectral regions 

where the respectively coloured starting material resonances grow in.   
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 To get a better indication of the overall hydrolytic stability of 1,3,4,2-

dioxazaboroles and to determine whether solvents and the heterocycle substituents affect 

the rate of the hydrolysis reaction, a range of substituents and solvents were tested (Table 

2.5).  For this reason, the substituents were altered on the hydroxamic acid side, altering 

from electron-donating groups (i.e. CH3) through to more strongly electron-withdrawing 

groups (i.e. CF3).  The functionality of two boronic acids were also tested to see if having 

an electron-withdrawing group in the para- position (‘Family B’ 1,3,4,2-dioxazaboroles) 

would increase the stability against hydrolysis, compared to having the presence of two 

electron-donating CH3 groups ortho- to the boronic acid (‘Family A’ 1,3,4,2-

dioxazaboroles).  

 

Table 2.5: Summary of results, taken from the hydrolysis studies carried out on 1,3,4,2-dioxazaboroles in 

various solvents.  Percentages were calculated by comparing the integrations of hydrolysed products to the 

resonances of the starting 1,3,4,2-dioxazaborole.  

Solvent Used % Hydrolysed Products Formed After 24 Hours 

A1 A5 A11 B1 B5 B11 

CDCl3 7 6 7 5 2 6 

CD3OD 51 42 40 63 61 62 

CD3CN >99 >99 >99 >99 >99 >99 

(CD3)2CO >99 >99 >99 >99 >99 >99 

d6-DMSO >99 >99 >99 94 95 >99 

 

  

It was found, that in general, once 1,3,4,2-dioxazaboroles are dissolved in solvents 

which are miscible with water hydrolysis appears to occur readily, with the equilibrium 

lying heavily towards the starting materials side of the equation, with the majority of the 

1,3,4,2-dioxazaborole hydrolysing back to the starting materials, within 24 hours (Table 

2.4).  Indeed, for the reactions carried out in acetonitrile (CD3CN), acetone and 

dimethylsulfoxide (d6-DMSO), the hydrolysis appeared to have been immediate upon 

addition of the water.  However, when tested in chloroform, the rates of the hydrolysis 

reactions were greatly reduced, indicating an equilibrium shift towards the 1,3,4,2-
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dioxazaborole rather than the hydrolysis products.  Overall, less than 10 % hydrolysed 

products were formed for each 1,3,4,2-dioxazaborole, although this may be due to the 

immiscibility between chloroform and water.  It can be concluded from these observations 

that the solvent has a great impact on the hydrolytic stability of these compounds, yet the 

reasons behind these results remain unclear.  It is possible that the more polar the solvent, 

the more stabilising an effect it has in solution for the hydroxamic acid and boronic acid 

starting materials, through interactions such as H-bonding that would otherwise be 

reduced in non-polar solvents.  However, both methanol and acetone have similar polarity 

indexes, and therefore, this reason does not account for the full story.  Conversely, a 

crystal structure obtained by Joe Spence (BSc, 2016-17) shows the binding of methanol 

to the boron atom of the 1,3,4,2-dioxazaborole, and therefore, it could be postulated that 

in the case of the methanol studies, the solvent binds to the heterocycle, thus preventing 

the complete hydrolysis as observed in the other polar solvents.   

 Curiously, the nature of the substituents did not appear to affect the overall 

conversion of 1,3,4,2-dioxazaboroles to their starting materials, with electron-rich (CH3) 

substitution showing only a small preference in stability towards the formation of the 

1,3,4,2-dioxazaborole, compared to the H and electron-poor substituents (CF3).  This 

makes relative sense in that you would expect that a more strongly electron-donating 

substituent would push electron-density from the phenyl ring into the HA functionality, 

and result in the strengthening of the B-O bonds.  The altering of the boronic acid resulted 

in a further decrease in hydrolysis conversion, and maybe attributed again to the electron-

donation into the boron from the hydroxamic acid.  Since 1,3,4,2-dioxazaboroles 

functionalised with boronic acid B contain an electron-poor fluorine group para- to the 

boronic acid, pulling electron density away from the boron centre, the result is the overall 

increase in Lewis acidity on the boron. 

 This NMR data was complemented by analysis using mass spectrometry, in a 

collaboration with the National Mass Spectrometry Facility in Swansea.  The sample was 

first analysed using the ‘atmospheric pressure ionisation’ (API) technique, which allowed 

for the analysis to be carried out without any additional ions being added from the 

solvents, or for any solvents to disturb the equilibria of the formed 1,3,4,2-dioxazaborole.  

The sample was then dissolved in the solvent of choice and ran using both the positive 

and negative modes of the ‘electrospray ionisation’ (ESI) technique to determine the 

effect of solvent on the 1,3,4,2-dioxazaborole.  The solvent chosen in this instance was 

acetonitrile as there were no issues with solubility, it does not coordinate to the ring, and 
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is also miscible with water, as required by the investigation which was run using methods 

as detailed in Appendix A.  

The MS results of the pure samples are summarised in Table 2.6, along with the 

variety of species formed upon the addition of water.  The results show that by adding 

water, the equilibria between the 1,3,4,2-dioxazaborole product and its corresponding 

starting materials is shifted quite dramatically.  The data also shows the presence of 

hydroxamate adducts, along with the expected hydroxyl and sodium adducts (sodium 

being a common adduct ion) in most of the experiments.  It is important to note that 

boronic acids tend to be difficult to observe using MS, therefore, this study focused on 

quantity of hydroxamic acid starting materials, as an indicator of hydrolysis.  
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Table 2.6: Summary of species and fragments found using MS, before and after the addition of 10% by 

volume H2O to 1,3,4,2-dioxazaboroles in acetonitrile. 

Compound Observed in Solid State  

(% relative abundance) 

Observed - no H2O added.   

(% relative abundance) 

Observed - H2O added. 

(% relative abundance) 

A1  A1.H+ (100) A1.Cl– (20)* A1.Cl– (100) 

B2  B2.H+ (100) B2.H+ (13) 

B2.Na+ (100) 

B2.OH– (100) 

B2.2– (37) 

B2.2– (5) 

B11  C11.H+ (100) B11.OH–  (100) B11.OH– (100) 

C4**  C4.H+ (100) C4.Na+ only (100) C4.OH– (100) 

C4.4– (5) 

C5 C5.H+ (100) C5.OH– (100) 

C5.5– (75) 

C5.5.Na+ (100) 

5.Na+ (59) 

C5.OH– (100) 

C5.5- (56) 

C5.5.Na+ (79) 

5.Na+ (42) 

C7*** C7.H+ (100) C7.OH– (100) 

C7.7– (17) 

C7.OH– (100) 

7+ (<1) 

C11** C11.H+ (100) C11.OH–  (100) 

C11.11– (<1) 

C11.OH– (100) 

 

*Peak corresponding to abundance of 100% is unidentifiable, therefore, has not been included within the 

data table.  

** The presence of OH- adducts implies the binding of water to the 1,3,4,2-dioxazaboroles, however, it does 

not seem to affect the hydrolysis of those particular compounds, resulting in no detectable presence of 

hydrolysis products in the MS traces.  

*** Free hydroxamate anion (7-) seen in the initial experiment, however, the abundance of free 7- does not 

increase with the addition of water.   
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 Upon comparison with the results collected from NMR spectroscopy, there is a 

smaller shift in the equilibrium towards the hydrolysis products, as shown by the lower 

% relative abundance of free hydroxamic acid seen by MS.  This may be attributed to the 

amount of water added in both instances, as well as the time taken between the 

measurements of each experiment: the NMR experiments were carried out over 24 hours, 

thus allowing the 1,3,4,2-dioxazaborole solution to be ‘wet’ for a lot longer time than the 

MS experiments.  In contrast, the MS experiments were carried out in a singular 

experiment, whereupon the addition of water, the solutions were immediately run and, 

thus, they may not be a true indication of where the equilibrium lies.  

It would be prudent to conclude that although the hydrolysis reaction of the 

1,3,4,2-dioxazaborole back to its constituent hydroxamic acid and boronic acid parts does 

occur upon the addition of water, and the rate at which the compounds hydrolyse appears 

to be affected by the substituents on the compounds.  Upon comparison of the NMR and 

MS data, compounds A1 and B11 both exhibit high percentages of hydrolysed products 

after 24 hours, as shown by 1H NMR.  However, the results indicated by MS show no 

observable hydrolysis products as there appears to be no free HA nor any HA complexes 

of the compounds.  From this comparison, we can conclude that the rate of hydrolysis for 

these two compounds is slow, but the equilibrium lies towards the starting materials, 

indicating a thermodynamic preference for the hydrolysis products.  The rate of 

hydrolysis appears to depend on the substituents on both starting materials, as seen by the 

presence of free HA and HA complexes in the other compounds analysis indicating that 

they have a greater rate of hydrolysis than A1 and B11.   
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2.4.2 pH Stability of 1,3,4,2-dioxazaboroles 

The pH stability of 1,3,4,2-dioxazaboroles was tested experimentally using both NMR 

spectroscopy and MS.  However, to measure an accurate pH for each solution of 1,3,4,2-

dioxazaborole investigated the ratio of water:organic solvent needed to be equal, i.e. 1:1.  

As discussed in the previous section, the hydrolysis of the 1,3,4,2-dioxazaboroles appears 

to depend more on the solvent, rather than the substitution of both of the starting materials.  

It is for that reason, that the pH stability tests were carried out in methanol, as the only 

solvent that did not fully break apart the 1,3,4,2-dioxazaborole that is miscible with water. 

 

General Protocol: 

 The study was carried out by making up pH 1, 2, 3, 4, 5, 7, 8, 9 and 10 D2O 

solutions using HCl(aq) and NaOH(aq) to achieve the desired concentrations.  In a separate 

vial, A1 (0.10 g, 3.98 x 10-4 mmol) was dissolved in CD3OD (3.0 mL) to create a stock 

solution of the 1,3,4,2-dioxazaborole.  An aliquot of A1 in CD3OD (9 x 0.3 mL) was 

taken for each pH to be measured, and (0.3 mL) pH-adjusted D2O was added, the pH re-

measured and adjusted if necessary, by the addition of HCl(aq) and NaOH(aq), respectively.  

The results were observed by 11B{1H} NMR spectroscopy (Fig 2.13).    
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Figure 2.13: Layered 11B{1H} NMR spectra (128.6 MHz, CD3OD, 298K) showing the speciation over a 

range of pH values.  The peak on the left hand-side (ca.  33 ppm) represents the 3-coordinate species, 

whereas the right-hand peak (ca.  15 ppm) represents the OH complex of A1. 

 

The data shows the formation of the 4-coordinate species as the pH is increased, 

first observed at pH 8, and increasing relative to the 3-coordinate species in concentration 

with increasing pH, indicating a shift in equilibria between the two species.  This is most 

likely due to a larger amount of OH¯ anions available to bind to the Lewis acidic boron.  

The opposite is true at low pH, where the concentration of H+ cations greatly outnumbers 

the OH¯, thus preventing the binding.   It is also worth noting that broad peaks of each 

spectrum could potentially include the free boronic acid peak due to the possibility of the 

reverse reaction in solution.  For that reason, 1H NMR spectroscopy was also carried out 

in tandem, to better observe which species are present.  By monitoring the methyl peaks, 

it is possible to see that the presence of free boronic acid varies depending on the pH of 

the system.  At acidic and neutral pH, the 1H NMR spectra remains almost unchanged, 

with a minor percentage of free boronic acid seen in both.  However, in basic conditions, 

the aromatic protons exhibited an upfield shift, which potentially represents the change 

in equilibria between the 3-coordinate and 4-coordinate species.  Additionally, the 

percentage of free boronic acid in the pH 10 solution is greater than in the lower pH 
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solutions, indicating that the binding of OH¯ to the Lewis acid centre causes a change in 

equilibria between the forward and reverse reactions of 1,3,4,2-dioxazaborole formation.   

The Lewis base-Lewis acid equilibrium is further discussed in the following chapter, 

wherein the binding of anions to 1,3,4,2-dioxazaboroles is investigated.  

 The subsequent analysis of A1 and A5 using MS was carried out by first making 

up 20 μM solutions of both compounds in 100 % CH3CN, and mixtures of 1:1 

CH3CN:H2O solutions at pH 3, 7 and 9.  The pH was adjusted by addition of 

trifluoroacetic acid or ammonium hydroxide until the correct pH was achieved, before 

then adding to the CH3CN solution.  The resulting solutions were then run and monitored 

in both positive and negatives modes, however, due to the lack of data seen within the 

negative mode, the analysis was focused on the results observed in the positive mode.  

MS showed again that altering the substitution on the hydroxamic acid makes very 

little impact on the stability of 1,3,4,2-dioxazaboroles towards dissociation by hydrolysis 

at high pH.  Both compounds appeared to hydrolyse readily in the CH3CN:H2O mixtures, 

regardless of the electronics of the hydroxamic acid substituents.   

On the other hand, in terms of the expected 3-coordinate to 4-coordinate 

transformation, as pH increases there was very little evidence found of 4-coordinate 

species being present in any of the different concentrations (as observed in the NMR 

experiments).  At high pH, the hydroxamic acids become unstable and in the basic 

conditions, they hydrolyse further to form carboxylic acid derivatives, as seen in the MS 

data.  With the presence of free hydroxamic acid in solution, it is plausible to suggest that 

there is a binding event between the deprotonated hydroxamic acid (the hydroxamate) 

and the 1,3,4,2-dioxazaborole, which was observed in the MS data from Swansea (Table 

2.6).  These results confirm the solution-state hydrolysis of 1,3,4,2-dioxazaboroles and 

thus, indicate the reaction is dynamic, and the equilibrium can be affected by the addition 

of water as well as change of solvent.   
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Table 2.6: Summary of MS fragments and species found during the pH analysis of A1 and A5, where species 

1 and 5 represent the hydroxamic acids of A1 and A5, respectively.    

Compound                                          Species observed 

CH3CN only pH 3  pH 7  pH 10  

 

              A1 

252.12 (A1H+) 138.05 (1) 

~80 % 

138.05 (1) 

~100 % 

122.05 (5.COOH)* 

~70 % 

138.05 (1) ~30 % 

 

             A5 

266.13 (A5H+) 152.07 (5) 

~20 % 

152.07 (5) 

~100 % 

136.08 (5.COOH)* 

~40% 

152.07 (5) ~60% 

*Species 5.COOH corresponds to p-tolylcarboxylic acid, from the degradation of hydroxamic acid in basic 

conditions.  

 

This dynamic character, and the possibility of using 1,3,4,2-dioxazaboroles in the 

application of dynamic combinatorial chemistry, will be discussed further in Chapter 4.   
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2.5 Synthesis of 1,3,4,2-dioxazaboroles in the presence of Lewis bases 

As seen by the adducts observed in the MS data of section 2.4.1, the Lewis acidity of the 

boron lends itself to complexation. This makes it possible to carry out the synthesis of the 

1,3,4,2-dioxazaboroles in the presence of a Lewis base to afford 4-coordinate species.  

Most of the work was performed using DMAP as the Lewis base, however, attempts were 

also made with coordinating other Lewis bases, including intramolecular nitrone 

coordination, from the oxygen of an N-methylhydroxylamine substituent. 

One of the first of these types of species, the DMAP complex of 2-phenyl-5-

methyl-1,3,4,2-dioxazaborole (Fig 2.14), was synthesised by Byron Jennings as part of 

his bachelor’s project (2015-16).  The crystal structure showed a mixture of both R- and 

S- enantiomers, due to the formation of a stereocentre upon the complexation of a Lewis 

base to the boron centre.  This characteristic is not often observed in other boronate esters 

due to the inherent symmetry of catachols and pinacols (which are typical chelating 

groups to the boron) however, there are some examples within the literature of chiral 

boron centres, with dedicated research ongoing into implementing them within 

enantioselective synthesis.149, 150  The presence of a chiral boron centre, in this instance, 

may allow application for derivatives of these types of materials in the selective detection 

of certain guest molecules, namely Lewis basic compounds, which will be discussed 

further in the following chapter.   

 

 

Figure 2.14: Crystallographic representation of a symmetry-generated racemic mixture of R- and S- 

enantiomers of the DMAP complex of 2-phenyl-5-methyl-1,3,4,2-dioxazaborole.  [Green = boron; Blue = 

nitrogen; Red = oxygen; Dark grey = carbon; Light grey = hydrogen.  Solvent omitted for clarity] 
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Table 2.8: Summary of 1,3,4,2-dioxazaboroles that contain a 4-coordinate boron centre which were synthesised during this project.  

Compound  Identifier Crude 

yield (%) 

Isolated 

yield (%) 

ScXRD 

structure? 

Compound Identifier Crude 

yield (%) 

Isolated 

yield (%) 

ScXRD 

structure? 

 

DMAP.A1 - 93♦ Yes 

 

DMAP.A6 82 75 - 

 

DMAP.A3 - 99♦ - 

 

DMAP.A7* 96 88 Yes 

 

DMAP.A4 - 91♦ - 

 

DMAP.D1** N/Aǂ - - 

* First synthesised by Joe Spence (BSc, 2016/17). **First synthesised by Helen Garcia-Tunstal (MChem 2018/19).  ♦ No further purification required after initial separation from 

reaction solution. ǂProduct collected from crystallisation of titration reaction with DMAP in CDCl3. 
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Compound  Identifier Crude 

yield 

(%) 

Isolated 

yield (%) 

ScXRD 

structure? 

Compound Identifier Crude 

yield 

(%) 

Isolated 

yield (%) 

ScXRD 

structure? 

 

DMAP.D11** N/Aǂ - Yes 

 

DMAP.F1*** - 90♦ Yes 

 

DMAP.F3*** - 99♦ Yes 

 

ONMe.G14 - 85♦ - 

 

ONMe.G1 54 39 Yes 

 

ONMe.G15 - 47♦ - 

 

ONMe.G2 75 63 - 

 

    

*** First synthesised by Byron Jenning (BSc, 2015/16). ♦ No further purification required after initial separation from reaction solution. 
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In general, the synthetic yields for these compounds were high (average = 79 (19) 

%), with the DMAP structures (DMAP.MX) achieving higher yields than the nitrone 

adducts (ONMe.MX).  This difference is most likely attributed to the dynamics of both 

systems: in the case of the DMAP complexes, the dynamics involved are limited to the 

HA-BA condensation reaction and the complexation between the 1,3,4,2-dioxazaborole 

and DMAP.  However, in the case of the ONMe complexes, an additional dynamic 

reaction occurs between the formyl group of the BA and the N-methylhydroxylamine salt, 

as well as the HA-BA condensation and ONMe complexation to the boron centre, leading 

to a multicomponent system, which typically causes a reduction in yield due to the 

increased number of reactions taking place.  Owing to the increased number of reactions 

taking place during the synthesis of the ONMe.MX compounds, the reactions can be 

considered multi-component assemblies, of which many similar systems are prevalent in 

literature and have applications within dynamic combinatorial chemistry.6, 48  

These compounds all have 11B{1H} NMR spectroscopic signals at ~12 ppm, 

indicating a 4-coordinate species, as expected.  However, upon submitting the samples 

for analysis by MS, it was very rare to see a DMAP complex within the spectra, due to 

the dynamic interaction being easily broken upon subjection to harsh conditions within 

the MS experiment.  Therefore, isolating crystal structures of these compounds was 

crucial to fully understand the structural features, such as bond lengths. 

Analytically, the DMAP and ONMe complexes of the 1,3,4,2-dioxazaboroles 

tend to exhibit similar IR stretches, however, the B-O stretches that appear at 

approximately 1300 cm-1 in the 3-coordinate 1,3,4,2-dioxazaboroles appear at slightly 

higher wavenumbers for the 4-coordinate species, at approximately 1380 cm-1.  This is 

indicative of a shorter bond for the 3-coordinate boron species, which is in agreement 

with the crystallographic data, as presented below.   

 Analysis of the four crystallographic structures of DMAP complexes show that 

upon complexation, the heterocycles bond lengths vary compared to the non-complexed 

heterocycle:  The B-O bond lengths which averaged 1.396 [4] Å and 1.379 [4] Å in the 

3-coordinate structures average 0.1 Å longer in the 4-coordinate species, at 1.481 [2] and 

1.472 [2] Å, along with the C-N bond length 1.296 [5] Å compared to 1.286 [3] Å in the 

3-coordinate species.  In contrast, both the C-O (1.343 [5] Å) and N-O (1.438 [8] Å) 

bonds appear to be shorter in the 4-coordinate compounds.  The transformation from 

trigonal planar boron to tetrahedral breaks the delocalisation of π-electrons of the 

heterocycle ring, from which the resulting tetrahedral character (THC) of the boron 
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species can be used as a simple method to determine the relative strength of the boron-

donor atom bond.  This will be discussed within the next chapter, as part of the 

investigation in Lewis acidity of 1,3,4,2-dioxazaboroles. 

 

2.6 Summary 

To conclude, a family of 3-coordinate and 4-coordinate 1,3,4,2-dioxazaboroles have been 

synthesised, and the reaction conditions optimised to give the best yields of the products 

(3-coordinate average = 71 %; 4-coordinate average = 79 %).  It was found that the 

compounds with 3-coordinate borons were planar in the solid-state, which, when taken 

into consideration along with the computational studies carried out on these molecules, 

suggests that the compounds themselves exhibit aromaticity.  Due to their low molecular 

weight and planar structure, these compounds could show potential in the optoelectronic 

applications, especially the molecules A2 and A7, which display elasticity in the crystal 

form.  

 The overall stability of these compounds, with regards to their reverse reaction 

(hydrolysis) to their hydroxamic acid and boronic acid starting materials, appears to be 

more dependent on the solvent in which the compound is dissolved, rather than the 

functionality off of the heterocycle ring, indicating the reaction is in equilibrium.   
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2.7 Synthetic Protocols  

The following section describes the methods to synthesise the 1,3,4,2-dioxazaboroles that 

have been discussed in this chapter.  Crystal structures have also been collected on some 

of these compounds, with the full crystallographic details available in section A of the 

appendix.  

 

2.7.1 3-coordinate 1,3,4,2-dioxazaboroles  

2-(2,6-dimethylphenyl)-5-phenyl-1,3,4,2-dioxazaborole (A1) 

 

2,6-dimethylphenylboronic acid (0.54 g, 3.6 mmol) and benzohydroxamic acid (0.50 g, 

3.7 mmol) were placed under N2, before toluene (80 mL) was added and the resulting 

solution heated under reflux for 4 hours, then left to cool.  The solution was filtered and 

concentrated under reduced pressure to afford a white solid, which was then recrystallised 

from petroleum ether (40-60 °C) to afford the product as white needles (0.90 g, 3.5 mmol, 

97 %).  1H NMR (300.1 MHz, CDCl3): δ= 7.95 (m, 2H, c), 7.45 (m, 3H, a,b), 7.2 (m, 1H, 

f), 7.0 (m, 2H, e), 2.5 (s, 6H, d).  11B{1H} NMR (96.3 MHz, CDCl3): δ= 33.3.  13C NMR 

(75.5 MHz, CDCl3, δ)*: δ= 164.7 (C1), 144.8, 131.9, 131.3, 129.0, 127.5, 126.9, 124.2, 

23.1 (Me).  HRMS (EI) m/z: (A1) C15H14BNO2: 251.1118, found 251.0608.  IR (cm-1): 

3057, 2960, 1608, 1591, 1567, 1429, 1320.  Mp: 102-104 °C.   

Crystals were grown from the slow evaporation of a saturated chloroform solution, to 

afford fine colourless needles. 

* It is expected that the spin-spin relaxation time between the C-B bond is too short, and therefore, the peak 

is not apparent in the 13C NMR spectra.  
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2-(2,6-dimethylphenyl)-5-(2-pyridine) -1,3,4,2-dioxazaborole (A2) 

 

2,6-dimethylphenylboronic acid (0.46 g, 3.07 mmol) and 2-pyridylhydroxamic acid (0.42 

g, 3.08 mmol) were placed under N2, before dry toluene (80 mL) was added and the 

resulting solution heated under reflux for 4 hours, then left to cool.  The solution was 

filtered to remove the unreacted hydroxamic acid and was then concentrated under 

reduced pressure to afford a pale, yellow solid which was subsequently recrystallised 

from hot petroleum ether/chloroform (2:1) to afford the product as a crystalline yellow 

powder (0.33 g, 1.32 mmol, 43 %).  1H NMR (300.1 MHz, CDCl3 + 10 % CD3OD): δ= 

8.82 (dquart, J = 4.8, 0.9 Hz, 1H, a), 8.08 (m, 1H, c), 7.89 (td, J = 7.7, 1.8 Hz, 1H, d), 

7.48 (ddd, J = 7.6, 4.8, 1.2 Hz, 1H, b), 7.30 (t, J = 7.4 Hz, 1H, g), 7.10 (d, J = 7.3 Hz, 2H, 

f), 2.55 (s, 6H, e).  11B{1H} NMR (96.3 MHz, CDCl3): δ= 35.0, 22.4**.  13C NMR (75.5 

MHz, CDCl3)*: δ= 162.4 (C1), 148.8, 148.4, 138.9, 137.5, 128.4, 126.6, 126.0, 122.2, 

21.6 (Me).  HRMS (ESI/+ve) m/z: (A2 + H+) C14H13BN2O2: 253.4113, found 253.11.  IR 

(cm-1): 2932, 1591, 1584, 1566, 1321.  Mp: 93-97 °C.   

* It is expected that the spin-spin relaxation time between the C-B bond is too short, and therefore, the peak 

is not apparent in the 13C NMR spectra.  

**Peak at 22.40 corresponds to the methanol complex of the 1,3,4,2-dioxazaborole 

Crystals were collected from the crude reaction mixture, to afford fine colourless needles.  

 

2-(2,6-dimethylphenyl)-5-methyl-1,3,4,2-dioxazaborole (A3)  

 

Acetohydroxamic acid (0.51 g, 6.77 mmol) and 2,6-dimethylphenylboronic acid (0.10 g, 

6.64 mmol) were placed under nitrogen.  Dry toluene (80 mL) was added and the resulting 

solution heated under reflux for 4 hours.  The solution was then cooled to room 

temperature, filtered and concentrated under reduced pressure to afford a white solid, 1.07 

g, 5.69 mmol, 84 %).  1H NMR (300.1 MHz, CDCl3): δ= 7.27 (t, J = 7.6 Hz, 1H, d), 7.06 
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(d, J = 7.3 Hz, 2H, c), 2.47 (s, 6H, b), 2.37 (s, 3H, a).  11B{1H} NMR (96.3 MHz, CDCl3): 

δ= 33.4.  13C NMR (75.5 MHz, CDCl3): δ= 164.4 (C1), 144.6, 131.1, 127.4, 126.4, 23.0 

(b Me), 11.3 (a Me).  FTMS (ESI/+ve) m/z: (A3 + H+) C10H12BNO2: 190.1034, found 

190.104.  IR (cm-1) 3269, 2969, 2935, 1621, 1591, 1568, 1310.  Mp: 72-75 °C. 

 

2-(2,6-dimethylphenyl)-5-(p-pyridine)-1,3,4,2-dioxazaborole (A4) 

  

2,6-dimethylphenylboronic acid (0.52 g, 3.49 mmol) and p-pyridine hydroxamic acid 

(0.50 g, 3.63 mmol) were placed under N2, before dry toluene (80 mL) was added and the 

resulting solution stirred at reflux for 4 hours, then left to cool overnight.  The solution 

was filtered to remove any unreacted hydroxamic acid and then concentrated under 

reduced pressure to afford a white solid, followed by recrystallisation from hot 

chloroform to afford the product as a pale, yellow solid (0.65 g, 2.58 mmol, 74%).  1H 

NMR (300.1 MHz, CDCl3): δ= 8.82 (dd, J = 4.5, 1.6 Hz, 2H, a), 7.88 (dd, J = 4.5, 1.7 

Hz, 2H, b), 7.33 (m, 1H, e), 7.11 (m, 2H, d), 2.57 (s, 6H, c).  11B{1H} NMR (96.3 MHz, 

CDCl3): δ= 33.9.  13C NMR (75.5 MHz, CDCl3)*: δ= 163.2 (C1), 150.8 (a ar), 145.0, 

131.7, 131.6, 127.6, 120.4 (b ar), 23.2 (Me). FTMS (EI) m/z: (A4) C14H13BN2O2: 

252.1070, found 252.1.  IR (cm-1): 3114, 2967, 1629, 1587, 1540, 1430, 1382.  Mp: 197- 

199 °C. 

* It is expected that the spin-spin relaxation time between the C-B bond is too short, and therefore, the peak 

is not apparent in the 13C NMR spectra.  

 

2-(2,6-dimethylphenyl)-5-(p-tolyl)-1,3,4,2-dioxazaborole (A5) 

 

To a 3-neck flask, 2,6-dimethylphenyl boronic acid (0.31 g, 2.04 mmol) and p-

tolylhydroxamic acid (0.31 g, 2.04 mmol) were placed under a nitrogen flow.  Dry toluene 

(50 mL) was added and the resulting solution heated under reflux for 4 hours.  After the 



2. The Synthesis and Structural Determination of 1,3,4,2-dioxazaboroles 

80 

 

solution had cooled and been passed through a filter, the resulting clear liquid was 

concentrated under reduced pressure to afford a white crystalline solid (0.52 g, 1.98 

mmol, 97%).  1H NMR (300.1 MHz, CDCl3): δ= 7.91 (dt, J = 1.7, 4.7 Hz, 2H, c), 7.30 

(m, 3H, b,f), 7.10 (m, 2H, e), 2.57 (s, 6H, d), 2.44 (s, 3H, a).  11B{1H} NMR (96.3 MHz, 

CDCl3): δ= 33.6.  13C NMR (75.5 MHz, CDCl3): δ= 164.8 (C1), 144.8, 142.5, 131.3, 

129.7 (b, c ar), 127.5, 126.8, 121.4, 23.2 (d Me), 21.7 (a Me).  FTMS (ESI) m/z: (A5) 

C16H16BNO2: 265.1274, found 265.1. IR (cm-1): 2963, 2932, 1615, 1601, 1593, 1509, 

1428, 1321.  Mp = 125-128 °C. 

Fine needle-like crystals were grown from a saturated chloroform solution.  

 

2-(2,6-dimethylphenyl)-5-(p-dimethylaminophenyl)-1,3,4,2-dioxazaborole (A6) 

 

4-(dimethylamino)phenylhydroxamic acid (0.35 g, 1.93 mmol) and 2,6-dimethylphenyl 

boronic acid (0.29 g, 1.93 mmol) were placed into a 3-neck round-bottomed flask and 

with a flow of nitrogen.  Dry toluene (50 mL) was then added and the resulting solution 

heated under reflux for 4 hours.  After cooling to room temperature, the resulting off-

white precipitate was collected by filtration and recrystallised from hot petroleum ether 

to afford a pale yellow, crystalline solid (0.41 g, 1.39 mmol, 72%).  1H NMR (300.1 MHz, 

CDCl3): δ= 7. 89 (dd, J = 2.1, 7.0 Hz, 2H, c), 7.26 (t, J = 7.7 Hz, 1H, f), 7.09 (d, J = 7.7 

Hz, 2H, e), 6.75 (dd, J = 2.1, 7.0 Hz, 2H, b), 3.06 (s, 6H, a), 2.56 (s, 6H, d).  11B{1H} 

NMR (96.3 MHz, CDCl3): δ= 33.2.  13C NMR (75.5 MHz, CDCl3): δ= 164.7 (C1), 144.8, 

131.9, 131.3, 129.0, 127.5, 126.9, 124.2 (b ar), 77.2 (a Me), 23.2 (d Me).  FTMS (EI/+ve) 

m/z: (A6+H+) C17H19BN2O2: 295.1620, found 295.162.  IR (cm-1): 3056, 2933, 1618, 

1592, 1521, 1458, 1457.  Mp: 166 – 168 °C.   
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2-(2,6-dimethylphenyl)-5-(p-chlorophenyl)-1,3,4,2-dioxazaborole (A7) 

 

To a 3-neck RB flask, 2,6-dimethylphenyl boronic acid (0.22 g, 1.43 mmol) and p-

chlorobenzohydroxamic acid (0.25 g, 1.45 mmol) were added.  Toluene (50 mL) was also 

added and the resulting solution heated under reflux for 4 hours.  After cooling, the pale 

orange solution was filtered and then concentrated under reduced pressure to afford a pale 

orange solid.  The solid was subsequently recrystallised using hot chloroform/petroleum 

ether (2:1), to produce a white solid (0.36 g, 1.27 mmol, 89%).  1H NMR (300.1 MHz, 

CDCl3): δ= 7.97 (d, J = 8.8 Hz, 2H, a), 7.50 (d, J = 8.8 Hz, 2H, b), 7.32 (m, 1H, e), 7.09 

(m, 2H, d), 2.56 (s, 6H, c).  11B{1H} NMR (96.3 MHz, CDCl3): δ= 33.3.  13C NMR (75.5 

MHz, CDCl3): δ= 164.0 (C1), 144.9, 138.2, 131.5, 129.4, 128.2, 127.6, 122.7, 23.2 (Me).  

FTMS (ESI) m/z: (A7) C15H13BClNO2: 285.0728 found 285.07.  IR (cm-1): 2963, 2930, 

1593, 1564, 1490, 1321.  Mp = 107-110 °C. 

Crystals were grown from the slow evaporation of a saturated acetone solution, affording 

very thin needles that exhibited elastic properties.  

First synthesis carried out by Joe Spence (BSc, 2017-18). 

 

2-(2,6-dimethylphenyl)-5-(p-fluorophenyl)-1,3,4,2-dioxazaborole (A8) 

 

4-fluorobenzene hydroxamic acid (0.07 g, 0.45 mmol) and 2,6-dimethylphenylboronic 

acid (0.07 g, 0.45 mmol) were heated under reflux in toluene overnight.  Solution was 

concentrated on rotary evaporator to afford a yellow crystalline product.  The solid was 

then dissolved in hot chloroform and precipitated out by the slow addition of petroleum 

ether to yield the final product as an off-white solid (0.10 g, 0.40 mmol, 82 %).  1H NMR 

(300.1 MHz, CDCl3): δ= 8.03 (dd, J = 8.9, 5.3 Hz, 2H, b), 7.32 (m, 1H, e), 7.21 (t, J = 

8.8 Hz, 2H, a)*, 7.11 (m, 2H, d), 2.57 (s, 6H, c).  11B{1H} NMR (96.3 MHz, CDCl3): δ= 

33.5.  13C NMR (75.5 MHz, CDCl3): δ= 166.6 (C1), 164.0 (a ar), 144.8, 131.4, 129.2, 
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127.5, 120.5, 116.2, 23.2 (Me).  FTMS (ESI) m/z: (A8) C15H13BFNO2: 269.1023 found 

269.10.  IR (cm-1) 3287, 3046, 2968, 1614, 1607, 1593, 1508, 1319.  Mp = 80-82 °C. 

*Most likely a doublet of doublets, however, the overlap between the adjacent doublets is too small to be 

measured. 

First synthesis carried out by Joe Spence (BSc, 2017-18). 

 

2-(2,6-dimethylphenyl)-5-(p-bromophenyl)-1,3,4,2-dioxazaborole (A9) 

 

4-bromobenzene hydroxamic acid (0.30 g, 1.40 mmol) and 2,6-dimethylphenylboronic 

acid (0.20 mg, 1.40 mmol) were heated under reflux in toluene overnight.  Solution was 

concentrated on rotary evaporator to afford a dark brown crystalline product, which was 

purified by recrystallisation from petroleum ether to give a pale brown solid as the final 

product (0.44 g, 1.23 mmol, 88 %).  1H NMR (300.1 MHz, CDCl3): δ= 7.89 (d, J = 8.7 

Hz, 2H, b), 7.66 (d, J = 8.7 Hz, 2H, a), 7.31 (m, 1H, e), 7.11 (m, 2H, d), 2.57 (s, 6H, c).  

11B{1H} NMR (96.3 MHz, CDCl3): δ= 33.5.  13C NMR (75.5 MHz, CDCl3): δ= 164.1 

(C1), 144.9, 135.5, 132.2, 131.5, 128.3, 127.5, 126.1, 123.1, 23.2 (Me). FTMS (ESI) m/z: 

(A9) C15H13BBrNO2: 329.0233 found 329.02.  IR (cm-1) 2967, 1604, 1590, 1557, 1429, 

1321.  Mp = 114-117 °C. 

First synthesis carried out by Joe Spence (BSc, 2017-18). 

 

2-(2,6-dimethylphenyl)-5-(p-iodoophenyl)-1,3,4,2-dioxazaborole (A10) 

 

2,6-dimethylphenyl boronic acid (0.20 g, 1.36 mmol) and 4-iodobenzene hydroxamic 

acid (0.19 g, 0.73 mmol) was placed under N2 then heated under reflux in dry toluene 

overnight.  Solution was concentrated on reduced pressure to give an off-white solid.  The 

product was then recrystallised using hot petroleum ether, to afford a white, crystalline 

solid (0.27 g, 0.49 mmol, 67%).  1H NMR (300.1 MHz, CDCl3): δ= 7.95 (d, J = 8.8 Hz, 
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1H, b)*, 7.87 (d, J = 8.6 Hz, 1H, b)*, 7.74 (d, J = 8.6 Hz, 1H, a)*, 7.49 (d, J = 8.8 Hz, 

1H, a)*, 7.31 (m, 1H, e), 7.10 (m, 2H, d), 2.55 (s, 6H, c).  11B{1H} NMR (96.3 MHz, 

CDCl3): δ= 34.0.  13C NMR (75.5 MHz, CDCl3): δ= 163.1 (C1), 144.9, 138.3, 131.5, 

129.4, 128.2, 128.2, 127.5, 122.7, 23.2 (Me).  FTMS (ESI) m/z: (A7) C15H13BINO2: 

377.0084, found 377.01.  IR (cm-1) 3055, 2969, 2933, 1691, 1604, 1592, 1564, 1493, 

1318.  Mp = 118-122 °C. 

*Splitting of equivalent protons, a and b, arise due to being magnetically inequivalent. 

First synthesis carried out by Joe Spence (BSc, 2017-18). 

 

2-(2,6-dimethylphenyl)-5-(p-trifluoromethlyphenyl)-1,3,4,2-dioxazaborole (A11) 

 

2,6-dimethylphenyl boronic acid (0.20 g, 1.32 mmol) and 4-(trifluoromethyl)phenyl 

hydroxamic acid (0.27 g, 1.32 mmol) were heated under reflux in dry toluene (50 mL) 

overnight.  Solution was filtered after cooling to room temperature and then concentrated 

on rotary evaporator to afford a white compound, which was subsequently purified by 

dissolving the crude product in chloroform and precipitating out the product by slow 

addition of petroleum ether (0.26 g, 0.82 mmol, 62%).  1H NMR (300.1 MHz, CDCl3): 

δ=  8.18 (d, J = 8.1 Hz, 2H, b), 7.79 (d, J = 8.2 Hz, 2H, a), 7.33 (t, J = 7.6 Hz, 1H, e), 

7.13 (d, J = 7.5 Hz, 2H, d), 2.59 (s, 6H, c).  11B{1H} NMR (96.3 MHz, CDCl3): δ= 33.3.  

13C NMR (75.5 MHz, CDCl3): δ= 163.7 (C1), 144.9, 133.8, 133.5, 131.5, 127.6, 127.2, 

126.1, 126.0, 125.0, 23.1 (Me).  FTMS (ESI/+ve) m/z: (A11+H+) C16H13BF3NO2: 

320.1064, found 320.107.  IR (cm-1) 2935, 1623, 1606, 1594, 1567, 1314, 1177.  Mp = 

106-108 °C. 
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2-(2,6-dimethylphenyl)-5-(m-(hydroxy)phenyl)-1,3,4,2-dioxazaborole (A12) 

 

2,6-dimethylphenylboronic acid (0.49 g, 3.29 mmol) and salicylhydroxamic acid (0.51 g, 

3.30 mmol) were placed under N2, before dry toluene (60 mL) was added and the resulting 

solution heated under reflux for 4 hours, then left to cool overnight.  The solution was 

filtered to remove any unreacted hydroxamic acid and then concentrated under reduced 

pressure to afford a white solid, re-dissolved in chloroform and the pure product collected 

by slow addition of petroleum ether (0.38g, 1.58 mmol, 48%).  1H NMR (300.1 MHz, 

CDCl3): δ= 8.86 (s, 1H, OH), 7.83 (dd, J = 7.9, 1.7 Hz, 1H, d), 7.47 (ddd, J = 8.7, 6.9, 

1.7 Hz, 1H, c), 7.34 (t, J = 7.6 Hz, 1H, g), 7.13 (m, 3H, f, a), 7.05 (ddd, J = 7.8, 7.3, 1.0 

Hz, 1H, b), 2.58 (s, 6H, e).  11B{1H} NMR (96.3 MHz, CDCl3): δ= 32.9.  13C NMR (75.5 

MHz, CDCl3): δ= 164.5 (C1), 157.2 (C2), 145.1, 1338., 131.7, 127.6, 127.5, 120.1, 117.4, 

108.9, 23.0 (Me).  FTMS (ESI/+ve) m/z: (A11+H+) C15H14BNO3: 268.1140, found 

268.11.  IR (cm-1): 3254, 3060, 2958, 2923, 2860, 1621, 1591, 1564, 1348, 1177.  Mp = 

127- 129 °C. 

Crystals of this compound were grown from a saturated solution of methanol, affording 

colourless needles.  

 

2-((4-fluoro-2-methyl)phenyl-5-phenyl-1,3,4,2-dioxazaborole (B1)  

 

5-fluoro-2-methylphenyl boronic acid (1.01 g, 7.15 mmol) and acetohydroxamic acid 

(0.98 g, 7.15 mmol) were added to a 3-neck RB flask, and the flask charged with toluene 

(75 mL).  The resulting solution was heated under reflux for 4 hours, before allowing to 

cool to room temperature and filtering to remove any unreacted starting material.  The 

clear solution was then concentrated under reduced pressure to afford a white solid (1.75 

g, 6.86 mmol, 96%).  1H NMR (300.1 MHz, CDCl3): δ= 8.04 (m, 2H, c), 7.69 (dd, J = 

9.0, 2.8 Hz, 1H, d), 7.54 (m, 3H, a,b), 7.27 (m, 1.3H, f)*, 7.15 (td, J = 4.2, 2.9 Hz, 1H, e), 

2.66 (s, 3H, g).  11B{1H} NMR (96.3 MHz, CDCl3): δ= 32.6.  13C NMR (75.5 MHz, 
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CDCl3): δ= 164.8 (C1), 141.1, 141.0, 132.1, 132.1, 132.0, 129.0, 126.9, 124.0, 122.5 (d, 

J = 20.2 Hz, f ar), 119.4 (d, J = 20.9 Hz, e ar), 21.6 (Me).  19F NMR (282.4 MHz, CDCl3): 

δ= -118.28 (q, J = 7.47 Hz).  FTMS (ESI/+ve) m/z: (B1+H+) C14H11BFNO2: 256.094, 

found 256.09.  IR (cm-1): 3070, 1606, 1575, 1563, 1497, 1327.  Mp = 85-88 °C. 

*Multiplet contains solvent peak, therefore, integration not accurate.   

 

2-((4-fluoro-2-methyl)phenyl-5-(p-pyridyl)-1,3,4,2-dioxazaborole (B4) 

 

5-fluoro-2-methylphenyl boronic acid (0.50 g, 3.28 mmol) and p-pyridylhydroxamic acid 

(0.45 g, 3.28 mmol) were added to a 3-neck RB flask, and the flask charged with toluene 

(75 mL).  The resulting solution was heated under reflux for 4 hours, before allowing 

tocool to room temperature and filtering to remove the resulting white powder (0.83 g, 

3.21 mmol, 98%).  1H NMR (300.1 MHz, CD3OD): δ= 7.74 (m, 2H, a), 7.54 (m, 1H, c), 

7.45 (m, 2H, b), 7.16 (m, 1H d), 6.96 (m, 1H, e), 2.29 (s, 3H).  11B{1H} NMR (96.3 MHz, 

CD3OD): δ= 29.6.  13C NMR (75.5 MHz, CD3OD): δ= 168.3 (C1), 157.3, 133.6, 132.8, 

132.0, 131.9, 129.7, 128.1, 118.2 (d, J = 19.7 Hz, e ar), 116.2 (d, J = 21.2 Hz, d ar), 21.1 

(Me).  19F NMR (282.2 MHz, CD3OD): δ= -121.22 (t, J = 7.69 Hz).  MS (ASAP/TOF) 

m/z: (B4+H+) C13H12BFN2O2: 257.0892, found 257.09. IR (cm-1): 3200, 1606, 1575, 

1563, 1417, 1331, 1197.  Mp = 91 -93 °C. 

 

 

2-((4-fluoro-2-methyl)phenyl-5-(p-tolyl)-1,3,4,2-dioxazaborole (B5) 

 

5-fluoro-2-methylphenyl boronic acid (0.35 g, 2.29 mmol) and p-tolylhydroxamic acid 

(0.35 g, 2.29 mmol) were added to a 3-neck RB flask, and the flask charged with toluene 

(75 mL).  The resulting solution was heated under reflux for 4 hours, before allowing to 

cool to room temperature and filtering to remove the unreacted starting materials, and the 

remaining solution was concentrated under reduced pressure to afford a white solid (0.59 
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g, 2.20 mmol, 96%).  1H NMR (300.1 MHz, CDCl3): δ= 7.92 (dd, J = 6.6, 1.7 Hz, 2H, 

c), 7.68 (dd, J = 9.0, 2.8 Hz, 1H, f), 7.32 (d, J = 8.0 Hz, 2H, b, 7.25 (dd, J= 8.3, 5.5 Hz, 

1H, d), 7.13 (dt, J = 8.4, 2.9 Hz, 1H, e), 2.64 (s, 3H, a), 2.44 (s, 3H, g).  11B{1H} NMR 

(96.3 MHz, CDCl3): δ= 32.3.  13C NMR (75.5 MHz, CDCl3): δ= 164.9 (C1), 142.6, 141.0, 

132.1, 132.0, 129.7, 126.8, 122.31 (d, J= 20.2 Hz, f ar), 121.1, 119.3, (d, J = 20.9 Hz, e 

ar), 21.7 (g Me), 21.6 (a Me).  19F NMR (282.2 MHz, CDCl3): δ= -118.34 (quartet, J = 

7.5 Hz).  MS (ASAP/TOF) m/z: (B5+H+) C15H14BFNO2: 270.1096, found 270.11.  IR 

(cm-1): 3149, 2928, 1615, 1598, 1575, 1556, 1495, 1416, 1180.  Mp = 113-115°C. 

 

2-((4-fluoro-2-methyl)phenyl-5-(p-dimethylaminophenyl)-1,3,4,2-dioxazaborole 

(B6) 

 

5-fluoro-2-methylphenyl boronic acid (0.15 g, 0.92 mmol) and p-

dimethylaminophenylhydroxamic acid (0.18 g, 0.97 mmol) were added to a 3-neck RB 

flask, and the flask charged with toluene (75 mL).  The resulting solution was heated 

under reflux for 3 hours, before allowing to cool to room temperature and filtering to 

remove the resulting white powder (0.32 g, 0.92 mmol, >99%).  1H NMR (300.1 MHz, 

CDCl3): δ= 7.91 (d, J = 9.1 Hz, 2H, c), 7.71 (dd, J = 9.0, 2.8 Hz, 1H, d), 7.27 (m, 1H, e), 

7.17 (td, J = 4.2, 2.9 Hz, 1H, f), 6.80 (d, J = 9.1 Hz, 2H, b), 3.10 (s, 6H, a), 2.67 (s, 3H, 

g).  11B{1H} NMR (96.3 MHz, CDCl3): δ= 32.5.  13C NMR (75.5 MHz, CDCl3): δ= 165.2 

(C1), 152.5, 132.0, 131.9, 128.3, 122.4 (d, J = 20.4 Hz, f ar), 119.2 (d, J = 21.1 Hz, e ar), 

111.7 (b ar), 40.2 (a Me), 21.6 (g Me).  19F NMR (282.2 MHz, CDCl3): δ= -118.54 (q, J 

= 7.47 Hz).  FTMS (ESI/+ve) m/z: (B6+H+) C16H17BFN2O2: 299.1362, found 299.13.  IR 

(cm-1): 2924, 1611, 1574, 1523, 1490, 1328.  Mp = 137-145 °C. 
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2-((4-fluoro-2-methyl)phenyl-5-(p-chlorophenyl)-1,3,4,2-dioxazaborole (B7) 

 

5-fluoro-2-methylphenyl boronic acid (0.04 g, 0.25 mmol) and p-

chlorophenylhydroxamic acid (0.04 g, 0.25 mmol) were added to a 3-neck RB flask, and 

the flask charged with toluene (75 mL).  The resulting solution was heated under reflux 

for 3 hours, before allowing to cool to room temperature and filtering to remove the 

resulting white solid (0.07 g, 0.24 mmol, 96 %).  1H NMR (300.1 MHz, CDCl3): δ= 7.97 

(dt, J = 6.8, 2.0 Hz, 2H, b) 7.68 (dd, J = 8.9, 2.8 Hz, 1H, e), 7.26 (m, 1H, c), 7.15 (dt, J = 

8.4, 2.8 Hz, 1H, d), 2.64 (s, 3H, f).  11B{1H} NMR (96.3 MHz, CDCl3): δ= 32.8.  13C 

NMR (75.5 MHz, CDCl3): δ= 164.1 (C1), 138.4, 132.2, 132.1, 129.4, 128.2, 122.5, 122.2, 

119.6 (e ar), 119.3 (d ar), 21.6 (Me).  19F NMR (282.2 MHz, CDCl3): δ= -118.18 (quartet, 

J = 7.5 Hz).  MS (ASAP/TOF) m/z: (B7+H+) C4H11BClFNO2 290.0550, found 290.06.  

IR (cm-1): 3428, 3319, 3213, 2968, 1642, 1607, 1594, 1512, 1495, 1339, 1184.  Mp = 

143-145 °C. 

 

2-((4-fluoro-2-methyl)phenyl-5-(p-trifluoromethylphenyl)-1,3,4,2-dioxazaborole 

(B11) 

 

5-fluoro-2-methylphenyl boronic acid (0.06 g, 0.61 mmol) and p-

(trifluoro)phenylhydroxamic acid (0.12 g, 0.61 mmol) were added to a 3-neck RB flask, 

and the flask charged with toluene (50 mL).  The resulting solution was heated under 

reflux for 3 hours, before allowing to cool to room temperature and filtering before 

concentrating under reduced pressure to afford a white solid.  The product was the 

purified by recrystallizing with petrol to afford a white crystalline solid (0.13 g, 0.41 

mmol, 68 %).  1H NMR (300.1 MHz, CDCl3): δ= 8.17 (d, J = 8.8, 0.7 Hz, 2H, b), 7.79 

(dd, J = 8.8, 0.6 Hz, 2H, a), 7.69 (dd, J = 8.9, 2.9 Hz, 1H, c), 7.27 (m, 1H, d)*, 7.16 (t, J 

= 8.4, 2.8 Hz, 1H, e), 2.66 (s, 3H, f).  11B{1H} NMR (96.3 MHz, CDCl3): δ= 33.1.  13C 

NMR (75.5 MHz, CDCl3): δ= 163.8 (C1), 162.9, 141.1, 134.0, 133.8, 132.2, 1227.3, 
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126.1, 122.3 (d, J = 20 Hz, e ar), 119.6 (d.  J = 21 Hz, d ar), 21.6 (Me).  19F NMR (282.2 

MHz, CDCl3): δ= -63.12, (s, CF3), -118.09 (quart, J = 7.4 Hz, 1F).   HRMS (ASAP/TOF) 

m/z: (B11+H+) C15H11BF4NO2: 324.0813, found 324.0821.  IR (cm-1): 2936, 1604, 1567, 

1516, 1496, 1436, 1326, 1158.  Mp = 127-129 °C. 

* CDCl3 peak overlaps with compounds signal 

 

2-(o-tolyl)-5-(p-tolyl)-1,3,4,2-dioxazaborole (C5) 

 

Ortho-tolyl boronic acid (0.22 g, 1.59 mmol) and p-tolyl hydroxamic acid (0.24 g, 1.59 

mmol) were heated under reflux in toluene (50 mL) for 4 hours.  After filtering hot, the 

solution was cooled to room temperature and the resulting colourless solution was 

concentrated under reduced pressure to afford the product as a white crystalline solid 

(0.37 g, 1.48 mmol, 93%).  1H NMR (300.1 MHz, CDCl3): δ= 8.03 (dd, J = 7.7, 1.6 Hz, 

1H, d), 7.96 (d, J = 8.4 Hz, 2H), 7.46 (td, J = 7.5, 1.2 Hz, 1H, g), 7.33-7.29 (m, 4H, 

b,c,e,f), 2.70 (s, 3H, a), 2.44 (s, 3H, h).  11B{1H} NMR (96.3 MHz, CDCl3): δ= 32.8.  13C 

NMR (75.5 MHz, CDCl3): δ= 164.8 (C1), 145.4, 142.4, 136.5, 132.4, 130.3, 129.6, 126.8, 

125.3, 121.4, 22.5 (h Me), 21.7 (a Me).  MS (ASAP/TOF) m/z: (G5+H+) C15H14BNO2:  

252.1190, found 252.12.  IR (cm-1): 3205, 1613, 1599, 1556, 1511, 1495, 1445, 1338, 

1282, 1181.  Mp = 102-104 °C. 

Single crystals were grown, from the reaction mixture upon cooling.  

 

2-(o-tolyl)-5-(4-trifluoromethylphenyl)-1,3,4,2-dioxazaborole (C11) 

 

Ortho-tolyl boronic acid (0.12 g, 0.91 mmol) and p-(trifluoromethyl)phenyl hydroxamic 

acid (0.19 g, 0.91 mmol) were heated under reflux in toluene (50 mL) at reflux for 4 

hours.  The resulting clear solution was cooled to room temperature, filtered and then 

concentrated under reduced pressure to give the crude product, which was subsequently 
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purified by dissolving in chloroform and precipitating out the product by slow addition 

of petroleum ether, to afford a crystalline solid (0.24 g, 0.73 mmol, 80%).  1H NMR (300.1 

MHz, CDCl3): δ= 8.17 (d, J = 8.1 Hz, 2H, b), 8.04 (m, 1H, c), 7.79 (d, J = 8.2 Hz, 2H, 

a), 7.49 (td, J = 7.5, 1.5 Hz, 1H, d), 7.31 (m, 2H, e,f), 2.70 (s, 3H, g).  11B NMR (96.3 

MHz, CDCl3): δ= 33.4.  13C NMR (75.5 MHz, CDCl3): δ= 163.9 (C1), 145.6, 136.6, 

132.8, 130.4, 127.2, 126.0, 125.4, 22.5 (g Me). MS (ESI): inconclusive.  IR (cm-1) 3080, 

1602, ,1566, 1317.  Mp = 118-120 °C. 

 

2-(naphthalene-2-yl)-5-phenyl-1,3,4,2-dioxazaborole (D1) 

 

2-naphthaleneboronic acid (0.50 g, 2.91 mmol) and benzohydroxamic acid (0.40 g, 2.95 

mmol) were added to a 100 mL RB flask, to which toluene (50 mL) was added and the 

resulting mixture was heated under reflux for 4 hours.  The solution was then evaporated 

to dryness, re-dissolved in chloroform and filtered to remove any impurities.  The 

resulting solution was concentrated under reduced pressure to afford an off-white solid 

(0.78 g, 2.85 mmol, 98%).  1H NMR (300.1 MHz, CDCl3): δ= 8.61 (s, 1H, d), 8.09 (m, 

2H), 7.96 (m, 4H), 7.55 (m, 5H).  11B{1H} NMR (96.3 MHz, CDCl3): δ= 33.0.  13C NMR 

(75.5 MHz, CDCl3): δ= 165.0 (C1), 137.3, 135.5, 132.8, 132.0, 129.8, 129.0, 127.9, 

127.9, 126.9, 126.5, 124.2.  MS (ESI/+ve) m/z: (D1+H+) C17H13BNO2: 274.1034, found 

274.10.  IR (cm-1) 3056, 2363, 1625, 1597, 1562, 1320.  Mp = 137-139 °C. 

Single crystals were grown from the crude toluene solution, affording colourless blocks.  

First synthesis and isolation of single crystals carried out by Helen Tunstall-Garcia 

(MChem, 2018-19). 
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2-(naphthalene-2-yl)-5-((4-dimethlyamino)phenyl)-1,3,4,2-dioxazaborole (D6) 

 

2-naphthaleneboronic acid (0.10 g, 0.58 mmol) and 4-(dimethylamino)phenyl 

hydroxamic acid (0.11 g, 0.58 mmol) were added to a 100 mL RB flask, to which toluene 

(50 mL) was added and the resulting mixture was heated under reflux overnight.  The 

solution was then evaporated to dryness, re-dissolved in chloroform and filtered to 

remove any impurities.  The resulting solution was concentrated under reduced pressure 

to afford an off-white solid (0.15 g, 0.49 mmol, 84 %).  1H NMR (300.1 MHz, CDCl3): 

δ= 8.58 (s, 1H, d), 8.02-7.86 (m, 6H), 7.57-7.52 (m, 2H), 6.75 (d, J = 9.1 Hz, 2H, b), 3.05 

(s, 6H, a).  11B{1H} NMR (96.3 MHz, CDCl3): δ= 34.7.  13C NMR (75.5 MHz, CDCl3): 

δ= 165.4 (C1), 152.6, 136.7, 133.3, 128.7, 128.3, 127.3, 126.1, 125.1, 111.5, 110.9, 40.1 

(a Me). MS (ESI/+ve) m/z: (D6+H+) C19H18BN2O2: 317.1456, found 317.14.  IR (cm-1) 

3047, 2895, 1606, 1531, 1478, 1372, 1180.  Mp = 198-200 °C (decomp.). 

First synthesis carried out by Helen Tunstall-Garcia (MChem, 2018-19). 

 

2-(naphthalene-2-yl)-5-((4-trifluoromethyl)phenyl)-1,3,4,2-dioxazaborole (D11) 

 

2-naphthaleneboronic acid (0.51g, 3.00 mmol) and 4-(trifluoromethyl)phenyl 

hydroxamic acid (0.62 g, 3.00 mmol) were added to a 100 mL RB flask, to which toluene 

(50 mL) was added and the resulting mixture was heated under reflux overnight.  The 

solution was then filtered hot and concentrated under reduced pressure to afford an off-

white solid which was then recrystallised from hot petroleum ether resulting in the 

formation of a colourless, crystalline solid (0.90 g, 2.64 mmol, 88 %).  1H NMR (300.1 

MHz, CDCl3): δ= 8.61 (s, 1H, d), 8.21 (d, J = 8.2 Hz, 2H, b), 8.03-7.88 (m, 4H), 7.80 (d, 

J = 7.3 Hz, 2H, a), 7.57 (qui/d, J = 7.3, 1.5 Hz, 2H).  11B{1H} NMR (96.3 MHz, CDCl3): 

δ= 33.6.  13C NMR (75.5 MHz, CDCl3): δ= 164.0 (C1), 137.4, 135.6, 133.8, 133.5, 132.8, 

129.7, 128.9, 128.1, 128.0, 127.9, 127.6, 126.5, 125.9, 125.0, 122.3.  19F NMR (282.2 
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MHz, CDCl3, δ) -58.2 (d, J = 30.1 Hz).  MS (ESI/+ve) m/z: (D11 + H+) C18H13BF3NO2: 

342.0908, found 342.09.  IR (cm-1) 3061, 2362, 1600, 1320.  Mp = 185-187 °C. 

Crystals were grown from toluene, as part of the crude product mixture.  

First synthesis and isolation of single crystals carried out by Helen Tunstall-Garcia 

(MChem, 2018-19). 

 

2-(naphthalene-1-yl)-5-phenyl-1,3,4,2-dioxazaborole (E1) 

 

1-naphthaleneboronic acid (0.301 g, 1.75 mmol) and benzohydroxamic acid (0.249 g, 

1.82 mmol) were heated under reflux in toluene for 4 hours.  The reaction mixture was 

allowed to cool and concentrated under reduced pressure.  A hot filtration in toluene and 

precipitation with Petroleum 40:60 yielded a white powder.  This was collected by 

filtration and dried at 100 °C for 30 minutes to give a white solid (0.16 g, 0.58 mmol, 

33%).  1H NMR (300.1 MHz, CDCl3): δ= 8.75 (d, J = 6.8 Hz, 1H), 8.12 (dd, J = 8.0, 1.5 

Hz, 3H), 8.08 (d, J = 8.1 Hz, 1H), 7.65 (m, 1H), 7.58 (m, 6H).  11B{1H} NMR (96.3 MHz, 

CDCl3): δ= 32.9.  13C NMR (75.5 MHz, CDCl3): δ= 162.1 (C1), 159.2, 141.8, 137.7, 

132.3, 132.3, 131.7, 131.7, 129.0, 128.7, 127.8, 127.4, 127.0, 126.2, 125.1, 124.2.  MS 

(ESI/+ve) m/z: (E1+H+) C17H13BNO2: 274.1034, found 274.10.  IR (cm-1) 3047, 1562, 

1348.  Mp = 122-125 °C. 

First synthesis carried out by Helen Tunstall-Garcia (MChem, 2018-19). 

 

2-(naphthalene-1-yl)-5-((4-dimethlyamino)phenyl)-1,3,4,2-dioxazaborole (E6) 

 

1-naphthaleneboronic acid (0.20g, 1.20 mmol) and 4-(dimethylamino)phenyl 

hydroxamic acid (0.20 g, 1.1 mmol) were added to a 100 mL RB flask, to which toluene 

(50 mL) was added and the resulting mixture was heated under reflux overnight.  The 
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solution was then filtered hot and concentrated under reduced pressure to afford a pale, 

yellow solid which was then purified by recrystallising from hot chloroform, resulting in 

the isolation of an off-white solid (0.14 g, 0.44 mmol, 40%).  1H NMR (300.1 MHz, 

CDCl3): δ= 8.75 (d, J = 7.9 Hz, 1H), 8.33 (dd, J = 6.9, 1.3 Hz, 1H), 8.05 (d, J = 8.2 Hz, 

1H),  7.94 (d, J = 7.9 Hz, 3H), 7.64 (ddd, J = 8.4, 6.8, 1.5 Hz, 1H), 7.55 (m, 2H), 6.77 (d, 

J = 9.1 Hz, 2H), 3.07 (s, 6H).  11B{1H} NMR (96.3 MHz, CDCl3): δ= 33.6.  13C NMR 

(75.5 MHz, CDCl3): δ= 165.4 (C1), 152.6, 136.7, 136.4, 133.3, 133.0, 132.1, 128.7, 

128.3, 128.0, 127.3, 126.1, 125.1, 111.5, 40.1 (Me).  MS (ESI/+ve) m/z: (E6+H+) 

C19H18BN2O2: 317.1456, found 317.14.  IR (cm-1) 2914, 1667, 1690, 1522, 1510, 1371, 

1340, 1188.  Mp = 151-154 °C. 

 

2-(naphthalene-1-yl)-5-((4-trifluoromethyl)phenyl)-1,3,4,2-dioxazaborole (E11) 

 

1-naphthaleneboronic acid (0.13 g, 0.73 mmol) and 4-trifluoromethylphenylhydroxamic 

acid (0.15 g, 0.75 mmol) were heated under in toluene overnight.  The reaction mixture 

was allowed to cool and concentrated at reduced pressure.  A hot filtration in toluene and 

precipitation with petroleum yielded small white needles (0.05 g, 0.15 mmol, 20%).  1H 

NMR (300.1 MHz, CDCl3): δ= 8.71 (dd, J = 8.4, 0.6 Hz, 1H), 8.35 (dd, J= 6.9, 1.2 Hz, 

1H), 8.22 (d, J = 8.1 Hz, 2H), 8.09 (d, J = 8.2 Hz, 1H), 7.92 (d, J = 8.1 Hz, 1H), 7.80 (d, 

J = 8.2 Hz, 2H), 7.67 (ddd, J = 8.4, 6.9, 0.6 Hz, 1H), 7.59 (m, 2H).  11B{1H} NMR (96.3 

MHz, CDCl3): δ= 33.1.  13C NMR (75.5 MHz, CDCl3): δ= 163.8 (C1), 137.1, 136.3, 

133.9, 133.6, 133.4, 133.3, 128.8, 127.7, 127.6, 127.3, 126.3, 126.1 (q, J = 3.8 Hz, CF3), 

125.4, 125.1, 121.8 (CF3).  MS (ESI/+ve) m/z: (E11 + H+) C18H13BF3NO2: 342.0908, 

found 342.09.  IR (cm-1) 2970, 2361, 1738, 1508, 1323.  Mp = 132-133 °C. 
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2.7.2 4-coordinate 1,3,4,2-dioxazaboroles  

All 4-coordinate boron-containing 1,3,4,2-dioxazaboroles exhibit a stereocentre, 

however, due to the dynamic bond between the Lewis base and Lewis acidic boron centre, 

it is most likely that all products are a racemic mixture of R- and S- entantiomers.  

 

DMAP complex of 2-(2,6-dimethlyphenyl)-5-phenyl-1,3,4,2-dioxazaborole  

(DMAP.A1) 

 

To a 3-neck RB flask, 2,6-dimethylphenyl boronic acid (0.50 g, 3.36 mmol), 

benzohydroxamic acid (0.46 g, 3.34 mmol) and DMAP (0.41 g, 3.38 mmol) were added.  

Dry toluene (50 mL) was then added and the mixture heated under reflux for 4 hours.  

The solution was solution was filtered after cooling and the clear liquid concentrated 

under reduced pressure to afford a white solid (1.16 g, 3.11 mmol, 93%).  1H NMR (300.1 

MHz, CDCl3): δ= 8.12 (d, J = 6.9Hz, 2H, d), 7.96 (m, 2H, c), 7.43 (m, 3H, a,b), 7.17 (m, 

1H, i), 7.01 (d, J = 7.6 Hz, 2H, h), 6.48 (dd, J = 7.1, 1.5Hz, 2H, e), 3.04 (s, 6H, f), 2.52 

(6H, g).  11B{1H} NMR (96.3 MHz, CDCl3): δ= 15.7.  13C NMR (75.5 MHz, CDCl3): δ= 

162.5 (C1), 155.5, 145.2 (d ar), 145.1, 143.1, 130.2, 128.4, 127.7, 127.2, 126.4, 106.5 (e 

ar), 39.3 (f Me), 23.5 (g Me).  IR (cm-1): 2967, 1632, 1595, 1556, 1446.  FTMS (ESI/+ve 

mode) m/z: ([A1.DMAP]-Na+) C22H24BN3O2Na: 396.1859, found 396.187.  Mp = 173-

174 ° 

Single crystals were collected from the crude reaction mixture upon cooling from reflux. 
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DMAP complex of 2-(2,6-dimethlyphenyl)-5-methyl-1,3,4,2-dioxazaborole 

(DMAP.A3) 

 

To a 3-neck RB flask, 2,6-dimethylphenyl boronic acid (0.50 g, 3.34 mmol), 

acetohydroxamic acid (0.27 g, 3.59 mmol) and DMAP (0.41 g, 3.40 mmol) were added.  

Dry toluene (50 mL) was then added and the mixture heated under reflux for 4 hours.  

The solution was filtered after cooling and the clear liquid concentrated under reduced 

pressure to afford a white solid (1.0867 g, 3.34 mmol, >99%).  1H NMR (300.1 MHz, 

CDCl3): δ= 7.75 (d, J = 7.26 Hz, 2H, b), 6.85 (m, 1H, g), 6.74 (m, 2H, f), 6.21 (dd, J = 

6.2, 1.2 Hz, 2H, c), 2.74 (s, 6H, d), 2.26 (s, 6H, e), 1.83 (s, 3H, a).  11B{1H} NMR (96.3 

MHz, CDCl3): δ= 12.5.  13C NMR (75.5 MHz, CDCl3): δ= 162.4 (C1), 155.2, 145.8 (b 

ar), 143.2, 139.5, 128.6, 128.0, 127.6, 126.0, 106.5 (c ar), 39.3 (d Me), 22.5 (a Me), 11.9 

(e Me).  FTMS (EI) m/z: 189.1 (A3) C10H12BNO2: 189.0961, found 189.1.  IR (cm-1): 

2924, 1633, 1619, 1557, 1536, 1444, 1392, 1191.  Mp = 122 – 123 °C. 

 

DMAP complex of 2-(2,6-dimethlyphenyl)-5-(4-pyridine)-1,3,4,2-dioxazaborole 

(DMAP.A4) 

 

To a 3-neck RB flask, 2,6-dimethylphenyl boronic acid (0.24 g, 1.57 mmol), p-

pyridylhydroxamic acid (0.21 g, 1.49 mmol) and DMAP (0.18 g, 1.49 mmol) were added.  

Dry toluene (50 mL) was then added and the mixture heated under reflux for 4 hours.  

The solution was solution was filtered after cooling and the clear liquid concentrated 

under reduced pressure to afford a white solid (0.51 g, 1.36 mmol, 91%).  1H NMR (300.1 

MHz, CDCl3): δ= 8.59 (dd, J = 4.5, 1.6 Hz, 2H, c), 7.96 (dd, J = 6.3, 1.2 Hz, 2H, a), 7.73 

(dd, J = 4.5, 1.6 Hz, 2H, b), 7.06 (m, 1H, h), 6.97 (m, 2H, g), 6.46 (dd, J = 6.2, 1.3 Hz, 
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2H, d), 3.03 (s, 6H, e), 2.46 (s, 6H, f).  11B{1H} NMR (96.3 MHz, CDCl3): δ= 12.7.  13C 

NMR (75.5 MHz, CDCl3): δ= 162.8 (C1), 156.2, 149.9 (d ar), 143.2, 142.7, 142.4, 130.4, 

128.5, 128.2, 127.8, 127.7, 126.4, 126.1, 120.2, 120.0, 106.5 (c ar), 39.6 (e Me), 23.6 (f 

Me).  IR (cm-1): 2919, 1631, 1557, 1544, 1525, 1380, 1195.  FTMS (EI) m/z: (A4) 

C14H13BNO2: 252.1070, found 252.1.  Mp = 77-79 °C.   

 

 

DMAP complex of 2-(2,6-dimethlyphenyl)-5-(4-dimethylaminophenyl)-1,3,4,2-

dioxazaborole (DMAP. A6) 

 

To a 3-neck RB flask, 2,6-dimethylphenyl boronic acid (0.12 g, 0.78 mmol), 4-

dimethylamino phenylhydroxamic acid (0.14 g, 0.78 mmol) and DMAP (0.10 g, 0.78 

mmol) were added.  Dry toluene (50 mL) was then added and the mixture heated under 

reflux for 4 hours.  The solution was solution was filtered after cooling and the clear liquid 

concentrated under reduced pressure to afford a white solid. The white solid was then re-

dissolved in chloroform and the product precipitated out by slow addition of petroleum 

ether, to afford a crystalline, white solid (0.24 g, 0.59 mmol, 75%).  1H NMR (300.1 MHz, 

CDCl3): δ= 8.09 (d, J = 4.1 Hz, 2H, d), 7.84 (d, J = 9.0 Hz, 2H, c), 7.17 (m, 1H, i), 7.01 

(m, 2H, h), 6.71 (d, J = 9.0 Hz, 2H, b), 6.46 (d, J = 5.6 Hz, 2H, e), 3.01 (m, 12H, a,f), 

2.52 (s, 6H, g).  11B{1H} NMR (96.3 MHz, CDCl3): δ= 23.5.  13C NMR (75.5 MHz, 

CDCl3): δ= 164.0 (C1), 152.0, 146.0 (e ar), 143.6, 129.1, 127.9, 127.5, 126.0, 111.6 (c 

ar), 106.5 (d ar), 40.2 (a Me), 39.3 (f Me), 23.4 (g Me).  IR (cm-1): 3045, 2945, 2914, 

2863, 2804, 1637, 1609, 1557, 1522, 1475, 1368, 1188.  FTMS (ASAP) m/z: (A6+H+) 

C17H20BN2O2: 295.1540, found 295.1.  Mp = 168 – 170 °C.   
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DMAP complex of 2-(2,6-dimethlyphenyl)-5-(4-chlorophenyl)-1,3,4,2-dioxazaborole 

(DMAP.A7) 

 

To a 3-neck RB flask, 2,6-dimethylphenyl boronic acid (0.09 g, 0.57 mmol), 4-

chlorophenylhydroxamic acid (0.09 g, 0.56 mmol) and DMAP (0.07 g, 0.58 mmol) were 

added.  Dry toluene (50 mL) was then added and the mixture heated under reflux for 3 

hours under nitrogen.  The solution was solution was filtered after cooling and the clear 

liquid concentrated under reduced pressure to afford a yellow solid, which was then 

purified by recrystallising from hot petroleum ether to afford a pale yellow solid (0.20 g, 

0.49 mmol, 88%).  1H NMR (300.1 MHz, CDCl3): δ= 8.00 (m, 2H, c), 7.80 (m, 2H, b), 

7.29 (m, 2H, a), 7.05 (m, 1H, h), 6.91 (m, 2H, g), 6.41 (m, 2H, d), 3.00 (s, 6H, e), 2.41 (s, 

6H, f).  11B{1H} NMR (96.3 MHz, CDCl3): δ= 23.6.  13C NMR (75.5 MHz, CDCl3): δ= 

161.5 (C1), 155.5, 144.7 (c ar), 142.8, 135.9, 128.6, 128.0, 127.8, 127.7, 125.9, 106.5 (d 

ar), 39.4 (e Me), 23.6 (f Me).  IR (cm-1): 2924, 1632, 1592, 1556, 1493, 1401, 1386, 1313.  

FTMS (ESI/ -ve) m/z: (B7.7-) C22H18BCl2N2O4: 455.0737, found 455.07.  Mp = 157-159 

°C. 

 

DMAP complex of 2-(naphthalene-2-yl)-5-phenyl-1,3,4,2-dioxazaborole 

(DMAP.D1) 

 

Isolated from DMAP titration of 2-(naphthalene-2-yl)-5-phenyl-1,3,4,2-dioxazaborole, 

by slow evaporation of a saturated solution of 10 eq. DMAP and 1 eq. D1 in CDCl3. 
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DMAP complex of 2-(naphthalene-2-yl)-5-((4-trifluoromethyl)phenyl)-1,3,4,2-

dioxazaborole (DMAP.D11) 

 

Isolated from DMAP titration of 2-(naphthalene-2-yl)-5-((4-trifluoromethyl)phenyl-

1,3,4,2-dioxazaborole by slow evaporation of a saturated solution of 10 eq. DMAP and 1 

eq. D11 in CDCl3.  

 

 

DMAP complex of 2,5-diphenyl-1,3,4,2-dioxazaborole (DMAP.F1) 

 

To a 3-neck RB flask, benzene boronic acid (0.52 g, 4.25 mmol), benzohydroxamic acid 

(0.57 g, 4.17 mmol) and DMAP (0.52 g, 4.25 mmol) were added.  Dry toluene (50 mL) 

was then added and the mixture heated under reflux for 4 hours under nitrogen.  The 

solution was filtered after cooling and the clear liquid concentrated under reduced 

pressure to afford a white solid (1.25 g, 3.75 mmol, 90%).  1H NMR (300.1 MHz, d6-

DMSO): δ= 8.11 (d, J = 6.0 Hz, 2H, d), 7.81 (m, 2H, c), 7.43 (m, 3H, a,b), 7.32-7.22 (m, 

5H, g,h,i), 6.83 (d, J = 6.9 Hz, 2H, e), 3.07 (m, 6H, f).  11B{1H} NMR (96.3 MHz, d6-

DMSO): δ= 10.5.  13C NMR (75.5 MHz, CDCl3)*: δ= 161.9 (C1), 157.2, 143.2 (e ar), 

132.3, 129.6, 128.2, 127.5, 106.3 (d ar), 39.6 (f Me).  IR (cm-1): 3320, 3071, 1631, 1594, 

1557, 1533.  HRMS (ESI/-ve mode) m/z: (F1.1-) C20H16BN2O4: 359.1203, found 

359.1205.  Mp = 287 °C (decomp.) 

* It is expected that the spin-spin relaxation time between the C-B bond is too short, and therefore, the peak 

is not apparent in the 13C NMR spectra.  
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DMAP complex of 2-phenyl-5-methyl-1,3,4,2-dioxazaborole (DMAP.F3) 

 

To a 3-neck RB flask, benzene boronic acid (0.61 g, 5.03 mmol), acetohydroxamic acid 

(0.38 g, 5.06 mmol) and DMAP (0.61 g, 5.02 mmol) were added.  Dry toluene (50 mL) 

was then added and the mixture heated under reflux for 4 hours under nitrogen.  The 

solution was solution was filtered after cooling and the clear liquid concentrated under 

reduced pressure to afford a white solid (1.42 g, 5.02 mmol, >99%).  1H NMR (300.1 

MHz, CDCl3): δ= 8.10 (d, J = 7.2 Hz, 2H, b), 7.79 (q, J = 3.8 Hz, 1H, g), 7.19 (m, 4H, 

e,f), 6.88 (d, J = 7.7 Hz, 2H, c), 3.11 (s, 6H, d), 1.87 (m, 3H, a). 11B{1H} NMR (96.3 

MHz, CDCl3): δ= 11.9.  13C NMR (75.5 MHz, CDCl3): δ= 161.6 (C1), 156.1, 142.8 (b 

ar), 133.6, 132.2, 127.5, 127.3, 106.3, (c ar) 39.6 (d Me), 12.2 (a Me).  IR (cm-1): 3000, 

1633, 1553, 1443.  FTMS (ESI/-ve mode) m/z: (F3) C8H8BNO2: 161.0648, found 161.1.  

Mp = 153-155 °C. 
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3.0 Lewis Acidity Determination of 1,3,4,2-dioxazaboroles and 

Their Sensing Application 

 

3.1 Chapter Preface 

This chapter focuses on determining the Lewis acidic character of 1,3,4,2-

dioxazaboroles, with investigations into the selectivity of the boron to different anionic 

and Lewis basic analytes.  This work is further backed up by computational studies 

carried out by Thomas Malcomson (PhD, completed 2019), along with supplementary 

synthetic work carried out by Helen Tunstall-García (MChem project, 2018-19), which 

explored the use of naphthalene-based 1,3,4,2-dioxazaboroles for sensing applications. 

   

3.2 Lewis Acidity  

A Lewis acid is generally defined as a compound that contains an empty orbital, which 

will accept an electron pair from a Lewis base, and the result is the formation of a dative 

bond.151, 152  Lewis acids differ from Brønsted-Lowry acids in that it is dependent on 

electron-pair donation rather than proton transfer. 

 Boronic acids, despite the presence of the hydroxyl groups, are Lewis acids, due 

to the empty p-orbital on the boron, and their ability to form adducts with Lewis bases.  

As discussed in the introduction chapter (1.3.1), the empty p-orbital plays a vital role in 

determining the Lewis acidity of the boron and allows for the formation of a tetrahedral 

species upon adduct formation (Scheme 3.1).  

 

 

Scheme 3.1: ChemDraw representation of the formation of an ammonia adduct of a boronic acid, wherein 

the lone pair electrons on the ammonia donate into the vacant p-orbital of the boron centre.  

 

In the cases where both the Lewis acid and Lewis base contain sterically hindering 

substituents and the formation of the adduct is hindered, the resulting energetically 
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strained systems are known as frustrated Lewis pairs (FLPs) and have the potential to 

carry out catalytic reactions, such as small molecule activation.153, 154  FLPs have become 

prevalent in the literature over recent years, with developments made in the splitting of 

hydrogen,155, 156 as well as applications in the reduction of amines and nitriles.157 

Additionally, the polarisability and energy of the orbitals are also important 

factors, and leads to the concept of Hard-Soft Acid-Base Theory (HSAB), wherein hard 

acids or bases are characterised by being small, compact and non-polarisable, and soft 

acids of bases tend to have larger, more diffuse electron orbitals.158  In general, hard acids 

preferentially bind to hard bases, and vice versa for soft acids.  Most boronic acids and 

boronate esters fall into the category of hard acids since they have a high charge density, 

centred on a small atom.  It is also worth noting that bonds formed from the reaction of 

soft Lewis acids and soft Lewis bases are considered to be covalent in nature, whereas, 

bonds formed from the reaction between hard Lewis acids and bases are said to be 

electrostatic in nature, upon applying the ECW model.159   

 

3.2.1 Boronic acid-based sensors  

As defined by IUPAC, a chemical sensor is a device which will transform chemical data, 

such as sample concentration, into a signal which is interpretable by the analyst, which 

could be as simple as an NMR signal.160  The theory behind chemical sensing relies on 

the interaction with another species through a process known as molecular recognition, 

much like a key fitting into a particular lock (Scheme 3.2), wherein one compound (the 

key) selectively binds to a receptor compound (the lock), which results in the emission of 

a signal which can be interpreted by the analyst.  Selectivity of the sensing comes from 

the overall compatibility of both the lock and key to each other.54  However, along with 

the need for compatibility between both the analyte (the species being detected) and the 

detector, a good sensor also requires a means of quantifying the amount of analyte within 

the sample.  In most cases, this is achieved by implementing the application of a 

‘transducer’ within the chemical sensor, which will allow for the transformation of the 

chemical information into a useful analytical signal, which can be then interpreted by the 

chemist.160  It is the transducer element which determines the category into which the 

sensor falls – optical, electrical, mass-dependent, etc.  Of course, another factor which 

also needs to be considered when developing a sensor is the overall sensitivity of the 
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sensor to the analyte, compared to potential competitors which may also be present within 

the sample. 

 

 

Scheme 3.2: Simplistic representation of an analyte binding to an optical chemical sensor and emitting a 

signal that indicates to the analyst that a binding event has occurred.  

 

However, it is worth noting that upon binding of the analyte to the receptor site, 

and depending on the strength of the binding event, the analyte may end up irreversibly 

bound to the receptor site, thus, rendering the sensor one-time use only.  It is, therefore, 

of interest to synthesise sensors which rely reversible interactions, to allow for the 

displacement of the analyte and effectively making the sensor reusable.  

The electron-poor boron centre of a Lewis acidic boronic acid makes these 

materials prime candidates in the application of chemical sensors and ion recognition.53, 

55, 58, 161  By taking advantage of the boronic acid’s empty p-orbital, it is possible to bind 

electron-rich analytes, such as anions and Lewis bases, of which the selectivity can be 

altered by modifying the substituents of the sensor to either increase, or decrease, the 

Lewis acidic character of the boron.162 

  Due to the neutrality of boronic acids, counter-ions are unnecessary, which is a 

common disadvantage for sensors due to competition reactions taking place.  This is an 

issue for the detection of anions, which tend to have a greater sensitivity to their 

surrounding environment, such as pH and solvation effects.  Anions also tend to be larger 

in size, and therefore, their charge to radius ratio is lower and as a result, have weaker 

electrostatic interactions with the sensor.  Additionally, boronic acids are considered 

environmentally friendly and of low toxicity.163  Thus, boronic acids and boronic acid 

esters have become important within physiological sensing applications.164, 165  
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For example, a naturally-occurring boron-based antibiotic, boromycin, relies on 

the Lewis acidic character of the boron to hold its structure together and was one of the 

first natural products discovered to contain boron (Fig 3.1).166, 167  It is particularly 

effective against Gram-positive bacteria, and has also been tested as an anti-HIV antiviral 

and was found to limit the replication of the HIV-1 strain, by acting as a potassium-

selective ionophore which effectively leads to cell death.166, 168 

 

 

Figure 3.1: Crystallographic representation of boromycin, showing the tetrahedral geometry of the boron 

atom.169 [Green = boron; red = oxygen; dark grey = carbon. Hydrogens and solvent omitted for clarity] 

 

Shinkai and co-workers have shown boronic acid esters to be very useful in the 

application of sugar sensing (Fig 3.2).  Back in 1995, the group discovered a method to 

distinguish between monosaccharides of different chirality, by making use of a 

fluorescent molecular sensor based on a boronic acid moiety.170  The incorporation of an 

anthracene group within the sensor allows for the quenching of the photo-induced 

emission upon the binding of a saccharide to one of the sensor molecules. 
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Figure 3.2: (left) Anthracene-based boronic acid sensor, non-specific to the chirality of sugars. (right) 

1,1’-binaphthalene-based boronic acid sensor for chiral recognition. 

 

The group also found that by synthesising chiral molecules containing boron 

centres within a sensor molecule (Fig 3.2, right), the binding of the d- and l- enantiomers 

of sugars gave different intensities of fluorescence, thus, allowing for an observable 

distinction between the two chiral isomers  They attribute the differences in fluorescence 

to be due to the effect of sterics, with the R-enantiomer quenched most effectively by 

addition of the d-sugars, and vice versa for the S-enantiomer.  It is also worth noting that 

the complexes formed by the binding of a sugar to the receptor have a 1:1 binding mode, 

and are also soluble in water, allowing for application within biological-based systems.  

The group have recently published an extensive tutorial review on the use of fluorescent 

chemosensors.171 

The sensing of fluoride anions has also become prevalent in literature, with a 

greater awareness of negative impacts that high concentrations of fluoride can cause.172  

However, the binding, and therefore sensing, of fluoride ions has struggled due to the 

high hydration enthalpy of fluoride, as well as the need to be able to carry the analysis 

out in physiological conditions, i.e.. aqueous conditions.  Boronic acids are thought to be 

the answer to this dilemma due to their general solubility in aqueous conditions, as well 

as selectivity over other anions such as chloride, phosphate and acetate.173  Work carried 

out by Jiang and co-workers shows the sensing of fluoride within an aqueous medium by 

making use of the aggregation of the boronic acid sensors upon the binding event (Scheme 

3.3).174  The boronic acid is first bound to a catechol, which increases the Lewis acidity 
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of the boron centre, then, due to the aggregation event, the fluoride ions are sheltered 

from the aqueous environment, and allow for a stronger binding overall.  

 

 

Scheme 3.3: ChemDraw representation of the formation of the fluoride sensor, followed by aggregation 

that causes excimer emission. 

 

 The aim of this chapter is to determine the Lewis acidic character of 1,3,4,2-

dioxazaboroles, using techniques that have been applied previously in the literature to 

determine the Lewis acidic strength of other boronate acids and esters.175, 176  

Additionally, this chapter will also explore the selectivity of 1,3,4,2-dioxazaboroles to 

various analytes (neutral and anionic) by a series of NMR and UV-Vis spectroscopic 

titrations, in order to determine this type of compound’s role within sensing applications. 
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3.3 Determination of the Lewis Acidity of 1,3,4,2-dioxazaboroles 

Initial structural and electronic analysis on the Lewis acidity of 1,3,4,2-dioxazaboroles 

was carried out using the first isolated crystal structure of A1 by defining the electrostatic 

potential map (Fig 3.3).  The computational calculation was performed using Tonto 

interfaced with ‘CrystalExplorer’ with 6-311G (d,p) basis sets, where the dark blue 

regions of the map represent the electron-poor areas within the molecule, and the dark red 

regions denote areas of higher electron-density.   

 

 

Figure 3.3: a) electrostatic potential map, created using the crystallographic representation of A1.  Areas 

that are red indicate high electron-density; regions that are blue indicate low electron-density.  The boron 

atom is on the RHS of the central ring attached to the dimethylphenyl group. b) Crystallographic 

representation of A1 in the same orientation as the electrostatic potential map.  

 

 The map shows the predictable electron-rich aromatic centres of the benzene 

rings, due to the delocalisation of the π-electrons around those rings, whereas the 1,3,4,2-

dioxazaborole ring appears to be mottled with areas of high and low electron-density due 

to the variation in electronegativity of the atoms and bond character.  The boron exhibits 

a dark blue patch, signifying the empty p-orbital in the z-axis (pointing out from the page), 

thus, indicating the potential Lewis acidity of the boron atom.  At the same time, there 

also appears to be a dark red region around the nitrogen of the ring, which contains a lone 

pair and therefore, is expected to be electron rich.  This also implies that the nitrogen may 

have Lewis basic properties, which may result in aggregation of adducts, due to the Lewis 

acid and basic functional groups of the 1,3,4,2-dioxazaboroles.  

 Indeed, the use of an electrostatic potential map is ideal to identify Lewis acidic 

and Lewis basic areas of a molecule, however, the process is not quantitative, and 
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therefore, additional studies need to be carried out in order to determine a numerical value 

for the Lewis acidity of 1,3,4,2-dioxazaboroles.  This led to further investigations into the 

1,3,4,2-dioxazaboroles Lewis acidity by determination of the ‘acceptor number’, as well 

as various NMR-based titrations, with complimentary computational calculations carried 

out by Thomas Malcomson (PhD, 2019).  

 

3.3.1 Acceptor Number studies  

Determining the strength of a Lewis acid is not a straightforward task to carry out.  Unlike 

Brønsted acids where one can determine its strength by measuring its effective pKa, Lewis 

acids do not rely on the transfer of protons, thus making such a direct, quantitative 

measurement difficult.  As such, along with the Lewis acid’s dependence on sterics and 

electronics, Lewis acids do not have a quantitative method of determining their 

strength.176  However, as discussed in Chapter 1.4.2, the pKa of a BA can be determined 

by their reaction with a known Brønsted base.117 

The most straightforward method in determining the Lewis acidity of a compound 

is to apply the Gutmann-Becket method, wherein 31P NMR spectroscopy is used to 

calculate the ‘Acceptor Number’ (AN).175  Triethlyphosphine oxide (Et3PO), as a Lewis 

base, acts as a molecular probe that binds to the Lewis acid, resulting in a chemical shift 

in the 31P NMR spectra.  The AN gives a representative value for the strength of the Lewis 

acidity of the compound, where a higher AN value denotes greater Lewis acidity.  The 

values 86.14 and 41.0 in Eq. 3.1 correspond to the chemical shift of triethylphosphine 

oxide in d10-boron trifluoride-diethyl ether and d14-hexane, respectively.  

 

AN = (
𝟏𝟎𝟎

𝟖𝟔.𝟏𝟒−𝟒𝟏.𝟎
) (𝜹𝒔𝒂𝒎𝒑𝒍𝒆 − 𝟒𝟏. 𝟎)  - Equation 3.1 

 

General Procedure: 

For each of the 1,3,4,2-dioxazaboroles measured in this study, the same procedure 

was carried out for each sample, and a calibrant – tetra-n-butylammonium 

tetrafluoroborate (TBA BF4) – was used to ensure that the resulting ANs were 

comparable.  A stock solution of the molecular probe was made up by dissolving Et3PO 

(0.41 g, 1.49 x 10-3 mol) in CDCl3 (1.0 mL) to afford a stock solution with a concentration 
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of 1.49 M.  An aliquot (0.03 mL) was added to a solution of 1 equivalent of 1,3,4,2-

dioxazaborole which also contained the calibrant, TBA PF6.  The resulting mixture was 

then submitted to 31P NMR spectroscopic analysis, and Eq 3.1 used to calculate the AN 

from the resulting adducts’.  This procedure was repeated for all samples of 1,3,4,2-

dioxazaboroles that were tested in this study, with the results shown in Table 3.1. 

 

Table 3.1: Summary of 31P NMR signals for a variety of 1,3,4,2-dioxazaboroles, along with their respective 

Acceptor Numbers, calculated using Eq. 3.1.  

Functionality of HA sigma (para) ‘Family A’ 1,3,4,2-

dioxazaboroles 

‘Family B’ 1,3,4,2-

dioxazaboroles 

31P NMR (δ) AN 31P NMR (δ) AN 

NMe2 (6) -0.83 52.84 26.23 54.63 30.19 

CH3 (5) -0.17 53.11 26.83 53.74 28.22 

H (1) 0 53.03 26.65 54.61 30.15 

Cl (7) 0.23 52.98 26.54 54.66 30.26 

CF3 (11) 0.54 52.89 26.34 56.15 33.56 

  

 

1,3,4,2-dioxazaboroles have AN ranging from 25-30, depending on the 

electronics of the substituents of both the hydroxamic acid and boronic acid starting 

materials.  The values are like their starting boronic acids, wherein boronic acid A and B 

have AN values of 29 and 31, respectively.  This may be in part, due to the relatively 

strong electron-donating methyl groups present that result in the overall reduction of 

Lewis acidity, resulting in the 1,3,4,2-dioxazaboroles having similar mesomeric 

stabilisation.  However, upon comparison with other boron-containing heterocycles (ca. 

boron trihalides AN range between 89-115;175 boroxines range between 54-86;176 

phenylboronic catechols range between 65-82177), the relative values for the ANs of the 

1,3,4,2-dioxazaboroles are much lower, indicating a reduced Lewis acidic character.  This 

reduction may be a consequence of the aromaticity: the relative stabilisation due to the 

electron density from the oxygen atoms donating into the “empty” p-orbital of the boron 

reduces the Lewis acidity of the heterocycle, due to the presence of the nitrogen.  Upon 
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adduct formation, the aromaticity of the heterocycle is lost, and the ring loses its planarity, 

as discussed previously in Chapter 2.3.   

However, as discussed in Chapter 1.4.2, it has previously been theorised that the 

relief in ring strain upon the boron transitioning from 3- to 4-coordinate, there is a 

preference in the formation of the tetrahedral geometry over the trigonal planar.117  

Despite the preference in geometry, the apparent AN values of the 1,3,4,2-dioxazaboroles 

examined indicate that the binding interaction between Et3PO and the Lewis acidic boron 

is relatively low, but does not give information on the overall stability of the final 

complex.  It is, therefore, important to carry out further investigations to determine the 

viability of 1,3,4,2-dioxazaboroles as chemical sensors. 

In addition to the electronics of the substituents, sterics will also affect the binding 

energy and adduct formation, with large, bulky groups preventing efficient interaction 

between the Lewis acid centre and incoming Lewis base, in the case of 1,3,4,2,-

dioxazaboroles.  The ‘Family A’ 1,3,4,2-dioxazaboroles, wherein there are two methyl 

groups ortho- to the boronic acid are more sterically hindered, compared to the ‘Family 

B’ 1,3,4,2-dioxazaboroles which have one methyl group ortho- and a fluorine para- to 

the boronic acid functionality.  The decrease in steric bulk enhances the binding capacity 

of Et3PO, as demonstrated by the larger AN values for the ‘Family B’ 1,3,4,2-

dioxazaboroles, compared to the ‘Family A’ 1,3,4,2-dioxazaboroles, regardless of the 

hydroxamic acid functionality (Table 3.1).   

 To better understand the variations exhibited by the two boronic acid derivations 

of the 1,3,4,2-dioxazaboroles (Fig 3.4), a plot wherein the AN values were plotted against 

the Hammett sigma value for the substitution on the hydroxamic acids.  By comparing 

the trends exhibited by the two different boronic acid functional groups, it is clear to see 

that having an electron-withdrawing fluorine group in the ‘Family B’ 1,3,4,2-

dioxazaboroles, in addition to being less sterically hindered,  has a greater effect on the 

Lewis acidity of the boron, compared to the ‘Family A’ series (Fig 3.5).  This is hardly 

surprising and echoes observations in literature, wherein the electronegative fluorine 

inductively pulls electron-density away from the boronic acid through its sigma bond to 

the benzene.176  Thus, the ‘Family B’ 1,3,4,2-dioxazaboroles exhibit higher values of AN, 

compared to the ‘Family A’ 1,3,4,2-dioxazaboroles.  
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Figure 3.4: ChemDraw representations of a) ‘Family A’ 1,3,4,2-dioxazaboroles and b) ‘Family B’ 1,3,4,2-

dioxazaboroles. 

 

 

Figure 3.5: Graphical representation of the AN of a series of 1,3,4,2-dioxazaboroles. The orange line 

represents 1,3,4,2-dioxazaboroles in which the boronic acid has been functionalised with two ortho-methyl 

groups. The blue line represents 1,3,4,2-dioxazaboroles wherein the boronic acid has been functionalised 

with a para-fluorine and an ortho methyl group.  

 

 The presence of the fluorine group in the ‘Family B’ 1,3,4,2-dioxazaboroles 

appears to have enhanced the effect of the substitution on the hydroxamic acid, with an 

almost parabolic trend exhibited.  The increase of AN is expected as the electron donation 

from the hydroxamic acid into the boronic acid decreases as we move from H to CF3, due 

to the previously determined relationship between the strength of the B-O bond and para- 

substituent on the HA (see section 2.2).  It makes sense that a hydroxamic acid with a CF3 

functionality will pull electron-density away from the boron centre, resulting in a more 
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electron-poor 1,3,4,2-dioxazaborole.  A more electron-poor Lewis acid will have a greater 

binding potential towards an incoming anion or Lewis basic species, hence, the 

observation of the higher AN values as the electronegativity of the para-substituent 

increases.   

 In contrast, the ‘Family A’ series of 1,3,4,2-dioxazaboroles appears to be less 

affected by the substitution of the hydroxamic acid, as shown by the similarity in AN 

value between the most electronegative substituent (ca. 26.3) and the most electropositive 

substituent (ca. 26.2).  In comparing A1 and B1, wherein there is no additional 

functionality to the HA side, the increase in AN value originates from the additional 

fluorine present in ‘Family B’.  The gap between the AN values is greatest between A11 

and B11, wherein the HA is functionalised with a CF3 group, and the minute change in 

AN between A1 and A11 indicates a lack of resonance across that side of the molecule.  

 However, it is observed that the ‘Family B’ 1,3,4,2-dioxazaborole that contains a 

dimethylamino group (B6) also has a high AN value, close to the value of AN for the 

chloro-functionalised HA.  This observation is difficult to explain as it appears 

contradictory to the previous conclusion that the presence of an electron-withdrawing 

group, such as CF3, will increase the Lewis acidity of the boron.  However, the 

dimethylamino (NMe2) exhibits similar AN values to the likes of trihalomethyl 

substituents: The overall effect of a CF3 group is strongly inductive, as are substituted 

ammonium groups, such as NMe2.  Therefore, the relatively large AN value shown by B6 

can be attributed to the withdrawing inductive effect of the NMe2 group, made more 

apparent due to the electronegativities of the heteroatoms within the ring (N = 3; O = 3.5; 

B = 2; C = 2.5 ꭓ, respectively). 

 It is interesting to note that the resulting resonance structure for A6 shows that the 

NMe2 group is not resonance connected to the boron (Scheme 3.4, a), therefore, implying 

that the mesomeric effect of the substituent has no direct impact on the Lewis acidity of 

the boron centre.  However, if the boronic acid was functionalised with a para-NMe2 

group (Scheme 3.4, b), there would be a resonance connection between the boron and the 

functional group and may have a greater effect on the overall Lewis acidity of the boron.  
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Scheme 3.4: ChemDraw schematic representation of the resonance structure of 1,3,4,2-dioxazaborole 

wherein the NME2 functionality is compared across the hydroxamic acid and boronic acid.  

 

 The trends exhibited by the ‘Family A’ 1,3,4,2-dioxazaboroles do not tend to vary 

as much as their ‘Family B’ counterparts, indicating that sterics play a more dominant 

role than the electronegativity of the functional groups.  However, as recognised in the 

literature, the apparent AN and thus, Lewis acidity of compounds does not tend to exhibit 

linear trends, owing to a complicated mixture of effects.  In the case of 1,3,4,2-

dioxazaboroles, the lack of apparent trends indicates that both electronics and sterics play 

a vital role in determining the overall Lewis acidity of the compounds.  

 Due to the complications that arise from differences in mesomeric and inductive 

effects caused by the substituents of both the hydroxamic acid and the boronic acid, it can 

clearly be seen that taking the time to determine the AN value of a compound is invaluable 

in determining its comparative Lewis acidity.  The AN values determined above will be 

beneficial in determining what functionalities to use in order to achieve a greater or 

weaker binding strength in terms of applications within sensing.  
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3.4 DMAP Binding studies  

NMR spectroscopic titrations were also useful in determining the strength of Lewis acid 

character of the heterocycles.178, 179  The following titrations were carried out using a 

Bruker AV(III) 400 spectrometer operating at 400.1 MHz for 1H, 162.0 MHz for 31P and 

128.4 MHz for 11B{1H}.  A stock solution of the ‘guest’ was prepared by dissolving 10 

times the concentration of the host solution in CDCl3, and aliquots of the ‘guest’ were 

added overtime to the previously dissolved ‘host’ solution (also dissolved in CDCl3), and 

either 1H, 11B{1H} or 31P NMR spectra run each time to monitor ppm change over change 

of concentration of ‘guest’.  In the cases where the titrations were followed by 11B{1H} 

NMR spectroscopy, tetrabutylammonium tetrafluoroborate was used as a standard in 

order to calibrate the spectra to better monitor the change in resonance observed.  A 

concise description with all the details for the individual titrations can be found in the 

Appendix, section D. 

1H NMR spectroscopic titrations in the literature indicate that a similar family of 

compounds, benzodioxaboroles (Fig 3.6), upon addition of pyridine showed a range of 

binding constants, K = 2.2 - 9800 M-1 in CDCl3, depending on the substitution on the 

compound.180  In theory, the binding constants for the DMAP titrations should give 

greater K values, due to the electron-donating NMe2 group pushing electron density 

towards the pyridine nitrogen, thus increasing its Lewis basicity.  However, it is also 

worth noting that the benzodioxaboroles used in the titration studies of Severin and co-

workers also contained a variety of sterics around the boron, which may also have 

contributed to the range of binding constants observed.  

 

 

Figure 3.6: ChemDraw representations of the various benzodioxazaboroles titrated against pyridine and 

monitored by 1H NMR in work carried out by Severin and co-workers.180  
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To determine the effect of the functionality on the strength of binding to the 

1,3,4,2-dioxazaboroles, a series of titrations were carried out, using the same analyte 

(DMAP) and using the same solvent – chloroform – as it was deemed to be a good solvent 

for all species and was least likely to compete with the Lewis acid binding process.  It is 

worth noting that in undertaking these titrations, the following assumptions were made: 

firstly, that the change in physical property is directionally proportional to the change in 

observed signal, and secondly, that the change in concentration of host does not affect 

aggregation or self-association processes that may occur in solution.  The following 

reported results are, therefore, rough approximations of the overall binding energies, and 

are intended to give information of any general trends that may be exhibited between the 

family of compounds investigated.   

 

3.4.1 A1 and DMAP  

The ‘host’ sample was prepared by dissolving A1 (0.003 g, 1.20 x 10-5 mol) in 0.5 mL 

CDCl3 and pipetted into a standard glass NMR tube. A stock solution of the ‘guest’ was 

prepared by dissolving DMAP (0.02 g, 1.4 x 10-4 mol) in deuterated CDCl3 solvent (0.5 

mL).   

After the initial pure host sample NMR spectrum was collected, the ‘guest’ was 

added in aliquots until the titration endpoint, marked by the plateauing of the change in 

NMR ppm shift (Fig 3.7, a).  The resulting ppm shifts as a function of concentration was 

then processed using Supramolecular.org181, and HypNMR as a comparison, in order to 

determine both the binding mode, binding constant, and the goodness of fit.  It is also 

possible to compare binding constants estimates using the simulator which is available 

on Supramolecular.org. 
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Figure 3.7: a) Stacked 11B NMR plots (128.6 MHz, CDCl3, 298K), showing the movement of the peak as 

DMAP is added to A1. b) HypNMR plot of the data from the titration, represented by the black line showing 

the fit of data to a 1:1 in binding model. The green line represents the 1:1 complex, relative to the host 

concentration in blue. c) Supramolecular.org plot of the data from the titration, showing the fit of data to 

a 1:1 binding model. The solid blue line represents the idealised fit, however it is also worth noting that the 

data points are connected by a straight line, to better guide the eye. 

 

In this case, the 1H NMR spectra upon the addition of DMAP tended to become 

broad, thus, making it difficult to follow individual resonances.  It is for that reason that 

the 11B{1H} NMR spectra were analysed instead.  The resulting shift in resonance 

observed represents conversion of a 3-coordinate boron to a 4-coordinate boron 

containing 1,3,4,2-dioxazaborole (Scheme 3.5), and the overall changing shift with 

increasing DMAP concentration nicely shows that the equilibrium process is faster than 

the NMR timescale.  This titration study appears to be the only one studied wherein the 

timescale of the dynamic exchange is fast enough to show the movement of resonance.  

Other titrations carried out in this study exhibited a slower timescale of exchange, thus, 

we observed the appearance of a resonance indicating the 4-coordinate species growing 

in with increased concentration of guest, rather than an overall shift in resonance.  In these 

instances, the 1H nucleus was generally followed instead.  
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Scheme 3.5: Schematic representation, using crystallographic representations of molecules A1 (left) and 

DMAP.A1 (right), to demonstrate the change in geometry upon binding DMAP to the 3-coordinate boron 

1,3,4,2-dioxazaborole.  

 

The results given by Supramolecular.org show a binding mode of 1:1 which 

agrees with the supporting crystallographic data of the DMAP-complexed 1,3,4,2-

dioxazaboroles (see section 3.7), and an overall binding constant, K = 129.2 M-1 (7.7% 

error).  A comparative calculation was also run using HypNMR, version 2.00, in order to 

determine the accuracy of both the data and the calculations made using 

Supramolecular.org and gave logβ = 2.3 (13.2% error).   

 These two different values of different units can be compared if we convert both 

binding constants into their respective free energies (∆G)179 and Eqs. 3 and 4.  

 

From Supramolecular.org:  K = 129.2 M-1 (7.7% error) 

∆𝑮 = −𝑳𝒏𝑲𝑹𝑻  -Equation 3.2. 

∆𝐺 = −𝐿𝑛129.2 𝑥 8.313 𝐽𝐾−1𝑚𝑜𝑙−1 𝑥 293 𝐾  

∆𝐺 = −11800 (±829) J𝑚𝑜𝑙−1 =  −11.8 𝑘𝐽𝑚𝑜𝑙−1 

 

From HypNMR: logβ = 2.3 (rms = 0.3) 

∆𝑮 = −𝟐. 𝟑𝟎𝟑 𝑹𝑻 𝒍𝒐𝒈𝜷 -Equation 3.3. 

∆𝐺 = −2.303 𝑥 8.313 𝐽𝐾−1𝑚𝑜𝑙−1 𝑥 293 𝐾 𝑥 2.3 

∆𝐺 = −12700 (±1680) 𝐽𝑚𝑜𝑙−1 =  −12.7 𝑘𝐽𝑚𝑜𝑙−1 
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Since the values for both free energies are within error of each other, it is fair to 

say that both methods of determining the binding constant of a 1:1 complex give similar 

results, and therefore, either method can be used with the assumption that it would give 

equivalent results using the other.  The rest of the binding constants measured in this study 

were processed using Supramolecular.org.  

 

3.4.2 ‘Family D’ 1,3,4,2-dioxazaboroles v DMAP  

In the following section, a comparison was carried out between two ‘Family D’ 1,3,4,2-

dioxazaboroles, containing two different functionalities on the hydroxamic acid – D1 

which has no additional functionality, and D11 which contains an electron-withdrawing 

CF3 group.  It was expected that both compounds would exhibit similar binding modes, 

and through the isolation of a crystal structure of the DMAP complex of D1, it was 

expected that the titrations would fit a 1:1 binding model.  

For each of the titrations, a ‘host’ sample was prepared by dissolving the ‘Family 

D’ 1,3,4,2-dioxazaborole in CDCl3 (0.7 mL), and a stock solution of the ‘guest’ was 

prepared by dissolving 10 equivalents of DMAP in CDCl3 (0.5 mL).  The chloroform 

signal was used as a calibrant in both titrations, and the resulting Supramolucular.org 

plots were calculated by following the same resonance peak for both titrations.   

For the D1 titration, D1 (0.03 g, 9.0 x 10-5 mol) was dissolved in CDCl3 and 

pipetted into a standard glass NMR tube and DMAP (0.11 g, 8.6 x 10-4 mol) was also 

dissolved in CDCl3.  For the D11 titration, D11 (0.03 g, 7.5 x 10-5 mol) was dissolved in 

CDCl3 and DMAP (0.09 g, 7.5 x 10-4 mol) was weighed out as the guest and dissolved in 

CDCl3. 

Upon the initial comparison of the raw NMR spectra of both titrations, it is 

possible to see the similarities as the titration progresses with the addition of DMAP (Fig 

3.8), justifying the use of the same binding model.  In both cases, the aromatic resonances 

of the host tend to broaden upon the initial addition of guest, but as the guest concentration 

increases, the resonances tend to sharpen again, presumably as the dynamic equilibrium 

moves further towards the 4-coordinate boron species.  The resonance followed in both 

cases was the singlet at approximately 8.6 ppm, therefore, allowing for a direct 

comparison between the two compound titrations.  
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Figure 3.8: Comparison of the DMAP titrations of D1 (a) and D11 (b), followed using 1H NMR 

spectroscopy (400 MHz, CDCl3, 298K).   

 

 As observed by the steep slope of the Supramolecular.org fit in Fig 3.9, the 

binding constant between this particularly functionalised 1,3,4,2-dioxazaborole is 

considerably larger compared to that of DMAP and A1, with a HG binding value of K = 

6210 (error = 248%) M-1 (Fig 3.9, c).  The increase in binding efficiency is most likely 

due to the lesser degree of steric hindrance surrounding the boron atom in D1 (Fig 3.9, 

b).  It is worth noting that the associated error for the 1:1 model is significantly high, 

however, upon attempting to fit the same data to both 1:2 and 2:1 binding models, the fit 

failed in both instances.  Through chemical intuition, backed-up with crystallographic 

evidence which confirms a 1:1 binding mode, as well as 1H NMR and 11B{1H} NMR data 

of the pure compound leads to the overall conclusion that despite the large error, the 1:1 

binding model is most appropriate for this system.  
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Figure 3.9: (a) Stacked 1H NMR spectra (400 MHz, CDCl3, 298K), following the movement of peak position 

as DMAP is titrated into the 1,3,4,2-dioxazaborole solution. (b) ChemDraw schematic representation of 

DMAP guest interacting with Lewis acidic boron centre of D1, forming a 1:1 complex. (c) 

Supramolecular.org plot of data, fitted to a 1:1 binding model.   

  

  However, there does appear to be a large percentage error associated with this 

binding constant.  This may stem from the initial concentration of the host and guest being 

too great for the sensitivity of the technique, and would therefore, benefit from being 

repeated at a small concentration to see if this is the case.  Thus, the fit was also run using 

HypNMR in order to determine whether there was an issue with the raw data (logβ = 

3.67, 5.4% error).  The two values were compared in the same way as A1 v DMAP, and 

converted to their corresponding free energies from K and logβ to give -21.3 and -20.6 kJ 

mol-1, respectively.  It can be concluded that although the error is high in the 

Supramolecular.org calculation, the error in HypNMR was considerably lower.  Overall, 

both free energies are similar enough to accept the values calculated, with a greater 

confidence given by the value determined through HpyNMR.  

In regards to the percentage error associated with the binding constants calculated 

in this set of experiments, as well as the other analytes, it is generally considered that the 

large percentage errors occur due to the asymptotic error method used by the program.182  

This generally means that the errors calculated are blind approximations, and therefore, 

explain to some extent why the error values between the two programs are so different.  

This method of error determination will, therefore, give increasingly larger error values 

as the binding constants increase in value.  Thus, although the errors associated with the 



3. Lewis Acidity Determination of 1,3,4,2-dioxazaboroles and Their Sensing Application 

119 

 

following titration studies tend to vary a lot, and can be extremely large, other methods 

of determining the binding modes can also be implemented, such as isolation by single 

crystal X-ray diffraction and MS analysis.  Due to the isolation of the DMAP complexes 

of some of the 1,3,4,2-dioxazaboroles (section 3.7), we can confirm that the preferred and 

most chemically sensible binding mode exhibited by the 1,3,4,2-dioxazaboroles is in fact, 

1:1.     

For the binding of D11 and DMAP, the calculated binding constant, K = 9560 

(error = 516 %) M-1 (Fig 3.10, c), gave an increased binding constant than compared to 

the D1.  This is most likely due to the addition of the electron-withdrawing CF3 group 

pulling electron density away from the boron centre, thus, increasing its effective Lewis 

acidity.  

However, as in the previous example, and although the percentage error is high, 

the values for the free energies using both methods give values comparable to each other, 

regardless of their percentage errors, and will, therefore, be accepted for the purpose of 

this study (from HypNMR log logβ = 3.8, 0.2% error, ΔG = -21.3 kJ mol-1; from 

Supramolecular.org, ΔG = -22.3 kJ mol-1). 

 

 

Figure 3.10: (a) Stacked 1H NMR spectra (400 MHz, CDCl3, 298K), following the movement of peak 

position as DMAP is titrated into the 1,3,4,2-dioxazaborole solution. (b) ChemDraw schematic 

representation of DMAP guest interacting with Lewis acidic boron centre of D11, forming a 1:1 complex. 

(c) Supramolecular.org plot of data, indicating a 1:1 binding mode.  
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3.4.3 ‘Family E’ 1,3,4,2-dioxazaboroles v DMAP  

As with the ‘Family D’ 1,3,4,2-dioxazaboroles, a comparison study was also carried out 

between the ‘Family E’ 1,3,4,2-dioxazaboroles containing hydroxamic acids 1 and 11.  

Through the isolation of the DMAP complex of E11 by single crystal X-ray diffraction, 

it was again expected that the preferred mode of binding of these 1,3,4,2-dioxazaboroles 

to DMAP would be 1:1, with an increase in binding constant exhibited for E11 over E1, 

due to the presence of the electron-withdrawing CF3 group.    

The ‘host’ sample for the E1 titration was prepared by dissolving E1 (0.022 g, 8.2 

x 10-5 mol) in CDCl3 (0.7 mL) which was then pipetted into a standard glass NMR tube.  

A stock solution of the ‘guest’ was prepared by dissolving DMAP (0.101 g, 8.4 x 10-4 

mol) in CDCl3 (0.5 mL).  Similarly, for the E11 titration, E11 (0.022 g, 6.5 x 10-5 mol) 

was prepared in CDCl3 (0.5 mL) and pipetted into a standard glass NMR tube and a stock 

solution of the ‘guest’ was prepared by dissolving DMAP (0.115 g, 9.4 x 10-4 mol) in 

CDCl3 (0.5 mL).  The chloroform signal was then used to calibrate the processed 1H NMR 

spectra. 

Similarly to the ‘Family D’ 1,3,4,2-dioxazaborole titrations with DMAP, the 

general trends exhibited for the change in resonances as guest concentration is increased 

for both of the ‘Family E’ 1,3,4,2-dioxazaboroles are equivalent (Fig 3.11).  In general, 

as the DMAP is added, a broadening of the aromatic resonances is observed, but as with 

D1 and D11, the resonances sharpen towards the end of the titration, indicating that the 

dynamic equilibrium may be moving towards the final 4-coordinate DMAP complex.  

The resonance followed in these sets of titrations was the doublet at approximately 8.7 

ppm that seemed to experience the greatest shift, as well as being identifiable throughout 

the titration.   
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Figure 3.11: Comparison of the DMAP titrations of E1 (a) and E11 (b), followed using 1H NMR 

spectroscopy (400 MHz, CDCl3, 298K).   

 

 The observed slope from the plotting of the titration data in Supramolecular.org 

for E1 against DMAP is shallower than the slopes exhibited for the ‘Family D’ 1,3,4,2-

dioxazaboroles, indicating a smaller binding constant overall.  However, what is also 

interesting is that the idealised fit (shown by the solid blue line, Fig 3.11, c) appears to 

differ quite a bit from the experimental plot, yet has an overall lower percentage error 

than the ‘Family D’ 1,3,4,2-dioxazaborole titrations, which gave larger percentage errors 

with more closely fitting plots of the idealised versus experimental.  This is most likely 

attributed to the previously mentioned asymptotic error method used by the program.   

It is also worth noting that the data was also fitted to a 1:2 binding model, which 

gave a similar binding constant for the initial 1:1 binding (approx. 3400 M-1) but also 

gave a negative value for the binding of the second DMAP to the boron centre.  These 

results, although exhibited low percentage errors and a relatively good fit to the idealised 

fit, were deemed to be an unlikely mode of interaction between the 1,3,4,2-dioxazaborole 

and DMAP.  This is because one of the B-O bonds of the heterocycle would need to break 

in order to the second DMAP binding not to cause a hypervalent boron centre.  Thus, the 

1:1 binding model was chosen, as it fits more appropriately with the other analytical data.  

 



3. Lewis Acidity Determination of 1,3,4,2-dioxazaboroles and Their Sensing Application 

122 

 

 

Figure 3.12: (a) Stacked 1H NMR spectra (400 MHz, CDCl3, 298K), following the movement of peak 

position as DMAP is titrated into the 1,3,4,2-dioxazaborole solution. (b) ChemDraw schematic 

representation of the interaction between DMAP and E1, forming a 1:1 complex. (c) Supramolecular.org 

plot of data, indicating a 1:1 binding mode.  

 

 The resulting binding constant between E1 and DMAP, K = 2510 (error = 26.8 

%) M-1, indicates a reduction in binding strength as the boron moves from position 1 to 2 

on the naphthalene ring.  This may be caused by an improved delocalisation of π-electrons 

from the naphthalene ring to the boron heterocycle, thus stabilising the heterocycle in 

terms of aromaticity, which would be lost upon the formation of a 4-coordinate boron 

centre.     

The most significant finding was the apparent reduction in binding constant 

between E1 and E11, although it is worth noting that the two values are within error of 

each other.  It had been expected that, as with D1 and D11, the presence of the electron-

withdrawing CF3 group would implement a stronger binding between the host-guest 

complex, however, as shown by the resulting K values, it appears that E1 binds more 

strongly to DMAP than E11.  The binding of E11 and DMAP has a resulting binding 

constant of K = 2390 (error = 27.7 %) M-1 (Fig 3.13, c), a drop of approx. 120 M-1, which 

although is relatively small, is still the opposite effect to that expected.  However, further 

experiments are probably required to confirm this and to improve the data quality and 

binding fits. 
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Figure 3.13: (a) Stacked 1H NMR spectra (400 MHz, CDCl3, 298K), following the movement of peak 

position as DMAP is titrated into the 1,3,4,2-dioxazaborole solution. (b) ChemDraw schematic 

representation of the interaction between DMAP and E11, forming a 1:1 complex. (c) Supramolecular.org 

plot of data, indicating a 1:1 binding mode.  

 

 Upon comparison of all the binding energies for the above titrations (Table 3.2), 

it is possible to observe the effect of both hydroxamic acid and boronic acid functionality 

on the overall Lewis acidity of 1,3,4,2-dioxazaboroles.  The resulting binding mode fits 

appear to compliment the crystallography data (section 3.7), MS analysis and the 

solution-state NMR characterisation data.  Compared to the binding energies previously 

reported in literature between dioxaboroles and DMAP (also presented in Table 3,2) have 

exhibited a similar trend in that the presence of an electron-withdrawing substituent, such 

as F or CF3, significantly increases the binding potential of the system.  Interestingly, the 

binding energies for the two systems were determined by ITC, rather than 1H NMR 

spectroscopy.  The most likely reason for this is due to the large values of binding 

constants which broach the sensitivity limit for 1H NMR spectroscopic titrations, as 

discussed earlier in this section.  Indeed, the group also carried out titrations on the same 

dioxaboroles against pyridine, using 1H NMR spectroscopy to determine the binding 

constants, which resulted in the values of 36 (3% error) and 9800 (110% error) for the 

non-substituted and trifluoro-substituted dioxaboroles, respectively.180  It is clear, 

therefore, that further steps should be taken to ensure the reliability of results, that 

additional data needs to be collected to more accurately estimate the binding constants 

for the family of 1,3,4,2-dioxazaboroles.  Such additions could include the repetition of 
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the NMR titration experiments as well as alternative analytical methods, such as ITC 

titrations.  

 

Table 3.2: Summary of binding constants taken from the study of various 1,3,4,2-dioxazaboroles against 

DMAP.  

Compound Binding Mode HG binding constant, 

K/ M-1 (%error) 

A1  HG 129.2 (7.7) 

D1* HG 6210 (248) 

D11 * HG 9560 (516) 

E1 * HG 2510 (26.8) 

E11* HG 2390 (27.7) 

 

HG 60000 (200)♦ 

 

HG 620000 (3000) ♦♦ 

* Synthesis and titrations carried out by Helen Tunstall-García, with the modelled fits processed by me. 

♦Literature value, titration of dioxaborole (10 mM) against DMAP in CDCl3, determined by ITC.183 

♦♦Literature value, titration of dioxaborole (10 mM) against DMAP inn CDCl3, determined by ITC.183 

 

In general, the binding constants of the 1,3,4,2-dioxazaboroles depend on the 

sterics surrounding the boron centre (2-naphthalene > 1-naphthalene > 2,6-

dimethylphenyl), as well as the electronic substitutions of the hydroxamic acids.  The 

functionality and steric bulk of the boronic acid appears to have a greater effect on the 

energy of binding, compared to the hydroxamic acid, and can be justified by the distance 

at which these effective functionalities lie in relation to the boron centre: The further away 

the electron-withdrawing or electron-donating functionality, the less effect it will have.  

Additionally, as discussed in the previous chapter, the asymmetry around the heterocycle 

hinders the flow of electron density, and therefore, the effect of functionality is 

minimised.  With that being said, the changing of the functionality on the hydroxamic 
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acid may allow for fine-tuning the sensors, due to the smaller differences in binding 

constants between the groups. 

By comparing the above results to the computational calculations carried out by 

Thomas Malcomson (PhD, completed 2019), wherein the para-substitutions on both 

hydroxamic acid and boronic acid were tested, a greater dependence on the boronic acid 

functionality was observed (Fig 3.14).  The trend in the computational results, however, 

mimic that which was observed experimentally in terms of binding efficiency: a more 

electron-rich group para- to the heterocycle ring reduces the Lewis acidity of the 

boron,163, 184 and thus reduced the binding affinity of DMAP to 1,3,4,2-dioxazaboroles.  

However, the values for the binding energies (in kJ mol-1) calculated by computational 

techniques tend to exhibit values much higher than the values obtained from the 

experimental calculations (tending towards 100 kJ mol-1).  This may in part, be due to the 

process by which the binding constants are calculated computationally.  In these 

calculations, the energies of the two free molecules (one guest plus one host) is calculated, 

and the difference found between the non-bound state, compared to the bound complex.  

In this instance, the calculations do not consider electrostatic interactions (such as π-CH 

bonding, hydrogen bonding, solvent effects, etc.), as well as solvent competition, of 

which will make a great difference in the overall results.  Therefore, the computational 

results are approximations, which is why physical experiments should also be carried out.  

In addition, the computational calculations do not include information on the 

naphthalene-functionalised boronic acids, and thus, a comparison is not possible.  
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Figure 3.14: Computationally calculated binding energies of DMAP to 1,3,4,2-dioxazaboroles, wherein 

both the hydroxamic acid and boronic acid functionalities have been studied.  The data points are connected 

and coloured to help guide the eye.  

 

However, the use of NMR spectroscopy is not always the most convenient or 

efficient method of measuring binding events.  In some cases, the choice of which nucleus 

to follow general by NMR spectroscopy was hindered, with disadvantages in both 1H and 

11B NMR:  The 1H NMR suffered in most cases with peak broadening, as well as finding 

an appropriate signal to track.  The 11B{1H} NMR had issues in terms of the dynamic 

timescale of the binding, and in many cases, instead of a singular peak moving from ~30 

ppm towards ~15ppm, a second peak at 15 ppm was observed growing in.  It was 

concluded that the dynamic binding of DMAP to the 1,3,4,2-dioxazaboroles was too slow 

for the relaxation time of the NMR.  Due to the inability to integrate 11B{1H} NMR, 

owing to its quadrupolar nature, binding constants cannot be determined.  
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3.5 A1 Titrations with Other Guests 

 

3.5.1 A1 v triethylphosphine oxide (Et3PO)  

A study on the binding between A1 and Et3PO was carried out to explain the relatively 

low AN exhibited for this compound (ANA1 = 26.65).   

 In the case of this experiment, 31P NMR spectroscopy was chosen as the nucleus 

to follow due to the broadness exhibited in the 1H NMR spectra and the timescale of the 

dynamic equilibrium being too slow for the 11B{1H} NMR spectra.  An unfortunate 

consequence of this is that a direct comparison against the DMAP titration is not possible. 

The ‘host’ sample was prepared by dissolving A1 (0.001 g, 5.0 x 10-5 mol) in 0.5 

mL CDCl3 and pipetted into a standard glass NMR tube, along with an equivalent of tetra-

n-butylammonium hexafluorophosphate as the calibrant for the 31P NMR spectrum. A 

stock solution of the ‘guest’ was prepared by dissolving Et3PO (0.05 g, 3.7 x 10-4 mol) in 

CDCl3 (0.5 mL).  After the initial starting point 31P NMR spectrum was collected, the 

‘guest’ was added in aliquots until the titration endpoint, marked by the plateauing of the 

change in 31P NMR ppm shift (Fig 3.15, a).  

 The resulting binding data indicate that the binding constant between Et3PO and 

A1 is low with a K value of 31.5 (error 9%) M-1, implying that there is no strong 

interaction between the Lewis acidic boron of the 1,3,4,2-dioxazaborole and the Lewis 

basic oxygen of the phosphine oxide (Fig 3.15, c).  The decrease in binding constant, 

compared to DMAP, therefore, allows for a distinction between a strong Lewis basic 

amine and less strong Lewis bases, such as phosphine oxides. Thus, this indicates that 

these compounds could be applied as potential selective sensors for amines.185   
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Figure 3.15: a) Stacked 31P NMR plots (162 MHz, CDCl3, 298K), showing the movement of the peak as the 

guest is added. b) ChemDraw schematic representation of Et3PO interacting with A1, forming a 1:1 

complex. c) Supramolecular.org plot of the data from the titration, showing the fit of data. 

 

3.5.2 A1 with anionic Lewis bases 

 The previous titrations were carried out with neutral Lewis bases, and therefore, a 

comparative study wherein the binding of anionic Lewis bases was also explored.  

 One of the anionic Lewis bases chosen was the fluoride anion.  Due to its small 

ionic radius, high electronegativity and low polarizability, fluoride is considered to be a 

‘hard base’ as defined by HSAB theory.186  It is also considered to be a very strong Lewis 

base, and it was expected to exhibit a large binding constant with the ‘hard’ Lewis acidic 

boron centre of A1.  Previous examples in the literature include the binding of an azulene 

boronic acid with fluoride giving a binding constant of K ≈ 53000 M-1 in water, indicating 

a strong interaction.187  

 The ‘host’ sample was prepared by dissolving A1 (0.002 g, 6.4 x 10-5 mol) in 0.5 

mL CDCl3 and pipetted into a standard glass NMR tube.  A stock solution of the ‘guest’ 

was prepared by dissolving TBA fluoride (0.018 g, 6.4 x 10-4 mol) was dissolved in 

CDCl3 (0.5 mL).  In this experiment, the chloroform signal was used as the calibrant. 

From the resulting NMR spectra (Fig 3.16), it is clear to see a dramatic increase 

in the broadness of the resonances throughout the aromatic region.  It can also be seen 

that there appears to be very little movement of the resonances until much later on in the 

titration, and the changes are more analogous to the movement you would expect to see 

from the hydrolysis of the 1,3,4,2-dioxazaborole ring.  It was, therefore, concluded that 
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the high concentration of water present through the introduction of the fluoride salt, 

caused the breakdown of the 1,3,4,2-dioxazaborole, rather than a binding event occurring.  

 

 

Figure 3.16: Stacked 1H NMR plots (400 MHz, CDCl3, 298K), showing the movement and broadening of 

the resonances as the fluoride guest is added.  

  

In addition to the fluoride anion titration, a comparison study was carried out 

between two anionic O-containing Lewis bases: phenolate and acetate.  In the literature, 

acetate has been shown to exhibit complimentary pseudo 1:1 binding, wherein one acetate 

molecule interacts with two boron atoms within one compound of pyroborate.188  The 

resulting binding constant, K = 1500 (± 550) M-1, was complemented by the isolation of 

the 1:1 complex by single crystal x-ray diffraction (SCXRD).   

However, with only one boron available to bind to in A1, the acetate is limited to 

binding only one of its two available Lewis basic oxygens, upon formation of a 1:1 

complex (Fig 3.17, a).  There is also the possibility of forming a 2:1 complex, wherein 

the delocalisation of electrons across the O-C-O bonds allows for both oxygens to interact 

with a 1,3,4,2-dioxazaborole boron (Fig 3.17, b), as well as the formation of a 1:2 

complex, whereupon the carbonyl oxygen bond to the boron must break to allow for the 

complexation of the second anion, so as to not exceed the valency (Fig 3.17, c).  
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Figure 3.17: a) ChemDraw schematic of a 1:1 interaction exhibited between A1 and an acetate anion, 

forming a racemic mixture. b) ChemDraw schematic of a 2:1 interaction between two A1 molecules and 

an acetate anion, whereupon the presence of two chiral boron centres leads to a mixture of RS, RR or SS 

diastereoisomers. c) ChemDraw schematic of a 1:2 interaction between one A1 molecule and two acetate 

anions, wherein the carbonyl B-O bond (highlighted in red) must break to allow for the complexation of 

the second acetate (TBA+ omitted for clarity in both schemes).  

 

The ‘host’ sample was prepared by dissolving A1 (0.001 g, 5.2 x 10-5 mol) in 0.5 

mL CDCl3 and pipetted into a standard glass NMR tube. A stock solution of the ‘guest’ 

was prepared by dissolving TBA acetate (0.019 g, 6.2 x 10-4 mol) in CDCl3 (0.5 mL) and 

utilising the chloroform signal as the calibrant (Fig 3.18).   
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Figure 3.18: Stacked 1H NMR plots (400 MHz, CDCl3, 298K), showing the movement of the peak as the 

acetate guest is added to the A1 solution. 

 

 As can be seen in the resulting 1H NMR spectra of the titration of A1 against 

acetate, the shift in resonances is very similar to the titration of A1 against fluoride.  The 

resonance appearing at ~6.9 ppm, for example, represents the appearance of free boronic 

acid, indicating hydrolysis is occurring.  It has yet to be determined whether it was the 

presence of the water in the acetate salt, or the additional complexity the acetate anion 

made to the dynamic system as to what facilitated the hydrolysis of A1.  It is worth noting 

that as conjugate bases, F¯ and acetate can deprotonate any water present, which will 

introduce OH¯ anions as an additional binder, thus, may facilitate the hydrolysis of the 

heterocycle.  

 In contrast, although still an oxygen-based Lewis base, where the negative charge 

could be spread across two Lewis basic oxygens, the phenolate concentrates its electron-

density on one oxygen atom.  Therefore, the expected mode of binding between the 

titration of A1 and 4-nitrophenolate is 1:1, as a 1:2 adduct would require the breaking of 

one of the heterocycles B-O bonds, as discussed in the DMAP section.   

 The ‘host’ sample was prepared by dissolving A1 (0.002 g, 7.6 x 10-5 mol) in 0.5 

mL CDCl3 and pipetted into a standard glass NMR tube.  A stock solution of the ‘guest’ 

was prepared by dissolving TBA 4-nitrophenolate (0.028 g, 7.4 x 10-4 mol) in CDCl3 (0.5 

mL).  The chloroform signal was used as the calibrant (Fig 3.19, a).  
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Figure 3.19: a) Stacked 1H NMR plots (400 MHz, CDCl3, 298K), showing the movement of the peak with 

the addition of guest. b) Supramolecular.org plot of the data from the titration, showing the fit of data to a 

1:1 binding model. c) Supramolecular.org plot of the data from the titration, showing the fit of data to a 

1:2 binding model. 

 

 The resulting resonance shifts observed as the guest concentration increases show 

that a binding event is taking place, as opposed to the previous acetate and fluoride 

titrations.  However, despite the obvious change in ppm, the calculated binding constant, 

with a poor fit, from Supramolecular.org (Fig 3.19, b) indicates a 1:1 weakly binding 

interaction value of K = 39.11 (error = 12.7 %), which is clearly not sensical. 

It is worth noting that when the data was modelled in a 1:2 binding mode, the 

resulting fit was excellent and found the binding constants, K11 = 5041.6 (error = 61.5 %) 

M-1 and K12 = 348.2 (error = 6.5 %) M-1.  The 2:1 binding model fit was also good, 

however, the values found were not sensical (negative binding and higher for the second 

binding event).  In this instance of 1:2 binding, for the boron to remain 4-coordinate and 

not break its valency, one of the B-O bonds must break for the second phenolate anion to 

bind (Fig 3.20, b).  As discussed in Chapter 2, the most likely of these bonds to break is 

the ‘carbonyl’ oxygen, however, the bond-breaking requires energy, thus, the second 

binding constant (K12) is much lower in value, compared to the initial binding event (K11).  

Also, the second binding event is between two anions, with the charges repelling each 

other, again lowering the binding constant. 
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Figure 3.20: ChemDraw schematics of a) a single phenolate anion binding to A1, in a 1:1 complex, and 

b) two phenolate anions binding to A1, in a 1:2 complex. (TBA+ was omitted for clarity) 

 

Non-Binders: 

1H and 11B NMR spectroscopic titration studies were also carried out on a less 

coordinating anion and a known non-binding anion, as a comparative study.  One of the 

anions chosen was nitrate, due to its relevance in agricultural and biomedical applications, 

and because it is known to be difficult to bind.189, 190  The non-binding anion that was 

chosen for this experiment was hexafluorophosphate, because of its bulky size and lack 

of lone pairs available to bind, lending itself to being virtually impossible to bind to most 

Lewis acidic centres.   

 For the nitrate titration, the ‘host’ sample was prepared by dissolving A1 (0.006 

g, 2.5 x 10-5 mol) in 0.7 mL CDCl3 and pipetted into a standard glass NMR tube. A stock 

solution of the ‘guest’ was prepared by dissolving TBA nitrate (0.547 g, 1.8 x 10-3 mol) 

in CDCl3 (0.5 mL).  The chloroform signal acted as the calibration peak (Fig 3.21, a).   

For the hexafluorophosphate titration, the ‘host’ sample was prepared by 

dissolving A1 (0.003 g, 1.1 x 10-4 mol) in 0.5 mL CDCl3 and pipetted into a standard 

glass NMR tube. A stock solution of the ‘guest’ was prepared by dissolving TBA 

hexafluorophoshate (0.044 g, 1.2 x 10-3 mol) in CDCl3 solvent (0.5 mL), whereupon the 

chloroform signal was used as the calibrant (Fig 3.21, b).   
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In both sets of titrations, no deviation from the starting NMR spectra was observed 

upon addition of guest, indicating that there was no binding event occurring between 

either the nitrate and A1, or the hexafluorophoshate and A1, or the TBA+ and A1.  This 

is unsurprising in the case of the hexafluorophosphate as it was acting as the control in 

this set of experiments wherein A1 is the host.  However, in the case of nitrate, the proof 

of non-binding reiterates the poor Lewis acidic character of 1,3,4,2-dioxazaboroles.   

 

 

Figure 3.21: (a) Stacked 11B NMR spectra (128.6 MHz, CDCl3, 298K) of the titration of A1 against nitrate, 

showing no movement in the 3-coordinate boron peak, or growth of a 4-coordinate boron peak, signifying 

no binding. (b) Stacked 1H NMR spectra (400 MHz, CDCl3, 298K) of the titration between A1 and 

hexafluorophosphate.  No shift in the spectra as the titration progressed indicated no binding. 

 

Nitrate and pyridine are considered to be poor Lewis bases.191  DMAP, as a par 

‘Family A’ pyridine compound, however, has a strongly electron-donating NMe2 group 

which pushes electron density through the ring and onto the pyridine nitrogen.  Since the 

lone pair of electrons lies perpendicular to the plane of delocalised π-electrons, the 

addition of electron density from the para-NMe2 group increases the Lewis basicity of 

that nitrogen, making it a significantly stronger binder than the nitrate (KDMAP = 129.2 M-

1; Knitrate ≈ 0 M-1).   

By comparing the binding data from the previous analyte titrations, it is possible 

to see the variation in binding types as well as strengths.  In general, the binding constants 

are all low, with the binding of DMAP exhibiting the strongest binding constant for the 
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neutral analytes (Table 3.3).  This compliments the AN study in the previous chapter, by 

reiterating the low Lewis acidity of the boron.   

 

Table 3.3: Summary of binding constants from the titration of various analytes to A1. 

Guest (binding mode) Binding Constant, K/M-1 (error %) 

DMAP (1:1) 129.2 (7.7) 

Triethylphosphine oxide (1:1) 31.5 (8.7) 

Fluoride (1:1)  not determined 

4-nitrophenolate (1:1) 5041.6 (61.5) 

(K12 = 348.2 (6.5)) 

Acetate (1:1)  not determined 

Nitrate (1:1) ≈ 0 

Hexafluorophosphate (1:1) ≈ 0 

 

Overall, the results indicate a preferential binding to anionic Lewis basic 

compounds, such as 4-nitrophenolate, compared to that of the neutral Lewis bases, such 

as DMAP and Et3PO.  It is likely that acetate and fluoride are also reasonably strong 

binders, due to their anionic character, however, hydrolysis appears to occur more readily 

in these systems due to the high-water content of the salts.  Analysis of 1H and 11B NMR 

spectroscopic titrations quantified the binding value to a range between K = 5041.6 and 

31.5 M-1, when tested on a range of anionic and neutral Lewis bases.  With reduced Lewis 

acidity compared to other boron-containing heterocycles,177 these compounds have the 

potential to be selective towards strong neutral bases, and certain anionic analytes.   

However, when it comes to sensing applications, UV-Vis spectroscopy is a more 

common technique to be used, as seen in the many publications and reviews available in 

the literature.164, 173, 174, 192  UV-Vis spectrometry’s widespread application within sensing 

stems from most organic, inorganic and biological compounds absorbing energy within 

the UV-Vis region of the electromagnetic spectrum.  For example, complexes containing 

certain transition metal salts in solution can be coloured because d-electrons can be 

excited from one electronic state to another.  Organic, conjugated compounds are also 
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able to absorb light in the UV- or visible-regions of the electromagnetic spectrum, 

wherein the general rule of thumb is that the greater the degree of conjugation, the longer 

the wavelength of absorption.193  

The next sections, therefore, explores the binding of Lewis bases to UV-active 

naphthalene-functionalised 1,3,4,2-dioxazaboroles for applications in sensing.  

 

3.6 Application of 1,3,4,2-dioxazaboroles as Sensors 

UV-Vis spectroscopic titrations were carried out on the compounds which contain a UV-

active naphthalene group, the ‘Family D’ and ‘Family E’ 1,3,4,2-dioxazaboroles.  This 

study was carried out for two main reasons: due to the greater sensitivity of UV-Vis 

spectroscopy which makes it a more relevant analytical technique for sensing 

applications,194-196 and as a comparative study to the DMAP NMR titrations against the 

same compounds.  The UV-Vis titrations carried out within the study were performed by 

Helen Tunstall-Garcia (MChem, 2018-19), and the results were processed using 

Supramolecular.org by myself, for comparison with the previous set of titrations.  

Many organic molecules absorb within the UV-Vis wavelength region of the 

electromagnetic spectrum (200 – 800 nm), with the resulting energy difference upon 

absorption of light corresponding to the transition of electrons from the ground state to 

an excited state.196  The technique is analysed based on the Beer-Lambert law, which 

states that the absorbance (A) of a solution is directly proportional to the concentration 

(c) of the analyte within that solution and the optical path length (L), as shown in Eq. 3.4.  

The absorption coefficient (ε) is specific to each material and is a measurement of how 

strongly an analyte reduces light of a given wavelength within a sample.   

 

𝑨 = 𝜺𝒄𝑳 - Equation 3.4. 

 

 The data given by the UV-Vis spectroscopic titrations will provide information 

on the binding interaction between the Lewis acidic 1,3,4,2-dioxazaborole and the Lewis 

basic analytes, in this case DMAP and acetate, as neutral and anionic binders, 

respectively.  The red or blue shift in wavelength, and isosbestic points of each titration 

will elucidate information on the chemical reaction that is occurring during the event.   
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 A comparison was first carried out on the differences in HA functionality, by 

separately titrating DMAP against D1 and D11, wherein D1 is synthesised from the 

benzohydroxamic acid and D11 is synthesised from the (4-trifluoromethyl)phenyl 

hydroxamic acid.  The results indicated that by altering the functionality appended to the 

hydroxamic acid, the overall binding strength is affected (Fig 3.22).  In both cases, the 

overall binding mode is that of a 1:1 complex, as observed for the NMR-based titrations. 

For each of the titrations, a stock solution of each host, D1 and D11, and the 

guest’s, acetate and DMAP, were made up in chloroform in order to compare with the 

NMR data.  In the case of D1, an equivalent of the host (0.004 g, 0.013 mmol) was 

weighed out and dissolved in chloroform (10 mL).  For D11, an equivalent of the host 

(0.004 g, 0.012 mmol) was weighed and dissolved in the same solvent, chloroform (10 

mL).  The same stock solutions of DMAP was used for both titrations, wherein DMAP 

(0.12 g, 0.16 mmol) was dissolved in chloroform (5 mL).  

 As with the NMR titrations, the binding constant of D11 is greater than that of 

D1, as expected by the presence of the electron-withdrawing CF3 group in D11 (Fig 3.22).  

However, where the NMR determined binding constant exhibited between D1 and DMAP 

had a value of K = 6212.4 M-1, the resulting binding constant for the UV-Vis titration 

gives a value of over five times that value, with K = 34000 (error = 61.6 %) M-1.  Similarly, 

the D11 v DMAP titration gave an NMR binding constant of 9557.2 M-1 whereas the UV-

Vis titration gave a binding constant value of K = 1800000 (error = 219 %) M-1, a value 

over 180 times greater than the NMR binding constant.  This is most likely due to the 

difference in sensitivity limits between the two techniques, wherein 1H NMR titrations 

are a suitable choice assuming that the association constant, Ka < 105 M-1, and as Ka 

increases, the variance has a greater impact on the estimated uncertainty.182  It has been 

discussed within the literature that the most dominant limiting factor for NMR titrations 

is the rate at which exchange takes place, wherein for a fast exchange, the practical limit 

for direct titration is said to be Ka  = 105 M-1 for concentrations as low as 10-4 M,178 with 

the exception of competition reactions.197  In contrast, UV-Vis spectrometry allows for 

greater sensitivity, assuming the correct chromophore, with concentrations as low as 10-

7 M making possible the determination of binding constants as high as Ka  = 109 M-1.179 
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Figure 3.22: UV-Vis spectroscopy titration experiments carried out between ‘Family D’ 1,3,4,2-

dioxazaboroles and DMAP, where a) shows the change in spectra of D1 as DMAP is added, and c) shows 

the change in spectra of D11 as DMAP is added. b) and d) shown their respective Supramolecular.org fits,, 

implementing a 1:1 binding model.  

 

In general, the NMR titrations started with an initial host concentration of 

approximately 0.2 mol L-1, whereas the UV-Vis titrations had an initial host concentration 

of approximately 0.001 mol L-1.  Due to the greater sensitivity of UV-Vis spectroscopy, 

and thus, being able to use a smaller concentration of host (and therefore, guest), the 

experiment will prevent the chances of self-aggregation events between the Lewis acidic 

boron and Lewis basic nitrogen of the 1,3,4,2-dioxazaborole ring, and therefore, could 

potentially indicate a more accurate binding constant, compared to the NMR binding 

constants.  On the other hand, owing to the greater sensitivity of using UV-Vis 

spectroscopy, any impurities within the sample may also be picked up and contribute to 

the spectra produced in each UV-Vis titration, and in which case, will have an effect on 

the calculated binding constant.   

 In terms of the features that appear in the UV-vis spectra, both titrations have a 

peak at approximately 332 nm, which decreases in intensity as DMAP is titrated into the 

sample solution, whereas the intensity of the wavelengths below the 310 nm increase.  

This suggests a hypsochromic shift, or blue-shift, as more DMAP binds to the 1,3,4,2-

dioxazaborole.  The isosbestic points indicate the wavelength at which the total 
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absorbance is constant throughout the reaction.  D11 exhibits an isosbestic point at a 

higher wavelength than D1 (326nm compared to 314 nm).  

Overall, a comparison of the binding constants from both the NMR and UV-Vis 

DMAP titrations of D1 and D11 indicates a significant difference in binding constants 

calculated between the two techniques (Table 3.4).  As discussed above, this may be 

attributed to the difference in sensitivity limits between the two techniques, which is made 

more apparent when considering the two experimental techniques were carried out at 

different orders of magnitude in concentration.  However, the trend of the more 

electronegative host being a stronger binder and, therefore, Lewis acid, is noted in both 

techniques. 

 

Table 3.4: Comparison of binding constants between DMAP and compounds D1 and D11.  

Host Compound              DMAP Binding Constant, K (M-1) 

NMR (%error) UV-Vis (%error) 

D1 6212.4 (248) 3.4 x 104 (61.1) 

D11 9557.2 (515) 1.80 x 106 (219) 

 

 A similar study was carried out using acetate as the analyte, and likewise to the 

DMAP titrations, the binding constants alter with the functionality on the HA (Fig 3.23).  

The titration of D1 against acetate indicates that a 1:1 binding model is most appropriate, 

due to the negative binding constant values given for both 1:2 and 2:1 binding models 

when fit using Supramolecular.org.  However, compared to the NMR results which 

indicated that no preference in binding mode for A1 was exhibited (predominantly due to 

the hydrolysis of the 1,3,4,2-dioxazaborole), the data from the UV-Vis titrations of D11 

with acetate indicate that two molecules of acetate may bind to the 1,3,4,2-dioxazaborole, 

as well as the 1:1 binding mode.  This may be attributed to the differences in sterics 

surrounding the boron centre of both the A and ‘Family D’ 1,3,4,2-dioxazaboroles, 

wherein A1 is significantly more sterically hindered than both D1 and D11 owing to the 

presence of the two ortho- methyl groups.  The lesser degree of steric hindrance around 

the D1 and D11 boron centres allows for a greater likelihood of a binding event occurring 
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and therefore, biasing the dynamic equilibrium towards the 4-coordinate 1,3,4,2-

dioxazaborole over its hydrolysis products.    

 However, where the DMAP titrations exhibited a hypsochromic shift with 

increasing concentration of guest, the wavelengths in the acetate titrations at around 290 

nm increase in intensity, whereas the wavelengths below 270 nm experience a decrease 

in intensity as acetate is added, indicating a bathochromic shift.  As with the DMAP 

titrations, the isosbestic points appear at higher wavelength for the CF3-functionalised 

1,3,4,2-dioxazborole, compared to the H-functionalised derivative.  This observation 

compares to previous literature observations that the presence of an electron-withdrawing 

group results in the bathochromic shift of a spectra’s isosbestic wavelength.53, 198 

 

 

Figure 3.23: a) UV-Vis spectroscopy titration experiments carried out D1 and acetate, along with their 

respective Supramolecular.org fits: b) 1:2 binding model, c) 2:1 binding model and d) 1:1 binding model.  
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Figure 3.24: a) UV-Vis spectroscopy titration experiments carried out D11 and acetate, along with their 

respective Supramolecular.org fits: b) 1:2 binding model, c) 2:1 binding model and d) 1:1 binding model 

 

As can be seen in the resulting binding constants for the 1:1 binding models, the 

binding of D1 and acetate K = 3.3 x 106 (error = 443 %) M-1, and the D11 exhibits a 

binding of K = 4.9 x 107 (error = 1589 %) M-1.  These results reiterate the previous 

observations that by introducing an electron-withdrawing functionality on the 

hydroxamic acid, an increase in binding potential is observed.  The resulting binding 

constants for these are greater than those present in the literature, wherein a binding 

constant of K ≈ 1700 M-1 is observed between triarylboranes and acetate,199 implying the 

potential for implementing 1,3,4,2-dioxazaboroles within physiological sensing 

applications (with a caveat of the water stability being an issue).  

Compared to the computationally-calculated binding energies for the analytes 

DMAP and acetate (Fig 3.25), both D1 and D11 appear to differ from the experimental 

values, for the anionic species in particular.  The DMAP binding energies from the 

experimental data for D1 and D11 are ∆G = -21.3 and - 22.3 kJ mol-1, respectively, 

however, the computationally calculated binding energies give ∆G ≈ - 45 and -50 kJ mol-

1, respectively, which is a 2-fold difference in values.  The difference for the acetate 

binding is even greater, wherein the experimental data gives binding constants for D1 and 

D11 as ∆G = -36.5 and – 43.1 kJ mol-1, respectively, whereas the computational 

calculations give ∆G ≈ -300 and - 340 kJ mol-1, respectively.  The most likely reason 

attributed to this difference is the effect of the solvent, which is not accounted for in the 

computational calculations.  In the case of the neutral analytes, the presence may not have 
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such a dominant effect due to there being less electrostatic interactions exhibited between 

DMAP, for example, and chloroform.  However, anionic analytes are more likely to be 

affected by solvent due to being a charged species, and therefore, a larger difference is 

seen between the two data sets.  Despite the difference in the values, the trends exhibited 

between the two sets of data compliment the increase in binding strength of anionic 

analytes compared to neutral analytes.   

 

 

 

Figure 3.25: Computationally calculated binding energies for a series of Lewis acidic naphthalene-

functionalised 1,3,4,2-dioxazaboroles against a) neutral Lewis bases, and b) anionic Lewis bases. 

(Calculations carried out by Helen Tunstall-García. *X =OH, and has not been synthesised)  
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The difference in the optical properties of the neutral and anionic Lewis bases 

indicate the potential for the application of naphthalene-functionalised 1,3,4,2-

dioxazaboroles in sensing.  The hypsochromic shift of the DMAP, compared to the 

bathochromic shift exhibited by the acetate titration bring to light the use of these Lewis 

acids as dual-sensitive sensors, where the binding affinity can be adjusted by varying the 

functional group of the hydroxamic acid.   

 

 

3.7 Lewis acid-Lewis base adducts of 1,3,4,2-dioxazaboroles 

This section of the chapter will focus on the complexes of 1,3,4,2-dioxazaboroles, isolated 

and characterised by SCXRD and implement their tetrahedral character as a method of 

determining binding strength.  Full crystallographic details of all compounds synthesised 

and isolated by SCXRD can be found in the appendix, with contributions from Helen 

Tunstall-Garcia (MChem, 2018-19), Joe Spence (BSc, 2017-18) and Byron Jennings 

(BSc, 2015-16).  

In the case of the DMAP titration of A1, the 11B NMR spectra were followed, 

allowing for the monitoring of the average 3-coordinate to 4-coordinate transition of the 

boron centre (Scheme 3.6).  This was demonstrated by the slow movement of a peak at 

~33 ppm towards ~15 ppm, however, this could not be carried out on the D- and E- 

functionalised 1,3,4,2-dioxazaboroles due to the dynamic timescale of the binding being 

too slow for the NMR relaxation time, as previously discussed (section 3.4.2).  
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Scheme 3.6: Crystallographic representations of the A1 1,3,4,2-dioxazaborole unit, exhibiting a 3-

coordinate boron centre (left), and a DMAP complexed 4-coordinate boron centre from the 

crystallographic representation of DMAP.A1 (right). [Green = boron; red = oxygen; blue = nitrogen; dark 

grey = carbon; light grey = hydrogen. Phenyl groups omitted for clarity] 

 

The transformation from trigonal planar to tetrahedral breaks the delocalisation of 

π-electrons of the heterocycle ring and the resulting tetrahedral character (THC) of the 

boron species can be used as a simple method to determine the relative strength of the 

boron-donor atom bond, where θ1, θ2 and θ3 represent the angles X-B-Y, X-B-Z and Y-

B-Z, respectively (Scheme 3.7).116  A value closer to 100 indicates a stronger interaction, 

more closely resembling a covalent bond, whereas a THC value of 0 indicates there is 

very little, or no interaction (Eq. 3.5).   

 

Scheme 3.7: ChemDraw representation of the relationship between the geometry of the boron centre and 

its tetrahedral character.   

 

THC (%) =
 𝟏𝟐𝟎°− 

𝜽𝟏+𝜽𝟐+𝜽𝟑
𝟑

𝟏𝟐𝟎°−𝟏𝟎𝟗.𝟓°
 𝒙 𝟏𝟎𝟎 - Equation 3.5 
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By isolating and crystallising the DMAP complexes (Fig. 3.26), statistical 

analyses can be carried out on the bond lengths and angles, to develop a greater 

understanding of the interaction between these compounds.  The average %THC is 

99.03(>1), along with an average bond length of 1.616 (>1) Å between the DMAP 

nitrogen and boron (Table 3.5), which is just shy of the values exhibited by literature 

DMAP complexes of previously synthesised boronate esters (average of CSD structures 

‘KOCQID’ and ‘RUDROX’, distance = 1.61 (0.3) Å).  This implies that the bond between 

the boron and DMAP nitrogen is a relatively strong one and the angles between each of 

the components bound to the boron are close to the ideal tetrahedral angle of 109.5 °.   

 

 

Figure 3.26: Crystallographic representations of various DMAP complexes of 1,3,4,2-dioxazaboroles, 

showing their tetrahedral geometries. (a) DMAP complex of F3. (b) DMAP complex of D1. (c) DMAP 

complex of A1. (d) DMAP complex of D11, exhibiting disorder on the CF3 group. [Green = boron; red = 

oxygen; dark blue = nitrogen; light blue = fluorine; dark grey = carbon; light grey = hydrogen. Solvent 

omitted for clarity] 
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Table 3.5: Bond angles and boron %THC of the above crystallographic representations of DMAP 

complexed 1,3,4,2-dioxazaboroles. The “( )” brackets denotes the crystallographic error associated with 

that measurement, and the “[ ]” brackets denotes the standard deviation from the calculation. 

Complex B1-L O1-B1-C8 (θ1) C8-B1-O2 (θ2) O2-B1-O1 (θ3) % THC 

a - DMAP.B1 1.631(2) 115.1(13) 115.9(12) 102.2(12) 98.88 

b - DMAP.D1 1.613(7) 113.5(4) 116.3(4) 102.2(4) 98.78 

c - DMAP.F3 1.610(14) 113.4(8) 114.8(8) 102.8(8) 99.33 

d - DMAP.D11 1.608(6) 112.4(3) 115.7(4) 102.8(3) 99.14 

Average 1.616 [± 0] 113.6 [± 1] 115.7 [± 1] 102.5 [± 0] 99.03 [± 0] 

 

 The isolation by crystallisation of 3-methyl-5'-phenyl-

spiro[benzo[1,2,6]oxazaborinine-1,2'-[1,3,4,2]dioxazaborole] (ONMe.G1) elucidated 

conformational information of the boron centre, as well as data on the bond length and 

angle.  The crystal was isolated as a racemic mixture of R- and S- enantiomers from the 

slow evaporation of a saturated methanol solution (Fig 3.27).   

 

 

Figure 3.27: Labelled crystallographic representation of the S-enantiomer of ONMe.G1 [Green = boron; 

red = oxygen; blue = nitrogen; dark grey = carbon; light grey = hydrogen] 

 

 The negative charge of the nitrone oxygen forms a bond with the electron-

deficient boron, forming the observed spiro-complex.  Due to the presence of the 

heteroatoms and C=N in the 6-membered ring which forms part of the spiro-complex, the 

ring remains fairly planar with a slight distortion around the N-O-B bond.   
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 The %THC for ONMe.G1 is 99.09, indicating a strong, covalent-type bond 

between the nitrone oxygen and the boron centre, with a comparative strength to that of 

the DMAP complexes.  However, in solution, the bond appears dynamic, with both the 

1H and 11B NMR spectra showing evidence of a non-bound nitrone group and a 3-

coordinate boron centre, respectively (Fig 3.28).  In the 1H NMR spectrum, a second 

singlet at 8.4 ppm, downfield of the bound N=CH singlet (8.2 ppm), corresponds to the 

‘free’ N=CH (Fig 3.28, a).  Similarly, a second peak at ~ 29 ppm in the 11B NMR spectra 

corresponds to a small amount of 3-coordinate species present (Fig 3.28, b).  Both 

experiments were run in chloroform, a non-coordinating solvent, which should present 

no competition for the Lewis acidic boron, however, the presence of the trigonal planar 

species indicates that the O-B is dynamic in solution.  Since both peaks representing the 

3-coordinate species are minimal, we can estimate through the relative integrations of the 

two proton resonances at 8.2 and 8.4 ppm, respectively that the equilibrium lies to the 

side of the 4-coordinate species, with a ratio between the two species of 16.6, indicating 

the bound state is 16.6 times more common in solution.  

 

 

Figure 3.28: (a) Aromatic region of a 1H NMR spectrum (400 MHz, CDCl3, 298K) of ONMe.G1, showing 

the CH signal of the free nitrone group in red, and the CH signal of the bound nitrone in green. (b) 11B{1H} 

NMR spectra (128.6 MHz, CDCl3, 298K) of ONMe.G1, showing the 3-coordinate unbound 1,3,4,2-

dioxazaborole species in red, and the 4-coordinate nitrone-bound 1,3,4,2-dioxazaborole species in blue.  
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 Hydroxamate complexes of 1,3,4,2-dioxazaboroles were isolated (Fig 3.29) from 

DMAP salt mixtures, suggesting that the hydroxamate anion has Lewis basic character.  

The isolation of these species also hints towards a possible mechanism of exchange 

between species, which will be discussed further in the next chapter.  

 

 

Figure 3.29: Crystallographic representations of the hydroxamate complexes of 1,3,4,2-dioxazaboroles. 

(a) benzohydroxamate complex of A1. (b) 4-(dimethlyamino)phenyl hydroxamate complex of A1. (c) 4-

chlorophenyl hydroxamate complex of A7. [Green = boron; red = oxygen; dark blue = nitrogen; yellow = 

chlorine; dark grey = carbon; light grey = hydrogen. Solvent omitted for clarity] 

 

 From the resulting SCXRD data from the hydroxamate complexes, it is apparent 

that despite both the OH and NH groups of the hydroxamic acid having similar pKa 

values, all the complexes bind through the deprotonated oxygen, rather than a 

deprotonating nitrogen.  This is most likely due to the oxygen being a hard donor, 

whereas, nitrogen is a softer Lewis base, thus, oxygen preferentially binds to the hard 
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Lewis acidic boron centre.  Additionally, the sterics involved with binding through the 

nitrogen may also be a factor and should also be considered. 

 The resulting %THC values (Table 3.6) for the hydroxamate complexes average 

as 99.69(2). Similarly, the O-B bond length is considerably shorter than the DMAP 

complexes, with a difference of 0.12 Å.  However, due to the different atoms involved, a 

direct comparison between the different complex types is not possible.  Compared to an 

oxygen atom, the electronegativity of nitrogen (ꭓnitrogen = 3.04; ꭓoxygen = 3.44) is 0.4 smaller 

but it is also 5 pm larger in atomic radii (rnitrogen = 65 pm; roxygen = 60 pm) making it a 

relatively softer Lewis base, resulting in a lower affinity towards the 1,3,4,2-

dioxazaboroles hard Lewis acidic boron centre than an oxygen donor atom.   

 

Table 3.6: Summary of the bond lengths between the donor atom and the boron of various 1,3,4,2-

dioxazaboroles, along with their respective bond angles. The “( )” brackets denotes the crystallographic 

error associated with that measurement, and the “[ ]” brackets denotes the standard deviation from the 

calculation.  

Hydroxamate structures B1-L L-B1-C8 (θ1) L3-B1-O1 (θ2) L-B1-O2 (θ3) % THC 

A1.1¯ DMAPH+ 1.490(4) 107.4(2) 110.5(2) 109.6(2) 99.67 

F1.1¯ DMAPH+ 1.474(3) 107.6(17) 109.9(15) 112.7(16) 99.82 

A1 6¯ DMAPH+ 

(CHCl3) 

1.502(5) 105.4(3) 110.9(3) 111.2(3) 100.0 

A1 6¯ DMAPH+ 

(CH3CN) 

1.495(3) 107.3(19) 110.3(2) 109.6(2) 99.62 

A7.7¯ DMAPH+ 1.503(6) 109.6(3) 109.1(3) 110.0(3) 99.33 

Average 1.493 [1] 107.5 [14] 110.0 [5] 110.6 [13] 99.69 [2] 

 

 

Interestingly, the crystallographic representation of the DMAPH+ salt of the 

hydroxamate complexes do not differ too far from the values of the DMAP and ONMe- 

complexes.  Indeed, the choice of solvent does not appear to affect the %THC, as seen in 

6¯.A1, wherein the crystal was successfully grown from two solvents.  6¯.A1 from the 
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crystallisation from CHCl3 has a %THC value of 100, indicating a tetrahedral geometry 

around the boron centre, whereas the crystallographic representation from the CH3CN 

solution (99.62) is 0.4% out, which is not a significant difference as might have been 

expected.  However, due to the bulky size of the ligands – DMAP and hydroxamate – the 

molecule will be limited in terms of efficient packing.  It is, therefore, most likely that the 

difference %THC value, albeit small, is most likely a consequence of crystal packing, as 

there appears to be minimal interaction between the solvents and the salt complexes (Fig 

3.30).   

 

 

Figure 3.30: (a) Crystallographic representation of the packing of [DMAPH]+[6¯A1]¯, formed from the 

slow evaporation of a saturated chloroform solution. The CHCl3 molecules sit between the 1,3,4,2-

dioxazaborole units and exhibit not interaction forces. (b) Crystallographic representation of the packing 

of [DMAPH]+[6¯A1]¯, formed from the slow evaporation of a saturated acetonitrile solution. Similarly, the 

CH3CN sits between the 1,3,4,2-dioxazaborole units and exhibit no interaction forces. [Green = boron; red 

= oxygen; dark blue = nitrogen; yellow = chlorine; dark grey = carbon. Solvent and hydrogens omitted 

for clarity] 
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3.8 Conclusions 

To conclude, the Lewis acidity of 1,3,4,2-dioxazaboroles was determined through a series 

of titration studies against various guests including strong neutral Lewis bases, as well as 

some anionic Lewis bases.  The AN studies complement these findings by elucidating the 

weak Lewis acidity of the boron centre, which goes some way into explaining the low 

binding constant values of certain guests, namely Et3PO and DMAP.  The binding 

constants exhibited by the naphthalene-functionalised 1,3,4,3-dioxazaboroles were 

comparable to literature examples of similar titrations with DMAP and other pyridine-

based Lewis bases, and displayed parallel trends, wherein the addition of an electron-

withdrawing substituent will increase the Lewis acidity of the boron, and thus, increase 

the value of the binding constant.  The Lewis acidity of the boron, therefore, can be 

adjusted, as seen by the increased binding strengths from non-substituted to CF3-

functionalised 1,3,4,2-dioxazaboroles.  This attribute, consequently, will allow for the 

possibility of fine-tuning these compounds for the sensing of analytes.  However, due to 

the large errors, associated with the 1H NMR titrations especially, efforts should be made 

to repeat the experiments as well as implementing additional analytical methods, such as 

ITC.  

 The data collected from the UV-Vis titrations indicate that these compounds have 

the potential for application as optical sensors, due to the change of absorbance exhibited 

upon binding to the boron.  Most noticeably is the change from a hypsochromic shift of 

wavelength by the addition of DMAP compared to the bathochromic shift of wavelength 

by the addition of the acetate anion.  This leads to the exciting potential of using these 

naphthalene derivatives of 1,3,4,2-dioxazaboroles within applications, wherein 

determining the type of analyte – charged or neutral – may be present.  

The data from the single crystal X-ray diffractions of adducts of DMAP and 

1,3,4,2-dioxazaboroles elucidate structural and geometrical information of the complexes 

and indicate that 1:1 binding mode is prevalent for both DMAP and hydroxamate 

complexes.  Despite these analytical data, due to the differences in donor atoms and their 

different electronegativities and relative atomic radii, it was determined that in such a 

comparison between the various Lewis acid-Lewis base complexes, neither bond length 

nor %THC can form proof of which Lewis base has a stronger bond.  Furthermore, the 

crystallographic representations solely give information on the solid-state interactions of 

the molecules, and therefore, does not truly represent what may be occurring in solution.  
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3.9 Synthetic Protocols  

 

3-methyl-5'-phenyl-1l4,3l4-spiro[benzo[d][1,2,6]oxazaborinine-1,2'-

[1,3,4,2]dioxazaborole] (ONMe.G1) 

 

2-formylphenyl boronic acid (0.37 g, 2.48 mmol) were placed into a RB flask, along with 

N-methylhydroxylamine hydrochloride (0.27 g, 3.22 mmol) and benzohydroxamic acid 

(0.34 g, 2.49 mmol).  The reactants were heated under reflux in ethanol for 2 hours, before 

concentrating under reduced pressure to afford a slightly yellow solid as the crude 

product.  The sample was then dissolved up into chloroform, washed with water, dried 

over MgSO4, and re-concentrated to afford a white solid (0.27 g, 0.97 mmol, 39 %).  1H 

NMR (300.0 MHz, CDCl3): δ= 8.22 (s, 1H, j), 7.95-7.98 (m, 2H, a, e), 7.82 (m, 1H, i), 

7.73 (m, 1H, g), 7.40-7.47 (m, 5H, b, c, d, f, h), 3.90 (s, 3H, k).  11B{1H} NMR: (96.3 

MHz, CDCl3): δ= 10.9. 13C NMR (75.5 MHz, CDCl3): δ= 163.6 (C1), 161.3 (j), 145.4, 

136.0, 132.7, 129.8, 128.7, 128.7, 128.3, 128.0, 127.4, 126.3, 49.4 (k methyl).  IR (cm-1) 

3247, 3042, 2968, 1645, 1627, 1562, 1246, 1157.  FTMS (ESI/+ve) m/z: (ONMe.G1H+) 

C15H14BN2O3: 281.1081, found 281.1.  Mp = 230-232 ˚C. 

 

3-methyl-5'-(pyridin-2-yl)-1l4,3l4-spiro[benzo[d][1,2,6]oxazaborinine-1,2'-

[1,3,4,2]dioxazaborole] (ONMe.G2) 

 

m-pyridinehydroxamic acid (0.26 g, 1.88 mmol), 2-formylphenylboronic acid (0.28 g, 

1.88 mol) and N-methylhydroxylamine hydrochloride (0.16 g, 1.88 mmol) were heated 

under reflux in ethanol (50 mL) for 3 hours.  The resulting yellow solution was then 

concentrated under reduced pressure to afford a yellow oil.  The product was then 

recrystallized with ethanol to afford a pale-yellow solid (0.33 g, 1.18 mmol, 63 %).  1H 
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NMR (300.0 MHz, d6-DMSO): δ= 9.16 (s, 1H, i), 8.68 (d, J = 4.7 Hz, 1H, d), 8.16 (td, J 

= 7.8, 1.6 Hz, 1H, g), 8.03 (d, J = 8.0 Hz, 1H, h), 7.80-7.56 (m, 5H, a,b,c,e,f), 3.96 (s, 3H, 

j).  11B{1H} NMR (96.3 MHz, d6-DMSO): δ= 10.5.  13C NMR (75.5 MHz, d6-DMSO): 

δ= 158.1 (C1), 146.8 (i), 146.7, 144.0, 140.5, 135.2, 131.4, 129.4, 129.0, 127.6, 125.6, 

122.4, 48.8 (j methyl).  IR (cm-1) 3258, 3171, 3061, 2972, 1648, 1623, 1565, 1255, 1156.  

FTMS (EI/+ve) m/z: (ONMe.G2+H+): 282.1044, found 282.1.  Mp = 181 – 185 ˚C. 

 

(1S)-(3-methyl-spiro[benz0[1,2,6]oxazaborinine-1,2'-[1,3,4,2]dioxazaborol]-5'-

yl)(phenyl)methanamine (ONMe.G14) 

 

Phenylalanine hydroxamic acid (0.29 g, 1.62 mmol), 2-formylphenyl boronic acid (0.24 

g, 1.62 mmol) and N-methylhydroxylamine hydrochloride (0.14 g, 1.62 mmol) were 

combined in a 3-nek RB flask. Ethanol (50 mL) was added and the solution heated under 

reflux for 3 hours. The solution was then cooled to room temperature and concentrated 

under reduced pressure until the first appearance of precipitate.  The flask was then 

removed from the rotary evaporator and placed on ice to facilitate further precipitation.  

The precipitation was then collected by filtration, affording the product as a white powder 

(0.44 g, 1.38 mmol, 85%). 1H NMR (300.0 MHz, d6-DMSO): δ= 9.07 (s, 1H, k), 8.39 (br 

s, 2H, f), 7.78 (t, 1H, h), 7.69 (d, J = 7.5 Hz, 1H, j), 7.55 (tt, J = 7.6, 1.2 Hz, 1H, i), 7.53 

(d, J = 6.8 Hz, 1H, f), 7.39-7.24 (m, 5H, a,b,c,h), 4.28 (m, 1H, e), 3.95 (d, J = 7.2 Hz, 3H, 

g,d).  11B{1H} NMR (96.3 MHz, d6-DMSO): δ= 11.2. 13C NMR (75.5 MHz, d6-DMSO): 

δ= 157.7, 146.8, 146.6. 135.1, 135.0, 131.5, 131.2, 129.6, 129.5, 129.3, 128.8, 128.4, 

127.7, 127.6, 127.0, 48.8, 48.2. IR (cm-1) 3366, 2835, 2636, 1609, 1562, 1543, 1496, 

1407. Mp = 256 ˚C (decomp.).  
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1,4-bis(3-methyl-1l4,3l4-spiro[benzo[d][1,2,6]oxazaborinine-1,2'-

[1,3,4,2]dioxazaborol]-5'-yl)benzene (ONMe.G15)  

 

2-formylphenyl boronic acid (0.69 g, 4.63 mmol), 2,6-pyridine bishydroxamic acid (0.43 

g, 2.32 mmol) and N-methylhydroxylamine hydrochloride (0.39 g, 4.64 mmol) were 

combined in a 3-neck RB flask, which was charged with ethanol (50 mL).  The resulting 

mixture was heated under reflux for 2 days, and upon cooling to room temperature, the 

resulting precipitate was collected by filtration to afford a white solid as the product (0.52 

g, 1.09 mmol, 47 %). 1H NMR (300.0 MHz, d6-DMSO): δ= 9.05 (d, J = 4.5 Hz, 2H, f), 

7.89 (m, 3H), 7.72 (tt, J = 7.3, 1.4 Hz, 2H), 7.64 (m, 2H), 7.55 (m, 4H), 3.89 (s, 6H, g).  

11B{1H} NMR (96.3 MHz, d6-DMSO): δ= 11.3 13C NMR (75.5 MHz, d6-DMSO): δ= 

159.8, 146.9, 146.2, 146.5, 137.3, 135.0, 131.4, 129.2, 128.7, 127.6, 121.9, 48.8. MS (EI) 

m/z: (G14-ONMe+H+) C23H18B2N3O6: 454.1371, found 454.2. IR (cm-1) 3066, 3006, 

2880, 1645, 1575, 1559, 1479, 1419. Mp >300 ˚C 

 

L-Phenylalanine hydroxamic acid (14) 

 

L-phenylalanine methyl ester hydrochloride (3.11 g, 14.4 mmol) was dissolved in 

methanol (50 mL). In a separate flask, sodium hydroxide (3.53 g, 88.2 mmol) and 

hydroxylamine hydrochloride (3.13 g, 45.1 mmol) was dissolved in deionised water (50 

mL). The two solutions were combined in a RB flask and stirred at 40 °C overnight. After 

cooling to room temperature, the methanol was removed under reduced pressure. The 

resulting aqueous solution was then acidified to pH 8.4, by addition of dilute hydrochloric 

acid and the solution concentrated under reduced pressure until the formation of 

precipitate. The flask was then placed in the fridge to induce further precipitation, which 

was then collected by filtration, and dried in a 50 °C oven to afford a white solid (1.84 g, 

74 %). 1H NMR (300.0 MHz, d6-DMSO): δ= 7.30-7.19 (m, 5H, a,b,c), 3.26 (t, J = 7.0 

Hz, 1H, e), 2.84 (m, 1H, d), 2.61 (m, 1H, d). Analysis matches literature. 
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4. Dynamic Covalent Chemistry of 1,3,4,2-dioxazaboroles 

4.1 Chapter Preface 

This chapter will discuss the dynamic covalent chemistry of the 1,3,4,2-dioxazaborole 

ring, with exchange experiments carried out on both the hydroxamic acid and boronic 

acid side of the heterocycle.  Supplementary computational work was carried out by 

Thomas Malcomson (PhD, 2019) under the supervision of Prof Martin Paterson, wherein 

the relative energies of each mechanistic pathway were calculated.   

 

4.2 Dynamic Covalent Chemistry 

As discussed in Chapter 1, dynamic covalent chemistry (DCC) is often utilised within the 

synthesis of complex molecular architectures, by taking advantage of the reversibility of 

certain reactions, which leads to the evolution of a dynamic system.4-6  These systems 

rely on the reversibility of covalent bonds with the number of dynamic systems in the 

literature limited to the few synthetic methods discussed throughout Chapter 1.  It is, 

therefore, of benefit to many synthetic chemists and material scientists to find new 

dynamic systems in order to broaden the range of possible building motifs for the future 

development and synthesis of more complex assemblies.     

 Boronate esters have previously been utilised in DCC, with examples of boronic 

acids and their condensation product boroxines forming numerous complex structures 

such as COFs26, 30, 200, macrocycles37, 201, cages46, 50 and 2D polymers.37 

 The switching ability of the Lewis acid and base adduct formation investigated in 

the previous chapter gave insight into how dynamic the 1,3,4,2-dioxazaboroles are to 

hydrolysis (Lewis acidity playing a role in the mechanism), as well as the dynamic 

covalent chemistry involving the interchanging of components as deduced from MS 

analysis.  This chapter aims to investigate the dynamic covalent character of 1,3,4,2-

dioxazaboroles, with studies carried out on both the hydroxamic acid and boronic acid 

exchange mechanisms.  Through the analysis of these systems, the hope is to develop a 

greater understanding on how to control and direct the dynamics of the system, with the 

aims of using 1,3,4,2-dioxazaboroles within DCC applications, such as the formation of 

supramolecular assemblies.   
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4.3 Hydroxamic Acid Exchange with 1,3,4,2-Dioxazaboroles 

The first set of exchange reactions was carried out on the hydroxamic acid side of the 

heterocycle.  This was due to the greater availability of hydroxamic acids (HAs), because 

of their simple conversion from their carboxylic acid derivatives, which are readily 

available.  However, the low degree of solubility of HAs in most solvents meant that the 

reactions had to take place in a relatively polar solvent.  The solvent of choice for running 

NMR spectroscopic analysis of HAs is d6-DMSO due to their relatively poor solubility 

in most other solvents. However, due to the Lewis basic nature of DMSO, through the 

oxygen lone pair, the solvent can act as a competitor to the new hydroxamic acid being 

coordinated and introduced (Scheme 4.1, a).  This, of course, assumes a stepwise 

mechanism, by which the new HA molecule binds to the 1,3,4,2-dioxazaborole boron 

centre, followed by the displacement of the original HA.  Alternatively, in the case of the 

mechanism going via hydrolysis to the original starting materials, followed by 

condensation of the new HA, the Lewis basic DMSO may still bind to the boron, but is 

unlikely to act as strongly as a competitor when compared to a negatively charged 

hydroxamate ion (Scheme 4.1, b).  

 

 

Scheme 4.1: ChemDraw representation of DMSO binding to the boron of the 1,3,4,2-dioxazaborole, 

preventing the coordination of the hydroxamate anion.  
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 In order to minimise potential solvent competition, CD3CN was selected instead.  

The use of CD3CN maintained the solubility of both the 1,3,4,2-dioxazaborole and 

hydroxamic acid, while the weaker Lewis basic character compared to d6-DMSO reduced 

competitive solvent binding.  11B{1H} NMR studies were carried out to ensure that no 

binding between the 1,3,4,2-dioxazaborole and CD3CN occurs, which was established by 

the only peak present within the spectra being at approximately 33 ppm, indicating the 

presence of a 3-coordinate boron species only.  It is worth noting that although no 4-

coordinate species could be seen, it is possible that because of the dynamic equilibrium 

between the starting materials and the 1,3,4,2-dioxazaborole, there could be a small 

amount of 4-coordinate species present.  Therefore, complimentary 1H NMR spectra were 

also recorded, to ensure the purity of the starting 1,3,4,2-dioxazaboroles before 

commencing the exchange experiments. 

 Each experiment was carried out by first dissolving one equivalent of the 1,3,4,2-

dioxazaborole in CD3CN (0.5 mL), and one equivalent of the ‘new’ hydroxamic acid in 

CD3CN (0.5 mL).  The samples were then analysed by 1H NMR spectroscopy to ensure 

the purity of the compound, before then combining and monitoring the change over time.  

A1 was chosen due to it being the easiest 1,3,4,2-dioxazaborole to purify in large 

quantities without significant loss of product (see Chapter 2, Section 2.2), and using the 

same starting 1,3,4,2-dioxazaborole allows for a better comparison against the different 

hydroxamic acids used.  

 Upon completion of the experiments, which was indicated by no more change to 

the intensity or position of resonances in the 1H NMR spectra, the spectra of the final 

product mixture was compared to the starting materials as well as the spectra of the 

resulting 1,3,4,2-dioxazaborole that is formed upon exchange in order to identify 

components within the mixture (Fig 4.1).  Subsequent analysis of the integration of the 

methyl peaks (approx. 2.55 ppm), as well as the aromatic peaks, confirmed the relative 

concentrations of A1 and the new 1,3,4,2-dioxazaborole formed.  In the case of A1 and 

the addition of p-(trifluoromethyl)phenyl hydroxamic acid (11), the resulting integrations 

indicated that the system's equilibrium, at least in CD3CN, was in preference for A1 over 

A11, with a ratio of 1:0.56 (63 % A1; 37% A11). 
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Figure 4.1: Stacked 1H NMR spectra (400 MHz, CD3CN, 298K) of the dynamic products of the exchange 

reaction between A1 (blue) and 11 (red), with ChemDraw representations given in the same colour as its 

corresponding spectra. Ratio between A1:A11 (purple) is 1:0.56. 

 

 As a comparison, the reverse reaction was also monitored (Fig 4.2), in order to 

ensure that the equilibrium of each sample reaction gave the same ratio of products.  The 

same procedure was carried out as for A1 versus 11, using A11 and benzohydroxamic 

acid (1).  The results indicated that the reaction gave the same equilibrium mixture, upon 

analysis of both the methyl and aromatic peaks, with a A1:A11 ratio of 1:0.56.   
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Figure 4.2: Stacked 1H NMR spectra (400 MHz, CD3CN, 298K) of the dynamic products of the exchange 

reaction between A11 (blue) and 1 (red), with ChemDraw representations given in the same colour to its 

corresponding spectra. Ratio between A1:A11 is 1 : 0.56. 

 

 Further analysis of the mixtures was carried out using 11B{1H} NMR spectroscopy 

to further characterise the type of species present, i.e. 3-coordinate or 4-coordinate.  It 

was found, however, that the spectra arising from most of the exchange reactions 

exhibited peaks only in the 3-coordinate species region. For example, the exchange 

processes between A1 and hydroxamic acids 5 and 11, along with 4-aminophenyl 

hydroxamic acid (17), displayed a broad peak at 34 ppm corresponding to the 1,3,4,2-

dioxazaborole, along with a narrower peak at 31 ppm, representing the free boronic acid.  

In addition, the exchange reaction between A1 and 5 gave a third, minor peak at 

approximately 15 ppm, indicative of a 4-coordinate boron species.  Although the 13B{1H} 

NMR spectroscopic experiment is not a quantitative technique, the dominant species can 

be determined by the relative intensities of the peaks present.  In this instance, the 

percentage of 4-coordinate species present is approximately 1%, indicating that most of 

the species within the exchange mixture is 3-coordinate (Fig 4.3).  Due to there being no 

other coordinating species present, the 4-coordinate species is assumed to be the 

hydroxamate complex of the 1,3,4,2-dioxazaboroles, described in the blue box of Fig 4.3.   
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Figure 4.3: 13B{1H} NMR (128.6 MHz, CD3CN, 298K) from the exchange reaction between A1 and 11. The 

coloured highlights represent the species of the same coloured boxes.  

 

The results for a series of these exchange reactions are highlighted in Table 4.1 

and indicate that a more strongly electron-donating group on the hydroxamic acid is more 

favourable in terms of switching out the original benzohydroxamic acid, compared to the 

addition a hydroxamic acid containing an electron-withdrawing group.  Calculations 

carried out computationally on the exchange between A1 and hydroxamic acids 5 and 11 

suggest that the equilibrium should lie farther towards A1, rather than the new species 

(Table 4.1).  This difference in ratios between the calculated and observed can be 

rationalised in terms of the presence of a solvent.  Due to the large computational cost 

that the presence of solvent molecules would add, the calculations carried out in this study 

did not include the presence of explicit solvent molecules.  Thus, the ratios rely solely on 

the electronics of the system and do not include the stabilising effects that certain solvents 

may have towards the many species within an equilibrium, which may impact the position 

of that equilibrium.  As discussed in the previous chapter, the solvent appears to have a 

large effect on the overall stability of the 1,3,4,2-dioxazaboroles, and therefore, by 

carrying out computational calculations without the ability to take into account explicit 

chemical interactions with solvent molecules causes inaccuracies within the results.  

Additionally, it is highly likely that the exchange mechanisms proceed via a range of 

pathways, with the ratio of products dependent of the Boltzmann (Gibbs) distribution, 

rather than the route by which the product is formed.  However, the trends exhibited by 
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changing the electronic properties appear to mirror those found experimentally, hence 

they indicate reliability in the theory that electronics affect the overall equilibrium.   

 

Table 4.1:  The table below details the percentage of new species verses the starting species, A1, along 

with the computationally calculated ratios for the exchanges with hydroxamic acids 5 and 11, carried out 

by Thomas Malcomson (PhD, 2019).  

X =  AX (%) A1 (%) Ratio (AX:A1) Ratio (computational) 

p-(trifluoromethyl)phenyl HA (11) 37 63 0.59:1 0.34:1 

p-pyridine HA (4) 41 59 0.69:1 Not calculated 

p-tolyl HA (5) 43 57 0.75:1 0.62:1 

p-aminophenyl HA (17) 51 49 1.04:1 Not calculated 

p-(dimethylamino)phenyl HA (6) 57 43 1.33:1 Not calculated 

 

 

This theory was then tested by mixing a 1,3,4,2-dioxazaborole functionalised with 

a hydroxamic acid containing an electron-withdrawing group (CF3, 11), and mixing in a 

strongly electron-donating functionalised hydroxamic acid (NMe2, 6) as shown in Fig 4.4.  

This exchange process gave the largest exchange ratio, with 37% A11 to 63% A6, 

indicating that a more strongly-electron donating functionality on the hydroxamic acid 

stabilises the formation of the heterocycle, compared to a 1,3,4,2-dioxazaborole which 

contains a more electron-withdrawing functional group on the hydroxamic acid.  The 

same percentages (37% A11 to 63% A6) were observed for the reverse reaction wherein 

A11 was combined in solution with hydroxamic acid 6, indicating that both solutions had 

reached their dynamic equilibrium.   
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Figure 4.4: Stacked 1H NMR spectra (400 MHz, CD3CN, 298K) of the starting materials and potential 

products from the exchange reaction between A6 and 11.  

 

 In order to determine whether the dynamic exchange between a 1,3,4,2-

dioxazaborole and a new hydroxamic acid could be prevented, the investigation of 

possible exchange between ONMe.G1 and 11 was also carried out.  The ONMe.G1 

1,3,4,2-dioxazaborole, as shown in Chapter 3, has a strongly bound intermolecular nitrone 

group that is capable of binding to the boron, thus forming a 4-coordinate boron-

containing species.  It was expected that due to the proximity of the intramolecular nitrone 

Lewis base, the potential for any other Lewis bases to bind is made unlikely.  

In this study, one equivalent each of ONMe.G1 and hydroxamic acid 11 were 

combined in CD3CN (0.6 mL) and monitored over time by 1H NMR spectroscopy.  The 

results indicate that over 24 hours, no exchange processes took place between these two 

compounds in (Fig 4.5).  1H NMR spectra of the mixture remained constant, with no 

changes observed upon addition of the new hydroxamic acid, or overtime.  Analysis by 

13B{1H} NMR spectroscopy resulted in the presence of a singlet resonance at 

approximately 10 ppm, indicative of the ONMe.G1 starting material.  It is worth noting 

that, upon comparison with the DMAP complexes of 1,3,4,2-dioxazaboroles which had 

observable 11B{1H} NMR spectroscopic resonances around 15 ppm, the chemical shift 

exhibited by the intramolecular nitrone-coordinated 1,3,4,2-dioxazaborole is at a lower 

value.  As this technique can also be interpreted as a method of determining the averaging 
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of the dynamic exchange between 3- and 4-coordinate boron species, a lower ppm value 

indicates a less dynamic bond, compared to the DMAP complexes.  

 

 

Figure 4.5: Stacked 1H NMR spectra (400 MHz, CD3CN, 298K), exhibiting no change over time after the 

addition of 11 to ONMe.G1. The methyl peak if the nitrone is represented by the green circle, and the water 

and CH3CN peaks are highlighted in blue and orange, respectively.  

 

 It was concluded from this study that although the 3-coordinate boron 1,3,4,2-

dioxazaboroles appear to readily exchange with hydroxamic acids in solution, it is 

possible to ‘switch off’ the exchange by implementing a strongly binding, intramolecular 

Lewis base, in this example, an intramolecular nitrone group.  It is most likely that the 

nitrone group blocks the boron from being bound by any other Lewis basic molecule, thus 

preventing either the hydrolysis of the 1,3,4,2-dioxazaborole or a concerted exchange 

mechanism from taking place. 
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4.4 DMAPH+ Hydroxamate Salt Exchange with 1,3,4,2-Dioxazaboroles 

Experiments were also carried out on the exchange of [DMAPH]+[hydroxamate]- salts 

with 1,3,4,2-dioxazaboroles in order to diversify the dynamic combinatorial library 

(DCL).  These reactions also proved to show the formation of exchange products, and 

owing to the Brønsted basic character of DMAP, which is capable of deprotonating a 

hydroxamic acid, the reactions tended to form many more species, including hydroxamate 

and DMAP complexes of the 1,3,4,2-dioxazaboroles, confirmed by both MS and NMR 

(Fig 4.6). 

 

 

Figure 4.6: ChemDraw summary of the hydroxamic acid salts tested, along with a description of the 

possible DCL formed from such a reaction.  It is also worth noting that the experiment carried out with 

terephthaloyl hydroxamic acid included two equivalents of DMAP.  

 

 In these experiments, one equivalent of A1 was dissolved in CDCl3 (0.4 mL) and 

separately, one equivalent each of a new hydroxamic acid and DMAP were dissolved 

together in CDCl3 (0.4 mL).  The combined solutions were monitored over time by 1H 

NMR spectroscopy.  Despite the increased tolerance of CDCl3 solutions against the 
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hydrolysis of 1,3,4,2-dioxazaboroles, compared to CH3CN solutions (as discussed in 

Chapter 2), exchange reactions were still observed. 

 The resulting NMR spectra from these exchange reactions all exhibited shifts in 

the resonances in both the aromatic and aliphatic regions of the spectra.  This indicates 

that an exchange is occurring, and lead to the conclusion that this is a highly dynamic 

system (Fig 4.7).  In the case of mixing A1 with tolyl hydroxamic acid (5) and DMAP, 

the subsequent spectroscopic analysis shows the growth and decline of resonances at 

approximately 6.6 and 7.6 ppm that suggest a species is forming and then disappearing 

over time.  This may have been a reversibly formed kinetic product, and thus exhibited 

less overall thermodynamic stability and subsequently reformed to produce the more 

stable, thermodynamic product(s).  However, due to the wide range of possible products 

that could form from the combination of these starting materials, it is difficult to 

distinguish resonances due to individual molecules within the 1H NMR spectra.  

Additionally, the data collected from 11B{1H} NMR spectroscopy of these reactions show 

a range of peaks between 10 and 15 ppm, indicating the presence of several 4-coordinate 

boron species existing in equilibrium, albeit without confirmation of their identity.  

 

 

Figure 4.7: 1H NMR spectra (400 MHz, CDCl3, 298K) representing the dynamic solution of A1, 5 and 

DMAP as time (t) progresses.  
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The samples were then analysed using mass spectrometry, which allowed for the 

identification of some of the species present (Table 4.2).  In all cases, no DMAP 

complexes of 1,3,4,2-dioxazaboroles were observed and the only DMAP species found 

was that of its protonated form, which has a significantly reduced Lewis basic character 

than its non-protonated form.  This is most likely due to the DMAP adduct being readily 

broken up in solution owing to its dynamic nature and relatively weak interaction between 

the Lewis basic DMAP and Lewis acidic boron, which mirrors what is seen when 

submitting the pure DMAP complexes of 1,3,4,2-dioxazaboroles for MS analysis.   

 

Table 4.2: Summary of species observed from the MS analysis of the hydroxamate DMAPH+ salt exchange 

reactions 

 

X = Mass 

(abundance) 

Interpreted 

Structure  

X = Mass 

(abundance) 

Interpreted 

Structure  

CH3 

(3) 

136.0386 (10) 

 

282.1270 (95) 

 

387.1481 (20) 

123.09 (50) 

 

 

 

 

 

(4) 

137.0327 (10) 

 

282.1270 (100) 

389.1395 (10) 

 

123.09 (100) 
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X = Mass 

(abundance

) 

Interpreted 

Structure  

X = Mass 

(abundance) 

Interpreted 

Structure  

 

(4) 

 

137.0327 

(10) 

 

282.1270 

(100) 

 

 

 

389.1395 

(10) 

 

 

123.09 

(100) 

 

 

 

 

 

 

 

 

 

 

(16) 

 

195.0375 (30) 

 

309.0303 

([C64H56B4N8O16

] 3¯) (40) 

 

 

 

123.09 (100) 

 

 

468.4856 

([16¯.A1H+]Na+

) (<1) 

 

 

* 

 

 

 

 

 

 

 

 

(6) 

 

136.0386 

(5) 

 

123.09 

(100) 

 

 

 

 

   

* potentially macrocycle formed from the interaction of two terephthaloyl hydroxamate anions with two 

molecules of 1,4-bis(2-(2,6-dimethylphenyl)-1,3,4,2-dioxazaborol-5-yl)benzene  
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  There were also traces present of the methoxy complexes of both the 

starting 1,3,4,2-dioxazaborole and the newly formed 1,3,4,2-dioxazaborole, formed from 

the exchange of the hydroxamic acid.  These complexes can be attributed to the samples 

reacting with methanol within the instrument.  Methanol was used as the carrier solvent 

and therefore, may also explain to some extent the differences observed between the 

NMR spectroscopic analysis and the MS analysis, as different solvents were implemented 

within each experiment type.     

In almost all the samples, the exception being the exchange with 6, it was possible 

to identify hydroxamate complexes of the 1,3,4,2-dioxazaboroles, as well as the free 

hydroxamate anions (observed in the negative ion mode).  No traces of the free boronic 

acids, or their boroxine derivatives, were observed in any of the samples, which could be 

explained by there being an excess of hydroxamic acids present in solution, compared to 

free boronic acids.  Therefore, the dynamic equilibrium is shifted away from there being 

free boronic acid in solution.   

Upon comparison with the NMR spectroscopic data of the exchange reaction 

between A1, 6 and DMAP, it is possible to see why the NMR spectra exhibit so many 

individual peaks.  Indeed, the resulting MS data confirms the presence of at least four 

different 1,3,4,2-dioxazaborole species – both 3-coordinate and 4-coordinate – as well as 

the free DMAPH+ and hydroxamate anions (Fig 4.8).  This example was the most 

successful in confirming the formation of a DCL from the combination of 3 starting 

materials.  It is worth noting that the characterisation of the DCL was also attempted using 

HPLC, however, due to the similarities in polarities between the starting materials, the 

separation was unsuccessful. 
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Figure 4.8: ChemDraw representation of the reaction between A1, 6 and DMAP, with the possible products 

from the exchange reactions.  The boxed structures were observed in the MS analysis. 

 

It was found that upon deprotonation of a hydroxamic acid, its resulting Lewis 

basicity is strong enough to bind to the Lewis acidic boron centre, with the resulting 

isolated crystal structures (Fig. 4.9) giving potential insight into the mechanism of 

exchange.  The crystals were grown from the exchange reaction between A1 and 6, 

carried out in CD3CN, in the space group P21/c (Fig 4.9, b) and a solvate of the same 

species was also isolated from a chloroform solution, again in P21/c (Fig 4.9, a).  The 

isolation of both solvate structures indicates a similar energetic favour for this species in 

both DCLs.  
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Figure 4.9: Crystallographic representation of the DMAP salts of the 4-(dimethylamino)phenyl 

hydroxamate complex of A1 from a mixture of A1, 6 and DMAP, exhibiting the Lewis Base-like character 

of the hydroxamate species and alluding to the mechanism of exchange. a) CHCl3 solvate. b) CH3CN 

solvate. [Green = boron; red = oxygen; blue = nitrogen; yellow = chlorine; dark grey = carbon; light grey 

= hydrogen. Solvent omitted for clarity] 

  

 The isolation of this particular species, wherein we can observe the binding of the 

different hydroxamic acids to the Lewis acidic boron centre, indicates the potential for 

the exchange mechanism to go via a step-wise, associative-type mechanism, wherein the 

hydroxamate binds to the boron, forming a 4-coordinate species before the breaking of 

the carbonyl oxygen-boron bond which allows for the exchange to take place (Scheme 

4.2, a), in addition to the possibility of a hydrolysis event followed by a condensation of 

the new HA to the BA (Scheme 4.2, b).  This was further backed-up by the isolation of 

other hydroxamate complexes of 1,3,4,2-dioxazaboroles, where the full details of these 

structures are given in the appendix.  It is suspected that the hydrolysis mechanism would 

be preferred when exchanges are taking place in the presence of an amount of water, 

whereas, the associative mechanism is more likely when the exchange is carried out in 

dry conditions.  In order for the hydroxamate species to be present, it must first be 

deprotonated, and with pKa values of between 7-9 mono-functionalised aromatic HAs,66 

DMAP appears to be suitably strong enough, in terms of a Brønsted base, to accomplish 

this.  However, also observed was the presence of hydroxamate complexes in cases where 

there is no DMAP (or any other base) added to the exchange mixture.  It is possible, 

therefore, that the hydroxamic acids are deprotonated by the Brønsted basic nitrogen of 

the 1,3,4,2-dioxazaborole ring, thus facilitating the binding of the hydroxamate species to 

the Lewis acidic boron centre and inducing an exchange.  
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Scheme 4.1: (a) Simplified ChemDraw representative schematic of the dynamic swapping of hydroxamic 

acids with 1,3,4,2-dioxazaboroles, via an associative mechanism, implementing the Lewis basic properties 

of the hydroxamate anion. (b) Reduced ChemDraw representative schematic of the dynamic swapping of 

hydroxamic acids with 1,3,4,2-dioxazaboroles, via a hydrolysis reaction back to its starting boronic acid 

and hydroxamic acid, followed by condensation of the boronic acid with the new hydroxamic acid.  

 

 With both possible mechanistic pathways accessible, as well as variations in terms 

of the protonation of the heterocycle, efforts were made in elucidating the preferred 

mechanism of exchange through computational calculations.  Efforts were made to 

determine whether a concerted mechanism (Scheme 4.2, a) or a hydrolysis mechanism 

(Scheme 4.2, b) was more likely, which would lead to insight on whether the presence of 

water is necessary for the exchange reactions to take place.   
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4.4.1 Computationally calculated mechanistic pathways for hydroxamic acid exchange 

The following calculations were carried out by Thomas Malcomson (PhD, 2019), wherein 

all energies are normalised with respect to the starting complex, albeit hydroxamate or 

hydroxyl.  Throughout the calculations carried out for the hydroxamic acid exchanges, 

the starting 1,3,4,2-dioxazaborole was A1 where there were no functional groups on the 

aryl ring.  It was also calculated that the carbonyl oxygen was the more likely of the two 

B-O bonds to break, thus, only the mechanisms pathways originating with this bond 

breaking are presented here, of which are represented in Scheme 4.3.  Comparative 

calculations were carried out for the exchange of hydroxamic acids containing functional 

groups para- to the hydroxamic acid functionality, which included OH (orange), CH3 

(blue) and CF3 (pink), in order to observe any trends between the various electron-

donating and withdrawing species.  Due to the computational calculations used to derive 

these species, the relative energies of the starting 1,3,4,2-dioxazaborole and HA equal 

that of the final 1,3,4,2-dioxazaborole and HA and thus, cannot be compared to work out 

relative distributions between the two species.  Therefore, the energies used to compare 

the starting and final products will be those of the 4-coordinate boron-containing 1,3,4,2-

dioxazaboroles, at energy 0 and the products from step vi for the non-protonated 

mechanism and step iv for the protonated mechanism, respectively.   
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Scheme 4.3: Simplistic ChemDraw representations of the mechanistic pathways that were calculated 

computationally.  

 

 It is worth noting that the 11B{1H} NMR spectroscopic experiments showed that 

most of the products formed were, in fact, 3-coordinate boron species, with a minor 

amount of 4-coordinate boron species observable in a few of the individual experiments.  

The 1H NMR showed the presence of free hydroxamic acid also, however, due to the 

relative broadness of the XH resonance peak (X = oxygen or nitrogen) it is likely that the 

proton is in rapid exchange between various sites on either the hydroxamic acid, solvent, 

or 1,3,4,2-dioxazaborole.  This, therefore, results in the comparison between the 

mechanistic pathways being simplified to just the thermodynamics of the reaction (i.e the 

relative energies of the starting and end products), rather than the kinetics (i.e the height 

of the activation barriers within the pathway), as it is not possible to directly compare 

between the computational mechanism products and the observable products in solution.   
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 The subsequent data for the non-protonated pathway (Fig 4.10), compared to the 

protonated pathway (Fig 4.11) where the nitrogen of the 1,3,4,2-dioxazaborole is 

protonated, shows that the most likely rate-determining step is the formation of the 

transition state arising from the breaking of the carbonyl oxygen to the boron (step i).  In 

the non-protonated mechanism (Fig 4.10), this step proceeds with an energy barrier of an 

average of 67.3 kJ mol-1 (across all three functionalities), whereas the same step in the 

protonated mechanism (Fig 4.11) has an average energy barrier of 26 kJ mol-1.  It is worth 

noting the symmetry of the mechanism, which coupled with the dynamic nature of these 

compounds, implies that the relative distributions of the final products will be determined 

by their respective energies, rather than the mechanistic pathway, as would be expected 

for a thermodynamically driven reaction.  The presence of these relatively higher 

activation barriers implies that greater activation energy is needed to facilitate the non-

protonated pathway, compared to the protonated pathway.  However, for the protonated 

pathway, both the pKa values for the nitrogen of the ring and the OH of the incoming 

hydroxamic must be approximately the same.  In both cases, the steps where the swapping 

occurs (steps ii-iv) are much closer energetically, indicating that there would be no 

preference past the initial activation steps.   

 

 

Figure 4.10: Non-protonated mechanism showing the exchange of hydroxamic acid R” with the original 

R’ hydroxamic acid already part of the ring. [R = 2,6-dimethylphenyl boronic acid (A); R’ = phenyl; R” 

= phenol, tolyl or (p-trifluoromethyl)phenyl] 
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Figure 4.11: Protonated mechanism showing the exchange of hydroxamic acid R” with the original R’ 

hydroxamic acid already part of the ring. [R = 2,6-dimethylphenyl boronic acid (A); R’ = phenyl; R” = 

phenol, tolyl or (p-trifluoromethyl)phenyl] 

 

 Interestingly, the resulting 4-coordinate boron-containing 1,3,4,2-dioxazaboroles 

of both mechanistic pathways give different relative energies for each of the different 

functionalities tested.  The protonated pathway indicates that the OH-functionalised 

1,3,4,2-dioxazaborole is more energetically stable compared to the CF3-funtionalised 

1,3,4,2-dioxazaborole, and vice versa for the non-protonated mechanism.  This 

observation, therefore, led to the subsequent investigation into acid dependence on the 

exchange of hydroxamic acids, although it is worth noting that we have yet to collect 

evidence on whether protonation of the nitrogen within the ring can occur, thus, is a less 

probable pathway.   
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4.4.2 Acid dependence on exchange 

As discussed in the previous section, the ratio and product distribution appear to be 

dependent on the final relative energies of the species, as expected for a 

thermodynamically controlled system.  In the experiment where A11 was mixed with 

hydroxamic acid 6, the resulting equilibrium favoured the formation of A6, suggesting a 

preference for the electron-donating functionalised hydroxamic acids to form the 1,3,4,2-

dioxazaboroles over the electron-withdrawing functionalised hydroxamic acids (Section 

4.3).  This is predominately in agreement with the protonated pathway which indicates 

the more electron-rich 1,3,4,2-dioxazaborole is preferred.  However, since the 

computational calculations did not cover the exchange energetics for the NMe2-

functionalised hydroxamic acids, with the most electron-rich functionality being OH, it 

was decided that additional information was needed.  

 In order to decide on the more appropriate mechanistic pathway which best fits 

the experimental data, two experiments were set up in parallel to test the effect excess 

protons has on the product ratios formed, or whether the presence of H+ catalyses the 

reaction.  For each experiment, one equivalent each of A1, 5 and 11 were dissolved in 

CD3CN (0.3 mL) and combined in a standard NMR tube.  To one of the samples, 5 

equivalents of trifluoroacetic acid (TFA) were added and both samples were monitored 

over time by 1H NMR spectroscopy (Scheme 4.4).  The respective integrations were 

calculated with respect to the resonance at 8.1 ppm, which represents two equivalent 

hydrogens of the phenyl group on A1, as highlighted in the following schematic. 

 

 

 

 



4. Dynamic Covalent Chemistry of 1,3,4,2-dioxazaboroles 

177 

 

 

Scheme 4.4: ChemDraw representation of the possible products expected from the combination of A1, 5 

and 11. The expected products are A5, A11 and 1. The hydrogens highlighted in red represent those used 

to calculate respective amounts of each species. 

 

 From the aromatic regions of the reaction carried out without the addition of TFA, 

it is possible to identify some of the individual hydroxamic acids and 1,3,4,2-

dioxazaboroles (Fig 4.12).  For example, the integrations of the resonances at 8.1 ppm 

and 8.3 ppm representing A1 and A11, respectively, indicate a ratio between A1 : A11 to 

be 0.8 : 1.  Similarly, the integrations of the resonances at 7.7 and 7.8 ppm which represent 

1 and 11, respectively, give a complimentary 1 : 11 ratio of 1 : 0.8.  Additionally, the 

methyl resonances of A between 2.5 and 2.6 ppm, after deconvolution of the signals, 

elucidated a ratio of 0.7:1 for A1 : A11.  This slight difference is likely to be due to the 

error upon deconvolution of the individual integrations.  
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Figure 4.12: Overlaid 1H NMR spectra (400 MHz, CD3CN, 298K) of the reactants and expected products 

for the reversible reactions between A1, 5 and 11 carried out in ‘non-acidic’ conditions. (Note: ‘non-acidic’ 

in this instance means that no additional acid has been added to the mixture, other than the reactant 

hydroxamic acids). 

 

Due to the lack of distinguishable aromatic resonances from A5, the ratio of 

products could not be fully characterised, and therefore, the distribution of products was 

attempted to be elucidated by the deconvolution of boronic acid methyl peaks, giving a 

final ratio of products between A1 : A5 : A11 to be 1 : 0.87 : 0.70.  These figures indicate 

the presence of less A11 compared to A1, which conflicts with the results indicated by 

the aromatic protons at 7.7 and 7.8 ppm and 8.1 and 8.3 ppm.  However, it is likely that 

these peaks also include the free boronic acid methyl, as well as the 1,3,4,2-dioxazaborole 

methyl groups, and are, therefore, not reliable in determining the overall distribution of 

products. 

 Thus, through analysis of the 1H NMR spectra for the reaction carried out in ‘non-

acidic’ conditions, it is possible to determine that there is a preference for the formation 

of A1 over A11, when using the aromatic resonances integrations.  This result agrees with 

the standard exchange experiments from section 4.3, indicating an increase in stability for 
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the 1,3,4,2-dioxazaborole containing an electron-donating functionality over the 1,3,4,2-

dioxazaborole containing an electron-withdrawing functionality.  It is also worth noting 

that the overall DCL created upon the addition of two HAs being added to A1 may have 

a different effect on the dynamic equilibrium of the system, thus, resulting in a difference 

of ratios between the species compared to the ‘simpler’ one HA and A1 system.   

 Analysis of the resulting 1H NMR spectra from the reaction to which TFA was 

added, in contrast, exhibits much broader resonances and in general, and is more complex 

to characterise (Fig 4.13).  Due to the broadness exhibited in the aromatic resonances, an 

accurate ratio between the different species present is not possible.  However, even upon 

simple observation of the boronic acid methyl resonances between 2.5 and 2.6 ppm, it is 

possible to see a clear preference for A11 over A5.  The additional peaks present within 

that multiplet most likely correspond to the free boronic acid, which may have increased 

stability in acidic conditions, and potentially hydroxamate complexes.   

 

 

Figure 4.13: Overlaid 1H NMR spectra (400 MHz, CD3CN, 298K) of the reactants and expected products 

for the reversible reactions between A1, 5 and 11 with the addition of five equivalents of TFA.  
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 Through the combination of the two NMR-scale experiments, it is possible to 

deduce that the overall distribution of species present within a DCL is highly dependent 

on the pH of the solution.  It can be concluded that in these particular acidic conditions, 

the equilibrium lies towards the formation of 1,3,4,2-dioxazaboroles containing an 

electron-withdrawing group, and in contrast, when carried out in ‘non-acidic’ conditions, 

the equilibrium lies towards that of the formation of an electron-donating functionalised 

1,3,4,2-dioxazaborole.  It can, therefore, be assumed that the presence of additional acid 

(TFA) affects the overall equilibrium of the system, causing the change of distributions 

between the final products when comparing the ‘non-acidic’ and ‘acidic’ experiments.  

However, it is worth noting that although in this specific set of experiments, it seems 

more plausible that the associative mechanism is the more dominant pathway, it does not 

exclude the possibilities of the other mechanisms becoming the dominant pathways in 

other solvents and mixtures and the change in product distribution could in fact, be 

attributed to the interaction between the TFA anion and the Lewis acidic boron centre.   

The ‘hydroxyl’ mechanism could be considered the opposite to the ‘protonated’ 

mechanism discussed previously, wherein a hydroxyl anion is bound to the Lewis acidic 

boron, catalysing the following reaction.  Through the MS characterisation of OH 

complexes of 1,3,4,2-dioxazaboroles, it is presumed that this complex has the potential 

to form, however, it is unclear as to how the complex is made.  It is possible that the 

Lewis basic hydroxyl readily binds to the Lewis acidic boron centre, in solution, which 

is most likely and more favourable energetically.  The other route would be via the 

binding of a water molecule, which subsequently deprotonates after the formation of the 

water complex of the 1,3,4,2-dioxazaborole.   

 The ‘hydroxyl mechanism’ involves the breaking of the carbonyl oxygen bond to 

the boron, to form a 3-coordinate boron centre, thus, allowing the approach and 

complexation of another hydroxamic acid to the species (Fig 4.14, steps i-iv).  In this 

case, the step that requires the greatest amount of energy is step iii, the transition state 

wherein the boron centre is bound to the original HA through its hydroxyl oxygen and is 

interacting with the second, incoming hydroxamate molecule.  The step requires an 

average of 57.5 kJ mol-1, most likely attributed to bringing two negatively charged anions 

together, and is also the step in which the relative energies of the different functionalities 

start to diverge, indicating a dependence on the electronics of the hydroxamic acid.  As 

in both the protonated and non-protonated mechanisms, the steps involving the swapping 

of the hydroxamic acids are relatively low in energy (v and vi). 
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Figure 4.14: Computationally calculated mechanistic pathway for the hydroxyl mechanism for the 

exchange of hydroxamic acids in 1,3,4,2-dioxazaboroles. [R = 2,6-dimethylphenyl boronic acid (A); R’ = 

phenyl; R” = phenol, tolyl or (p-trifluoromethyl)phenyl] 

 

The ‘hydrolysis mechanism’ refers to the pathway which involves the complete 

hydrolysis of the 1,3,4,2-dioxazaborole back to its hydroxamic acid and boronic acid 

starting materials, followed by the condensation of the boronic acid with a new 

hydroxamic acid (Fig 4.15).  This mechanistic pathway appears to require, in comparison 

to the previous pathways, greater energies to access the individual transition states and 

the overall pathway.  For example, step (i) wherein the carbonyl oxygen’s bond to the 

boron breaks, forming a 3-coordinate boron intermediate, is similar in activation energy 

to the same step of the ‘hydroxyl mechanism’.  However, the subsequent step (step iii) 

which forms a new TS with the hydroxide beginning to bind to the boron exhibits a large 

difference in energy (70 kJ mol-1) which could potentially be seen to be the rate-

determining step in this exchange process.  It is worth noting that the high energy penalty 

for the formation of this TS may be due to forcing three negative charges near the boron 

centre.  The formation of the O-B bond (step iv) is much lower in energy (ca. 8 kJ mol-1, 

a difference of 74.4 kJ mol-1 compared to the TS), and therefore, it is assumed that once 

the H-O…B is formed, the reaction is driven forward towards the formation of a new 

1,3,4,2-dioxazaborole.  It is worth noting that although the energies associated with this 

particular mechanism are higher than those calculated for the other pathways, an 

activation barrier of approximately 70 kJ mol-1 can still be considered a low energy 

barrier, for example, being less than that of a strong H-bond (HF = 161.5 kJ mol-1),202 

and, therefore, still achievable at room temperature.  
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The pathway is symmetrical, with a mirror plane existing down the centre of the 

pathway, showing similar energy differences between individual steps observed in the 

initial and final stages of the mechanism.  It is observed in step xii (the formation of the 

penultimate TS, with the OH partially bound to the boron) requires 78.2 kJ mol-1 of energy 

to break the HO-B bond, by taking the averages of the derivatives, and is similar to the 

equivalent step in the reverse direction, step iv (74.4 kJ mol-1).  It is likely, therefore, that 

these two steps are the rate-determining steps for both the forwards and reverse reactions.  

Whereas the previous pathways had a small energy barrier for conversion between 

the two hydroxamic acids, due to the boronic acid always being bound to a hydroxamic 

throughout, the swapping process in the ‘dissociation mechanism’ exhibits a negligible 

energy barrier (Fig 4.15, step viii).  This is due to the assumption that during calculations 

wherein no explicit solvent molecules are present, each of the molecules within the 

system is treated individually and thus, no interaction energies can be calculated.  This is 

unlikely to be true in solution, due to the interactions between each of the species and the 

solvent, that would most likely dominate the overall preference in equilibrium.   

Due to the dynamic nature of these reactions, the ratio of species is dependent on 

their relative stabilities, and interestingly, depending on the mechanistic pathway 

followed, there are two main differences exhibited between the various models.  Firstly, 

upon the comparison of all the relative energies of the functional groups used, all 

pathways calculated an energetic preference towards the formation of the more electron-

rich 1,3,4,2-dioxazaborole but the ‘non-protonated’ pathway, which gave the opposite, 

indicating a preference towards the formation of electron-poor 1,3,4,2-dioxazaboroles.  

This is most likely a consequence of the protonation of the starting materials and products, 

and as a result the ‘protonated’ mechanism does not match up to the observable 

experimental results and can, therefore, be discounted as a likely pathway.  

The second feature to note is the values of the relative energies of each of the 

swapped 1,3,4,2-dioxazaborole ‘products’.  Both the ‘hydroxyl’ and ‘dissociation’ 

mechanisms have very little difference between functional groups, with a difference of 

3.57 kJ mol-1 between the CF3 and OH functionalised 1,3,4,2-dioxazaboroles and the 

‘protonated’ mechanism has a difference of 9.52 kJ mol-1.  The relatively small energy 

difference between the electron-rich and electron-poor may explain, to some extent, the 

reason why the difference between the ratios of species in the A1:A5:A11 experiments.   
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Figure 4.15: Computationally calculated mechanistic pathway, showing the dissociation (hydrolysis) of a 1,3,4,2-dioxazaborole, followed by the condensation with another hydroxamic 

acid to form a new 1,3,4,2-dioxazaborole. [R = 2,6-dimethylphenyl boronic acid (A); R’ = phenyl; R” = phenol, tolyl or (p-trifluoromethyl)phenyl, wherein the formal negative charge 

shall be placed on the oxygen, rather than being displaced across to the nitrogen] 
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4.4.3 Variable temperature experiments 

Variable temperature (VT) studies can be carried out to determine the energy barrier 

heights of rapidly interconverting species that at room temperature (or at a specific 

experimentally achievable temperature) are quicker than the NMR timescale. By 

lowering or raising the temperature and, therefore, slowing or increasing the exchange 

rate of the two species, it is possible to calculate the energy barrier between the various 

species (Eq 4.1).  By using the temperature of coalescence and the following equation, 

where R = the gas constant, 8.314 J K-1 mol-1; Tc = coalescence temperature of non-

equivalent protons in Kelvin; ν = difference in frequencies of non-equivalent protons at 

298.1 K, the activation energy for the exchange process can be determined.203 

 

∆𝐆 = 𝐑𝐓𝐜[𝟐𝟐. 𝟗𝟔 + 𝐥𝐧 (
𝐓𝐜

∆𝛎
)]  -Equation 4.1 

 

 In order to get a better indication of which mechanistic pathway is most likely, a 

VT 1H NMR spectroscopic study was carried out on the exchange of A1 and 5.  One 

equivalent of both compounds was dissolved in CD3CN and given a period of 24 hours 

to reach equilibrium.  The resulting mixture was then studied by 1H NMR spectroscopy 

over a range of temperatures to determine the coalescence temperature of A1 and A5 (Fig 

4.16, red and blue, respectively).  It was, therefore, determined that the Tc value for this 

speciation is above 70 ˚C (343.15 K) but due to the constraints determined by the boiling 

point of the solvent (82 Tc) the VT experiment could not reach any higher temperature.  

It was, therefore, assumed that the activation energy for the exchange mechanism is 

greater than the boiling point of the solvent, thus ∆G is greater than 98.7 kJ mol-1, as 

calculated using the boiling point of the solvent, below: 

 

∆𝐆 = 𝐑𝐓𝐜[𝟐𝟐. 𝟗𝟔 + 𝐥𝐧 (
𝐓𝐜

∆𝛎
)] 

∆𝐆 = 8.314 J K−1mol−1 x  355.15 K[22.96 + ln (
355.15

2.57 − 2.56
)] 

∆𝐆 = 98732.1 J mol−1 

∆𝐆 = 98.7 kJ mol−1 
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Figure 4.16: Overlaid 1H NMR spectra (400 MHz, CD3CN) for the VT study between A1 and 5, as 

represented by the ChemDraw schematic. The compounds within the highlighted boxes represent their 

correspondingly coloured boronic acid methyl peak resonance.  

 

 The estimated minimum value of ∆G indicates that while all pathways are 

plausible, the ‘dissociation mechanism’ is the most probable route, due to the highest 

energy barrier of that mechanistic pathway being closest in value to the experimental 

value determined.  In contrast, the ‘protonated’ mechanism of exchange appears to be less 

likely, and although it was previously determined to be the dominant pathway in ‘acidic 

conditions’, it is likely, due to the inherent acidity of both starting materials that the 

conditions of exchange are acidic without the addition of TFA, and thus the protonated 

mechanism still operates but other influences, such as solvent and electronics have a 

greater contribution to the overall position of equilibrium. 
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4.5 Boronic Acid Exchange with 1,3,4,2-Dioxazaboroles 

Studies, like those laid out above, were also carried out to determine the effect of boronic 

acid functionalisation on the equilibrium, as well as determining the mechanism by which 

exchange reactions occur between 1,3,4,2-dioxazaboroles and boronic acids. First, a 

sample of 1,3,4,2-dioxazaborole was submitted for 1H NMR spectroscopy to confirm its 

purity, and to give a ‘start point’ for the exchange process.  Upon determining the sample 

was pure, an equivalent amount of boronic acid was added to the solution, and the sample 

monitored over time by 1H NMR spectroscopy, using the same solvent as for the previous 

exchange reactions, CD3CN. 

 In general, it was found, compared to the hydroxamic acid exchanges, that the 

resulting NMR spectra after the combination of the boronic acid to the 1,3,4,2-

dioxazaborole were a lot more complex (Scheme 4.5).  This is due to the increased 

number of self-condensation reactions possible between each of the individual boronic 

acids, as well as the overall mechanistic pathways’ dynamic equilibria.  It is worth noting 

that the self-condensation reactions between boronic acids are observed in many solvents, 

including in CD3CN and therefore, are expected to occur during the following exchange 

reactions also.  

 

 

Scheme 4.5: ChemDraw representation of the dynamic equilibria exhibited from the exchange reaction 

between a 1,3,4,2-dioxazaborole and a different boronic acid.  The hydrolysis of the 1,3,4,2-dioxazaborole 

to the starting BA and HA was omitted for clarity.   
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During the reaction between A11 and boronic acid B, it was clear at the start that 

using CH3CN as the solvent, the dynamic equilibrium between B11 and its starting 

materials had a lower equilibrium constant compared to A11.  As soon as B11 was 

dissolved in the solvent, the appearance of free boronic acid and hydroxamic acid 

resonances were observed by 1H NMR spectroscopy (Fig 4.17, purple spectra) and most 

undoubtedly influenced the overall dynamic equilibrium of the system.  The final 

spectrum indicates the presence of all species represented within the figure, and by using 

the relative integrations of the methyl resonances, determined an A11:B11 ratio of 1 : 1.4.  

The preference for B11 infers that the equilibrium lies towards the more electron-poor 

boronic acid.   

 

 

Figure 4.17: Overlaid 1H NMR spectra (400 MHz, CD3CN, 298K) of the exchange reaction between A11 

and B, along with the expected products of exchange.  The top spectrum represents the final equilibrium 

solution of the exchange reaction.  
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However, it is worth noting that due to the similarity in electronic resonance of 

both the free boronic acid methyl peaks and their respective boroxine derivative methyl 

peaks, it is not possible to determine the relative ratios of the free BAs and boroxines, 

respectively, and therefore, that particular dynamic interaction has not been further 

discussed in relation to the overall dynamic equilibrium of the reaction.  An effort was 

made to ensure that the starting boronic acids were fully hydrolysed to their boronic acid 

derivatives, over the boroxines, by recrystallising them from hot water before the 

exchanges were carried out.  However, it is very likely that re-dissolving the boronic acids 

in CD3CN allows for the creation of a dynamic equilibrium, resulting in the reformation 

of the boroxine rings.  Through previous synthetic studies, it was found that the boroxine 

derivatives were less reactive towards the formation of the 1,3,4,2-dioxazaboroles, thus 

the formation of the species may have a detrimental effect on the overall exchange 

dynamics of the system.   

 The resulting spectra from the exchange reaction between A5 and B indicated the 

presence of all four of the compounds represented (Fig 4.18), however, due to the lower 

equilibrium constant between A5 and its starting materials, an accurate 1H NMR 

spectroscopic interpretation of the structure in CD3CN was not obtainable.  Despite this, 

by using the integration of the respective free boronic acids, it was determined that the 

equilibrium tended towards the formation of B5, with a ratio A5:B5 of 1 : 1.3,  

complementing the previous experiment’s results: the equilibrium lies towards the 

electron-poor 1,3,4,2-dioxazaborole.  
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Figure 4.18: Overlaid 1H NMR spectra (400 MHz, CD3CN, 298K) of the exchange reaction between A5 

and B, along with the expected products of exchange.  The top spectrum represents the final equilibrium 

solution of the exchange reaction.  

 

 The corresponding reactions of A5 and A11 with boronic acid C indicated similar 

results in that exchange of boronic acids occurred (Fig 4.19 and 4.20).  It was apparent 

with the observable hydroxamic acid and boronic acid starting materials, that the 1,3,4,2-

dioxazaboroles functionalised with boronic acid C had a lower equilibrium constant in 

CD3CN, compared to the starting 1,3,4,2-dioxazaborole, and therefore, as with the 

‘Family B’ boronic acids, could potentially impact the overall dynamic equilibrium of the 

exchange system.  However, also observable within the 1H NMR spectrum of the final 

sample is the presence of both 1,3,4,2-dioxazaboroles, as indicated by the presence of 

their corresponding methyl resonances between 2.4 and 2.6 ppm.   
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Figure 4.19: Overlaid 1H NMR spectra (400 MHz, CD3CN, 298K) of the exchange reaction between A5 

and C, along with the expected products of exchange.  The top spectrum represents the final equilibrium 

solution of the exchange reaction.  
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Figure 4.20: Overlaid 1H NMR spectra (400 MHz, CD3CN, 298K) of the exchange reaction between A11 

and C, along with the expected products of exchange.  The top spectrum represents the final equilibrium 

solution of the exchange reaction.  

 

The respective ratios between A5:C5 and A11:C11 are 1 : 3 and 1 : 0.6, indicating 

that the electronics of the hydroxamic acid have a greater impact on the position of the 

overall equilibrium, compared to the exchanges using boronic acid B.  As indicated by 

the hydroxamic acid exchange reactions, the equilibrium tends towards the electron-rich 

1,3,4,2-dioxazaborole, complimenting both the ‘protonated’, ‘hydroxyl’ and 

‘dissociation’ pathways.   

However, where the exchange reactions between A4 with boronic acid B indicate 

that there is a preference for the formation of the 1,3,4,2-dioxazaborole which contained 

less electron-rich boronic acid (ratio of A5:B5 calculated 1 : 1.3), the calculated ratio 

between A5 and C5, 1 : 3, indicates the presence of the fluorine on B is not as influential 

on the formation of the 1,3,4,2-dioxazaborole, in comparison to its effects on increasing 

the Lewis acidity of the boron.   

Nonetheless, it is worth noting that MS analysis was not carried out on these 

samples, and therefore, a complete characterisation of all species within the solution was 

not possible.  
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It is also worth noting that no free hydroxamic acid was observed in any of the 

samples, which can be justified by there being two equivalents of boronic acid to every 

hydroxamic acid in solution.  Therefore, even with the formation of boroxine, there will 

be an excess of BA for the HA to react with.  In addition, in all the experiments carried 

out, the resulting 11B{1H} NMR spectroscopy showed that the dominant species present 

were 3-coordinate species, and the dynamic equilibrium lies towards those species 

compared to the formation of 4-coordinate boron compounds.  In each of the experiments, 

a total of three 3-coordinate boron resonances were observed, however, it is possible that 

additional resonances are hidden, potentially corresponding to the free boronic acids and 

their respective boroxine equivalents.    

Overall, as indicated by the final product ratio (Table 4.3) it appears that the 

exchange reactions wherein boronic acid B was introduced to the 1,3,4,2-dioxazaborole, 

there is a preference towards the formation of the ‘Family B’ 1,3,4,2-dioxazaborole.  This 

is true for both the electron-rich A5 and A11 starting 1,3,4,2-dioxazaboroles and 

therefore, implies that in CD3CN, the equilibrium lies towards the formation of the 

‘Family B’ 1,3,4,2-dioxazaboroles. 

 

Table 4.3: Summary of the ratios determined from the exchange reactions between 1,3,4,2-dioxazaboroles 

A5 and A11, with boronic acids B and C.  

1,3,4,2-dioxazaborole (AX) Boronic acid (M) AX (%) MX (%) Ratio (AX:MX) 

A5 B 44 56 1 : 1.3 

C 25 75 1 : 3 

A11 B 42 58 1 : 1.4 

C 61 39 1 : 0.6 
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However, the exchange reactions wherein boronic acid C was introduced 

appeared to be affected by the hydroxamic acid functionality.  For the case of A5, wherein 

the hydroxamic acid is functionalised with an electron-rich CH3 group, the preference lies 

towards the formation of the new ‘Family C’ 1,3,4,2-dioxazaborole, C5.  However, in 

contrast, when using A11 as the starting 1,3,4,2-dioxazaborole, which contains an 

electron-withdrawing CF3, the exchange process shows a preference for the original 

1,3,4,2-dioxazaborole over the new C11 compound.  

 The exchange reactions between the 1,3,4,2-dioxazaboroles and boronic acids 

show that an exchange event does occur, however, it would be beneficial to collect more 

data, requiring additional experiments to be carried out, implementing more boronic 

acids.  
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4.5.1 Computationally calculated mechanistic pathways for boronic acid exchange  

As with the hydroxamic acid exchange, complementary computational calculations were 

carried out on the exchange reaction between a 1,3,4,2-dioxazaborole and a boronic acid.  

These were carried out by Thomas Malcomson (PhD, 2019).  In this particular 

mechanism, the starting boronic acid is functionalised with a phenyl group and contains 

no other functionality, and the boronic acid being introduced is A, wherein there are two 

methyl groups ortho- to the boronic acid, thus representing a more electron-rich boronic 

acid.   

 The starting species is a deprotonated boronic acid bound to a 1,3,4,2-

dioxazaborole, and the first step in the mechanism involves an initial breaking of the 

carbonyl oxygen of the hydroxamic acid from the boron, which facilitates the binding of 

the second boronic acid (step i).  The energy involved in the formation of this first 

transition state was calculated to be 59.6 kJ mol-1, which is of a similar magnitude to the 

equivalent step for the hydroxamic acid exchange mechanisms (Fig. 4.21).  The second 

step is lower in energy, which most likely stems from the stability of the delocalisation 

of electrons across the ‘amide’ functionality of the hydroxamic acid.  The most significant 

step involves an energy difference of 73 kJ mol-1 (step v) and could be the rate-

determining step in this exchange process.  Step v involves the formation of a transition 

state wherein the 7-membered ring is destabilised through the breaking of the first boronic 

acids oxygen bond to the second boronic acids boron.  The increase in energy is most 

likely due to the formation of a di-anionic species, which is then stabilised through 

hydrogen bonding in the following step by the rearrangement in the geometry of the entire 

structure.   
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Figure 4.21: Computationally calculated concerted mechanistic pathway for the exchange of boronic acid in 1,3,4,2-dioxazaboroles. [R = phenyl; R’ = phenyl; R” = 2,6-

dimethylphenyl (A)] 
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As with the hydroxamic acid exchange mechanisms, the mechanistic pathway for 

the boronic acid swap also exhibits symmetry, however, the resulting product wherein the 

1,3,4,2-dioxazaborole is functionalised with boronic acid A is relatively more stable than 

the F-functionalised 1,3,4,2-dioxazaborole, where F represents the phenylboronic acid.  

However, in contrast to the conclusions drawn from the computational 

calculations, the experimental data suggest a preference for the formation of B- and C- 

boronic acid functionalised 1,3,4,2-dioxazaboroles, rather than the more electron-rich 

boronic acid, A, except in the case of the exchange reaction between A11 and C, which 

complimented the computational results. This may infer that a dissociative mechanistic 

pathway may be the more appropriate route, however, these computational calculations 

were not run, and thus, cannot form part of the discussion.  The dissociation mechanism 

(Scheme 4.6, b) would be like the hydroxamic acid exchange equivalent, wherein the 

binding of a Lewis basic OH anion facilitates the hydrolysis of the 1,3,4,2-dioxazaborole 

to its respective hydroxamic acid and boronic acid starting materials.  The new boronic 

acid would then react with the released hydroxamic and form the new 1,3,4,2-

dioxazaborole.   

 

 

Scheme 4.6: Schematic representation of the mechanistic pathways by which the exchange of the boronic 

acid functionality of 1,3,4,2-dioxazaboroles can occur by a) concerted mechanism, or b) 

hydrolysis/dissociative mechanism.
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4.6 Conclusions 

The dynamic characteristics of the heterocyclic ring were confirmed utilising a range of 

experimental protocols for the exchange of both hydroxamic acids and boronic acids.  

Due to the fast kinetics of the exchange reactions, accurate kinetic data could not be 

obtained, but through the isolation of hydroxamate complexes of 1,3,4,2-dioxazaboroles, 

investigations into the mechanisms of exchange were carried out.  As such, the solution-

phase experiments were backed up by computational calculations for most of the possible 

mechanisms on which of the exchange processes could potentially take place.  The 

switching of hydroxamic acids appears to occur readily in solution upon addition of a new 

hydroxamic acid to a pure 1,3,4,2-dioxazaborole, with the distribution of products 

dependent on the electronic substituents on the aromatic systems used.  Through 

comparing the resulting ratios of respective 1,3,4,2-dioxazaboroles present within the 

solution, and comparing the relative energies of the final products of each of the HA 

functionalities, it was possible to infer that the ‘dissociation’ and associative ‘protonated’ 

mechanisms were the most likely in the standard exchange reactions carried out in 

CD3CN.  However, through specific experiments, such as the VT experiments on a 

mixture of 1,3,4,2-dioxazaboroles, it was possible to further narrow down the possibilities 

to solely the ‘dissociation’ mechanism for that reaction set.  However, it is worth noting 

that the solvent and presence of additional compounds, such as DMAP, acid, base, or 

solvent will also influence the overall distribution of products and mechanism(s).  

 In addition, the formation of a dynamic combinatorial library has also been 

confirmed by the addition of DMAP to the HA swap (Scheme 4.7), with evidence of the 

species formed identifiable by MS, NMR spectroscopy and through the isolation of 

crystal structures.  These reactions also appeared to be dependent on the electronics of 

the new hydroxamic acid being introduced, indicating that a more electron-rich 

hydroxamic acid will have a greater effect on effecting the dynamic equilibrium between 

the formation of both 1,3,4,2-dioxazaboroles, compared to an electron-poor hydroxamic 

acid.  
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Scheme 4.7: Simplified schematic diagram, representing the diversity of the dynamic covalent library 

formed from the reaction of a complexed 1,3,4,2-dioxazaborole and hydroxamic acid, as indicated in the 

blue box. The triangles represent hydroxamic acids, the green squares represent boronic acids and the pink 

circles represent a Lewis basic ligand, for example, DMAP.  

 

The exchange of boronic acids was tested, with the experimental and 

computational results providing different theories about the relative position of equilibria 

on the ratios between electron-rich and electron-poor 1,3,4,2-dioxazaboroles.  The 

experimental evidence suggests a preference for the formation of the more electron-poor 

1,3,4,2-dioxazaborole, whereas, the computational suggests the reverse.  It was, therefore, 

postulated that a dissociation mechanism may be the dominating pathway, which may 

give results like those observed for the experimental data.  However, this would require 

additional computational calculations to confirm.  Overall, a more extensive investigation 

into the exchange reaction between 1,3,4,2-dioxazaborole and boronic acids is needed, 

wherein a greater range of functionalities can be tested for their influence in the exchange 

process. 
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4.7 Synthetic Protocols 

For the following syntheses, the acidic work-up was carried out using dilute HCl(aq) 

(approx. 50 mL).  In the case of terephthaloyl hydroxamic acid, the acidification of the 

solution resulted in the precipitation of the product, and thus, was collected by filtration.  

The other syntheses required concentration of the solutions in order to facilitate 

precipitation, followed by recrystallisation, and this is most likely due to increased 

solubility in the polar solvent system of methanol and water.  

 

p-pyridine hydroxamic acid (4)204 

 

Methylester isonicotinate (8.13 g, 58.84 mmol) was dissolved in methanol (50 mL). 

Hydroxylamine hydrochloride (14.82 g, 213.32 mmol) and NaOH (14.19 g, 354.81 

mmol) was dissolved in deionised water (50 mL) and added to the methanol solution. The 

two were stirred at 40 °C overnight. After cooling to room temperature, the solution was 

acidified to approximately pH 6, and then concentrated under reduced pressure to afford 

a yellow solid as the crude product. The product was then recrystallised from near-boiling 

water to afford pale yellow needles (6.75 g, 83%). 1H NMR (300.1 MHz, d6-DMSO): δ 

= 11.51 (s, 1H, a), 9.32 (s, 1H, b), 8.71 (dd, J = 4.4, 1.7 Hz, 2H, d), 7.68 (dd, J= 4.4, 1.7 

Hz, 2H, c). Mp  = 170-172 °C. (lit = 171 °C)204. 

 

p-tolylhydroxamic acid (5)205  

 

To a solution of methyl 4-methylbenzoate (3.02 g, 20.06 mmol) in methanol (80 mL), 

sodium hydroxide (4.97 g, 124.20 mmol) and hydroxylamine hydrochloride (4.25 g, 

61.16 mmol) in water (80 mL) was added and the resulting cloudy solution stirred at 40 

°C overnight. The solution was then allowed to cool to room temperature before dropping 

the pH down to ~6.2 by the addition of dilute hydrochloric acid (HCl) solution. The 

resulting pale-yellow solution was then concentrated under reduced pressure until the 
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appearance of a precipitate started, and the flask was then placed in the fridge to facilitate 

further crystallisation. The resulting pale yellow crystalline solid was then collected by 

filtration (1.57 g, 52%). 1H NMR (300.1 MHz, d6-DMSO, δ) 11.14 (s, 1, a), 8.95 (s, 1H, 

b), 7.65 (dd, J = 1.7, 4.7 Hz, 2H, c), 7.25 (d, J = 7.9 Hz, 2H, d), 2.34 (s, 3H, e). Mp = 

142-145 °C. 

 

p-(dimethylamino)phenyl hydroxamic acid (6)206 

 

Methyl 4-(dimethylamino)benzoate (3.02 g, 16.85 mmol) was dissolved in methanol (50 

mL). NaOH (4.05 g, 101.27 mmol) and hydroxylamine hydrochloride (3.65 g, 52.47 

mmol) were dissolved in water (50 mL). The two solutions were combined and stirred at 

40 degrees for 16 hours, before then cooling to room temperature and adjusting the pH to 

pH 6.8 by addition of aqueous HCl. The solution was then concentrated under reduced 

pressure until the formation of precipitate. The flask was then placed into the fridge 

overnight. The resulting cream/brown crystalline solid was then collected by filtration 

and dried in the oven at 50 degrees overnight (1.42 g, 47 %). 1H NMR (300.1 MHz, d6-

DMSO, δ) 10.86 (br s, 1H, a), 8.71 (br s, 1H, b), 7.62 (dd, J = 2.0, 7.0 Hz, 2H, c), 6.68 

(dd, J = 2.0, 7.1 Hz, 2H, d), 2.96 (s, 6H, e). Mp = 176 – 178 °C. (lit = 177 °C).206 

 

p-(trifluoromethyl)phenyl hydroxamic acid (11) 

 

Methyl 4-(trifluoromethyl)benzoate (5.02 g, 24.6 mmol) was added to a 250 mL round 

bottomed flask together with methanol (50 mL). Hydroxylamine hydrochloride (5.18 g, 

74.5 mmol) and sodium hydroxide (6.14 g, 153.5 mmol) were dissolved in deionised 

water (50 mL). The two solutions were mixed and stirred at 40 oC overnight. The resulting 

solution was then acidified to pH 6, and concentrated under reduced pressure until the 

appearance of a precipitate. The flask was then removed and placed in an ice-bath to 

facilitate further precipitation of a white, crystalline product, which was then collected by 
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filtration (4.35 g, 87%). 1H NMR (300.1 MHz, d6-DMSO, δ) 11.45 (s, 1H, a), 9.23 (s, 1H, 

b), 7.96 (d, J = 8.1 Hz, 2H, c), 7.85 (d, J = 8.2 Hz, 2H, d). Mp = 134-136 °C (lit = 135 

°C). 

 

terephthalolylhydroxamic acid (16)207 

 

Dimethyl terephthalate (5.04 g, 25.98 mmol) was dissolved in MeOH (50 mL). 

Hydroxylamine hydrochloride (10.81 g, 155.5 mmol) and sodium hydroxide (12.48 g, 

312.1 mmol) were dissolved in deionised water (45 mL). The two solutions were then 

combined and stirred at 40 °C overnight. The solution was then acidified to pH 6.5 by 

addition of HCl(aq), and the resulting white precipitate was collected and dried in the 

oven overnight (3.92 g, 77%). 1H NMR (300 MHz, d6-DMSO): δ = 11.32 (s, 1H, a), 9.15 

(s, 1H, b), 7.81 (d, J = 1.0 Hz, 4H, c); Mp = 234-235 °C (decomp.) (lit = 236 °C, 

decomp.)207. 

 

4-aminophenylhydroxamic acid (17) 

 

This compound was synthesised by Hayley Green during her PhD. 1H NMR (300 MHz, 

d6-DMSO): δ = 10.73 (s, 1H, a), 8.64 (s, 1H, b), 7.48 (d, J = 8.5 Hz, 2H, c), 6.52 (d, J = 

8.5 Hz, 2H, d), 5.48 (s, 2H, e). Mp = 184-186 °C (decomp.) (lit = 185 °C, decomp).208 
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5. Supramolecular Chemistry of 1,3,4,2-dioxazaboroles 

5.1 Preface 

The work carried out in this chapter comprises of preliminary results on the 

supramolecular chemistry of 1,3,4,2-dioxazaboroles, including work carried out during 

my 6-week placement in the lab of Prof Michael Mastalerz, in Heidelberg University, 

Germany.  In addition, the coordination potential of pyridine-functionalised 1,3,4,2-

dioxazaboroles to transition metal(II) salts are explored.  The work carried out in this 

chapter is still within its preliminary stages, with the aim of the projects to provide 

examples of applications in which 1,3,4,2-dioxazaboroles may be utilisable.  

 

5.2 Self-Assembly of 1,3,4,2-dioxazaboroles  

Molecular cages have been found to have many applications for guest encapsulation,19, 24, 

209 as well as catalysis.210, 211  Literature examples include both organic, covalently bound 

cages,41, 212 as well as those produced through the coordination of organic ligands to metal 

centres.213-215  There are merits to both types of cages, however, it may be argued that due 

to the stronger covalent bonds present within the organic cages, the products tend to 

exhibit characteristically more robust structures.  Metal-organic frameworks that bind 

through weaker coordination bonds may have advantages in additional flexibility and 

reversibility in bond formation.  

Covalent organic cages, which are the subject of this project, have so far been 

shown to exhibit high crystallinity, owing largely to their dynamic nature that allows self-

correction processes to take place.24, 216  Their porosity can be a result of both the 

inefficient packing of the molecules themselves, which is termed extrinsic porosity or 

stemming from the void spaces present within the molecules, intrinsic porosity.  The 

selectivity of the cage is dominated by both sterics and electrostatics.  For example, a 

cage with a large cavity will most likely be unselective in its encapsulation of small 

molecules and unlikely to bind them strongly (Fig 4.1, A).  However, by the addition of 

sterically bulky groups, greater selectivities can be achieved due to the larger molecules 

being blocked from entry by the bulky substituents on the cage (Fig 4.1, B).  
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Figure 5.1: a) Simplistic stick representation of a cage, wherein the cavity exhibits no selectivity in guest 

encapsulation.  b) Simplistic stick representation of a cage in which the entry of large, bulky molecules into 

the cavity is blocked by bulky substituents on the cage.  

 

 This project aimed to synthesise two target materials based on triptycene (Fig 5.2, 

a and b), and then implement these materials for the construction of novel covalent 

organic cages through condensation reaction between target material J and terephthaloyl 

hydroxamic acid (16), and target material 17 with 1,3,5-benzene triboronic acid (I), 

respectively (Fig 5.3).  As previously determined (see previous chapters), the formation 

of the 1,3,4,2-dioxazaborole heterocycle is reversible, and therefore, its inherently 

dynamic nature would allow for the required self-correction processes to take place, thus 

allowing for the self-assembly of a thermodynamically stable cage.   

 

 

Figure 5.2: ChemDraw representations of the target materials. a) 2,7,14-tris(boronic acid)tryptycene (J). 

b) 2,3,6,7-tetra(hydroxamic acid)tryptycene (17). 
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Figure 5.3: ChemDraw representations of the a) terephthaloylhydroxamic acid 16 and b) 1,3,5-benzene 

triboronic acid, I.  

 

5.2.1 [6+4] tetrahedral cage formation 

Considering the geometries of the ligands involves (terephthaloyl hydroxamic acid as the 

linear ditopic 16, and trigonal J), the proposed condensation reaction J + 16 has the 

potential to form many different assemblies, including cages and 2D polymeric structures.  

Upon comparison of a cage formed from similar ligands by Mastalerz and co-workers,41 

the reaction was expected to form a [6+4] tetrahedral cage, wherein six molecules of J 

would combine with four molecules of 16 when applying the same methodology as used 

by the group.  The cage was modelled similarly to the Mastalerz cage by first drawing out 

in ChemDraw 3D in the same spatial arrangement as displayed by the crystallographic 

representation of the Mastalerz cage.41  The structure, once built, was optimised further 

using Spartan (Fig 5.4, b).  

 

 

 

 



5. Supramolecular Chemistry of 1,3,4,2-dioxazaboroles 

205 

 

 

Figure 5.4: a) Previously synthesised [6+4] cage, from the condensation reaction of 9,10-dihydro-9,10-

[1,2]benzenoanthracene-2,3,6,7,14,15-hexaol and 1,4-benzene diboronic acid.41 b) Expected [6+4] cage 

from the condensation reaction between J and 16. [Structure of (a) was taken from the published 

crystallographic data, and (b) was built using ChemDraw 3D 16.0, and optimised using Spartan 14, V 

1.1.8].  

 

 The synthesis of J, as shown in Scheme 5.1, first required the functionalisation of 

tryptycene with nitrate groups for subsequent functional group conversions to afford the 

final boronic acid functionality.19  The nitration step involved the formation of many 

isomers and other related products of the trinitrotryptycene compound, of which the 

desired isomer is a minor product, and thus required purification by column 

chromatography.  The successive conversion from the nitro- to amino- functionality was 

almost quantitative after purification; the triamino intermediate was converted to the 

tribromo-functionalised tryptycene using Sandmeyer conditions.217  This reaction gave a 

poorer yield than previous steps (51%), after purification.  The subsequent Miyaura 

borylation reaction gave a reasonable yield of 72 % and the final step was thus carried 

out, removing the pinacol chelate and isolating the desired 2,7,14-tris(boronic 

acid)tryptycene (J).   
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Scheme 5.1: Chemdraw representation of the synthetic pathway to synthesise target material J.  

 

 Through the isolation of J (40 mg, 0.1 mmol), preliminary experiments were thus 

carried out to synthesise the desired [6+4] cage.  These experiments were performed by 

combining six equivalents of terephthaloyl hydroxamic acid and four equivalents of J in 

a sealed vial, with variations made on the solvents used (Table 5.1).   

 The initial tests used DCM as the main solvent, with the percentage of methanol 

and 1,4-dioxane altered, however, it was found that despite constant thermal reflux, no 

solvation of the starting materials occurred, thus, no cage formation was observed.  By 

changing to a more polar Lewis-basic solvent (CH3CN), with even more polar additives 

(DMF and DMSO), it was hoped that the starting materials and cage fragments would 

stay in solution, thus, increasing the chance of the formation of a complete cage.  The 

resulting suspensions were then analysed by MALDI-MS, due to the insolubility of the 

products made.  The results concluded that despite no complete cages being observable, 

trace amounts of cage fragments were identified.  The resulting data from reactions g13b 
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and g14a showed the formation of [1+1], [1+2] and [1+3] fragments, indicating the 

successful reaction of one molecule of J with one, two and three molecules of 

terephthaloyl hydroxamic acid, respectively (Fig 5.5).  Overall, this indicated that the 

potential to form the desired product is likely achievable, given the correct conditions.  

Due to the insolubility of these fragments, solution-based NMR spectroscopy was not 

possible.  However, IR analysis (Appendix, Section E) was carried out on both the filtrate 

and residues and showed the presence of both starting materials as well as new peaks, 

which may represent the cage fragments present within the mixtures.  

 

 

Figure 5.5: Scanned copy of MS results from the attempted synthesis, g13b, after 3 days of reaction. The 

highlighted peaks represent the fragments of cage formation. 
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Table 5.1: Summary of screening tests, carried out at 80 ˚C by use of a sand bath.  

Experiment  Solvent mixture Amount of J 

used (mmol) 

Amount of 16 

used (mmol) 

Cage formed? 

1a DCM + 2 % CH3OH 

(Vol total = 5 mL) 

0.015 0.021 N 

1b DCM + 14 % CH3OH 

(Vol total = 5.76 mL) 

0.015 0.020 N 

1c DCM + 2 % CH3OH + 

4 % dioxane 

(Vol total = 5.2 mL) 

0.015 0.020 N 

1d DCM + 14 % CH3OH 

+ 4 % dioxane 

(Vol total = 5.96 mL) 

0.015 0.021 N 

2a CH3CN + 8% DMF 

(Vol total = 5 mL) 

0.007 0.011 N 

2b CH3CN + 16% DMF 

(Vol total = 5 mL) 

0.010 0.015 N 

2c CH3CN + 24% DMF 

(Vol total = 5 mL) 

0.009 0.014 N 

2d CH3CN  

(Vol total = 5 mL) 

0.008 0.012 N 

3a CH3CN + 8% DMSO 

(Vol total = 5 mL) 

0.02 0.03 N 

3b CH3CN + 3% DMF 

(Vol total = 6 mL) 

0.02 0.03 N 
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5.2.2 Attempted synthesis of [6+8] cage material, 17. 

The synthesis of 17 (Scheme 5.2) first required the bromination of 1,2,4,5-tetramethyl 

benzene, requiring four days of heating under reflux conditions and UV-radiation.  The 

conversion to S5 was successful, with an overall yield of 52 %, and the subsequent 

synthesis of N,Nʹ-diphenyl-2,3,6,7-anthracenedicarboximide (S6) was also successful 

with a yield of 82 %.  However, the full conversion to 17 was not achieved, as isolating 

one of the intermediates (S7 and S8) along the reaction pathway proved to be problematic.  

The following step in which the dicarboximide (S6) is hydrolysed to the carboxylic acid 

was unsuccessful and afforded none of the desired product, S7.  A slight variation to the 

synthetic pathway was chosen in the hopes of generating a more soluble product to then 

hydrolyse. Therefore, conversion from S6 to S8 was attempted but was also unsuccessful.  

It was determined that the amide functionality on the anthracene prevented the Diels-

Alder reaction from taking place.  
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Scheme 5.2: Chemdraw representation of the synthetic pathway to synthesise target material 17. 

 

Due to the lack of time remaining in the project, the rest of the pathway was put 

to one side to concentrate fully on completing the synthesis of target material J, and the 

subsequent cage formation experiments. 
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5.3 Coordination Chemistry of 1,3,4,2-dioxazaboroles 

Coordination chemistry, wherein a metal centre acts as a Lewis acid and binds to organic 

ligands which act as Lewis bases, is a phenomenon which occurs readily in nature, and 

plays a vital role in physiology, as demonstrated by the siderophoric characteristics of 

hydroxamic acids.69, 74  Coordination chemistry, however, is not limited to just biological 

applications and can be implemented within the production of metal-organic frameworks 

(MOFs) which have applications in gas separation and storage,218-220 and catalysis.221, 222  

In addition, the coordination of organic ligands to metal centres can also be used to create 

interesting and complex topologies, such as molecular knots,223, 224 rotaxanes225-227 and 

Borromean rings,228, 229 which all contain mechanically interlocked bonds that prevent the 

structures from unfolding.   

Over the years, the implementation of pyridyl and imine groups within 

coordination chemistry has been prominent within the literature, with many examples 

present of coordination cages being formed by using these motifs.  For example, the work 

carried out by Nitschke and co-workers focuses on the condensation between aldehydes 

and amines to form imine-type coordination chemistries with Cu(I) and Fe(II) with the 

emphasis on forming complexes such as cages, helicates and catenanes.230, 231  In addition, 

the use of pyridine-based organic linkers is also a popular method, wherein the position 

of the nitrogen on the aromatic ring influences the final geometries of the structures 

formed, as demonstrated by the plethora of literature available.232-235  One such review 

extensively discusses the effects on chelation size of organic pyridine-2-carboxamide and 

pyridine 2,6-dicarboxamide ligands, and their respective redox properties.236  A series of 

metals were discussed, including cobalt, zinc, copper and nickel, and the review, as a 

result, is extensive in its exploration of coordination complexes by comparing the 

geometries, nuclearities and reactivity of over 150 compounds.  A few years later, a paper 

released by Nitschke and co-workers explored the lengths and widths of ligands in 

relation to their preferred geometrical complex.237  The group found that the ligand aspect 

ratio was of paramount importance, despite the lack of information in the literature, and 

they observed that a decrease in length-to-width coincided with a switch towards the 

formation of a higher nuclearity structure, depending on the metal centre.  However, it is 

quite likely that the main influencing factor in these systems was the steric hindrance 

exhibited between the ligands if situated too closely together.    

The following section, therefore, explores the coordination potential of 1,3,4,2-

dioxazaboroles to transition metal (TM) centres, for potential applications in more 
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complex supramolecular assembly by determining the most likely geometries these 

ligand-types would form.  The work is largely inspired by Nitschke’s work using linear 

pyridine and imine linkers with soft transition metal centres, such as Fe(II).  As such, the 

initial trials were carried out on A4, wherein it was proposed that the A4 1,3,4,2-

dioxazaborole could bind through the two nitrogen present, [N,N], or through oxygen and 

nitrogen donation, [N,O], (Scheme 5.3).  For this reason, a series of transition metal(II) 

salts were tested – Fe2+, Co2+, Cu2+, and Ni2+ – with various counter-anions: Br¯, Cl¯, 

nitrate and acetate.   

 

 

Scheme 5.3: ChemDraw representation of the proposed binding modes of A4 with TM(II) salts. 

 

The experiment was designed to determine three factors: 1) the stoichiometry of 

the coordination, wherein the number of ligands to each metal centre is dependent on the 

size of the metal centre and the sterics around the ligand, 2) the preferred geometry and 

conformation of the ligands around the metal centre, which again, may be dependent on 

both the metal and the sterics of the 1,3,4,2-dioxazaborole, and 3) the preferred binding 

mode as discussed above.  It is worth noting, that due to the close proximity of the 5-

membered chelate formed by the two heteroatoms binding to the metal centres, coupled 

to the sterics around the chelate, that an octahedral complex wherein three 1,3,4,2-
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dioxazaborole ligands are bound to one metal centre was highly unlikely, and therefore, 

were not assumed to be formed.  

The study was carried out by setting up a series of vials containing one or two 

equivalents of A4 with one equivalent of M2+ in CH3OH at concentrations of 

approximately 0.06 mol/L.  Each of the metal solutions exhibited a colour change upon 

the addition of 1,3,4,2-dioxazaborole that indicated the potential coordination of a ligand.  

The vials were then partially closed and set aside for crystallisation via slow solvent 

evaporation.  The resulting isolated crystals were then analysed by ScXRD.  However, 

the resulting crystal structures (Fig 5.4) show that the 1,3,4,2-dioxazaborole heterocycle 

had hydrolysed, resulting in the isolation of the hydroxamic acid (4) bound to either Co2+ 

or Cu2+ metal centres, in a 2:1 ratio of hydroxamic acid to metal, with the counter anions 

also binding to the metal, thus forming an octahedral complex.  It is worth noting that 

with the overall broadening of the resonances within the 1H NMR spectrum, upon 

addition of the metal, it was difficult to determine whether hydrolysis of the heterocycle 

occurred immediately, or whether it is a consequence of solid-state packing.  Most 

intriguingly, the preferred binding mode appears to be through the carbonyl oxygen of 

the hydroxamic acid, rather than the nitrogen, thus forming a mixed donor complex.  This 

has been observed previously in the literature, with the coordination of 2-pyridyl 

hydroxamic acid exhibiting the same binding mode to Zn(II).238  However, there does 

appear to be a limited number of examples of these coordination modes, compared to 

[N,N] binding modes of similar organic ligands.  In which case, the binding mode 

observed in this experiment could be considered atypical of 2-pyridylhydroxamic acid 

metal coordination.   

By applying HSAB theory, both Co and Cu are intermediate, and not particularly 

hard or soft acids.  This may explain the preferred [N,O] binding mode over the [N,N] 

binding mode.  However, it is also worth noting that the nitrogen would also require 

deprotonation, which, in the presence of free boronic and hydroxamic acid, is highly 

unlikely as these materials are acidic in nature.  It is possible that the preferred binding to 

the carbonyl oxygen, rather than the nitrogen, is a factor that contributed to the observed 

hydrolysis of the 1,3,4,2-dioxazaborole ligand.  Upon coordinating to the metal centre, 

the electron-density of the oxygen is pulled away from the Lewis acidic boron, towards 

the Lewis acidic metal, thus, weakening the B-O bond, and resulting in the hydrolysis of 

the heterocycle.  The carbonyl oxygen can bind more strongly to the metal and form the 
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stable 2:1 octahedral geometry with the hydroxamic acids sitting in the equatorial plane, 

as observed in the crystallographic data (Fig 5.6).  

   

 

Figure 5.6: a) Chemdraw schematic representation of the coordination of 4 to a M2+ metal centre, after 

the hydrolysis of A4. b) Crystallographic representation of two 4 molecules bound to a Co2+ centre, where 

X = Br. c) Crystallographic representation of two 4 molecules bound to a Cu2+ centre, where X = Cl. [Dark 

blue = cobalt; Turquoise = copper; blue = nitrogen; red = oxygen; dark grey = carbon; light grey = 

hydrogen; X represents the two anions that are also coordinated to the metal centre, in the axial position.] 

 

An additional variable that may contribute to the overall dynamic equilibrium, as 

discussed in previous chapters, is the presence of a solvent.  1,3,4,2-Dioxazaboroles were 

determined to have their equilibria lie towards the starting materials in polar solvents, 

such as CH3OH and DMSO.  As such, using CH3OH in these experiments may have 

biased the equilibrium towards the hydroxamic acid and boronic acid, therefore, making 

it more likely for the HA to coordinate to the metal centre, rather than the 1,3,4,2-

dioxazaborole ligand.   

 The hydrolysis of A4 was a rather informative result, owing to its description of 

the overall equilibrium between the 1,3,4,2-dioxazaborole, it’s respective starting 

materials and the metal salt.  It is possible that the hydrolysis of A4 to its constitutive 

starting materials, A and 4, may also have occurred due to the high water content of the 
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metal salts, which impacted the overall equilibrium between the formation of the 1,3,4,2-

dioxazaborole and its hydrolysis starting materials.  In addition, the presence of the 

coordinating anions may block any positions that may have potentially allowed for the 

binding of the complete ligand.   

With this in mind, the next set of experiments were carried out using TM(II) salts 

with bulkier, less-coordinating anions, as they would not act as strong competitors with 

the 1,3,4,2-dioxazaboroles in binding to the metal centres.  The anions chosen, therefore, 

were perchlorate ([ClO4]
¯), tetrafluoroborate ([BF4]

¯) and nitrate ([NO3]
¯), where both 

[BF4]
¯ and nitrate were also shown to have no binding affinity towards the boron in 

Chapter 3 and perchlorate is known to bind only weakly to Lewis acids.239  In addition, a 

tritopic 1,3,4,2-dioxazaborole moiety was used (ONMe.G15), which contains an 

additional nitrogen donor which may aid in increasing the affinity of the compound 

towards the metal centre through chelation effects. It is also worth noting that the boron 

centres of these compounds are chiral, and as such, upon binding to metal centres, have 

the potential to form interesting chiral complexes if given time to ripen towards their most 

stable configurations.  As the nitrone oxygen binds and dissociates from the chiral boron 

centres of the 2:1 complex, where there are four stereocentres, the system has the potential 

to swap the relative positions of its B-O bonds, and thus, evolve towards a complex 

wherein all of the boron centres are of the same configuration.  One such family of 

complexes in the literature, ‘PyBOX’ have been shown to have many applications of 

asymmetric catalysis due to its fixed chirality,240-242 and due to their structural similarities 

to the ONMe.G15 ligand, can form as a comparison (Fig 5.7).  However, it is worth 

noting that due to the dynamic character of the 1,3,4,2-dioxazaboroles, it is more likely 

that the chirality will not be fixed.  

 

 

Figure 5.7: ChemDraw representations of a) 2,6-bis(oxazoline)pyridine (‘PyBOX’) and b) 2,6-bis(3-

methyl-spiro[benzo[1,2,6]oxazaborinine-1,2'-[1,3,4,2]dioxazaborol]-5'-yl)pyridine (ONMe.G15). 
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As with the previous experiments, it is unclear as to which binding mode will be 

preferred, however, by choosing softer TMs, such as Cd(II), it is hoped that the [N,N,N] 

binding mode would be more likely due to comparisons with previously characterised 

coordination complexes in the literature.243, 244  The transition metal(II) salts chosen were 

Zn2+, Co2+, Ni2+ and Cd2+.   If we compare the 1,3,4,2-dioxazaboroles to the ‘PyBOX’ 

ligands, which have been shown by the isolation of single-crystals to bind in a 2:1 

stoichiometry to Cu(II)245, Zn(II)246, Ag(I)247 and Co(II)248 even with bulky side groups, 

with R representing iPr and phenyl subsituents, then it is quite possible that the 

ONMe.G15 ligands may also bind in a 2:1 stoichiometry (Scheme 5.4).   

 

 

Scheme 5.4: ChemDraw representation of the proposed binding modes of ONMe.G15 with TM(II) salts. 

Each of the boron chiral centres has been highlighted with a purple asterisk.  

 

 Initial results from the addition of a solution of the ligand to the coloured metal 

solutions indicated that coordination had occurred, owing to an observable colour-change 

for Co2+, Cu2+ and Ni2+. Both Zn2+ and Cd2+ exhibited no visible colour, as expected, 

however, evidence of coordination was also seen by 1H NMR spectroscopy for all the 

metals tested, wherein a broadening of the spectra was observed for each sample.  It is 

worth noting, however, due to the paramagnetic properties of Co2+ and Cu2+ that line 

broadening will occur regardless of coordination.   
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MS data for the copper sample allowed for the characterisation of a trace amount 

of species with a m/z = 1031.23, representing a 2:1 complex with a Cu(II) metal centre 

(C46H38B4CuN9O13).  However, the desired complex (C46H38B4CuN10O12) has a m/z = 

1029.23 (Fig 5.8, a), suggesting that of the ONMe arms has been hydrolysed and the 

boron is coordinated instead to a methoxy group (Fig 5.8, b).   

 

 

Figure 5.8: a) ChemDraw representation of the desired ligand coordinated to a Cu(II) metal centre. b) 

ChemDraw representation of the ligand coordinated to a Cu(II) metal centre, wherein one of one the 

intramolecular nitrone Lewis base has hydrolysed, causing the binding of the methoxy group to the Lewis 

acidic boron centre. [Geometry of structures altered for clarity] 

 

1H NMR spectroscopy showed a large change in the chemical shift for many 

resonances upon addition of the metal to the ligand solution (Fig 5.9).  One resonance of 

interest is that which corresponds to the hydrogen highlighted with the blue spot, which 

experiences the greatest upfield shift upon binding to the metal centre.  This indicates that 

that nucleus experiences a deshielding effect, as do the resonances highlighted in green 

and red.  In contrast, the aromatic resonances highlighted by the yellow circles, as well 

as those highlighted by grey circles, experience a downfield shift indicating a shielding 

effect, upon binding to the metal centre, which possible arises due to an increase in 

electron density, through π-back donation of the metal d-orbitals.249  As mentioned 

previously, line broadening was observed after the addition of the copper salt to the ligand 

and is most likely due to the paramagnetism of the resulting complex.  It may also be a 

consequence of the dynamic exchange between the nitrogen atoms of the ligand-binding 

and unbinding to the metal centre, due to the constrained geometry of the ligands around 
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the coordination sphere, as well as the potential binding and unbinding of the 

intramolecular nitrone Lewis base to the Lewis acidic boron.   

 

 

Figure 5.9: Stacked 1H NMR spectra (400 MHz, CD3OD, 298K) of the ligand (red) and the Cu(II) metal 

complex (blue). Note, the 1H NMR spectra offers no information on the binding mode of the ligand to the 

metal centres, therefore the structure drawn was that of the fragment determined by MS.  

 

In addition, due to the lack of solubility of the ligand in most solvents, these 

experiments were carried out in d6-DMSO, which as discussed in previous chapters, acts 

as a competitor to the boron centre, and may also add to the dynamics of the system.  

However, no evidence of any d6-DMSO complexes were observed in the MS analysis, 

indicating that although the solvent can act as a competitor, due to the close proximity of 

the intramolecular nitrone group, a DMSO molecule may not be able to bind efficiently 

to the boron centre.  The dynamic nature of the system also meant that the isolation of 

single crystals proved to be extremely difficult.  Owing to the high boiling point and 

vapour density of the solvent, the growth of crystals via slow evaporation was very 

unlikely.   
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5.4 Conclusions  

In summary, the potential application of 1,3,4,2-dioxazaboroles in both the self-assembly 

of cages and metal-coordination complexes was explored. The preliminary results that 

make up this chapter indicate that 1,3,4,2-dioxazaboroles have the potential to form 

covalent organic frameworks, which, upon finding the correct conditions, may allow for 

the isolation of cages.  It was observed through the implementation of several analytical 

techniques, MS and NMR spectroscopy, that traces of products on the way to cage 

formation were present (Section 5.2.1).  IR spectroscopy, in the case of the organic cage 

synthesis, was useful in determining the formation of new products, however, it was not 

conclusive in determining the structure of the products of the cage assembly experiments.   

 Through attempts using A4 as the 1,3,4,2-dioxazaborole ligand, the resulting 

hydrolysis and subsequent hydroxamic acid metal 2:1 complex gave insight into the 

mechanism by which complexation occurs.  It is likely that upon binding to the 

heterocyclic nitrogen, the 1,3,4,2-dioxazaborole experiences a loss in electron-density, 

thus, causing the hydrolysis of the ring.  This, therefore, led to the implementation of 

ONMe.G15 for metal coordination, as it was found in Chapter 3 to be less likely to 

hydrolyse in solution, owing to its intramolecular Lewis acid-Lewis base complex.  

Through analysis of the MS data, it was possible to characterise a trace amount of a 

compound with chemical formula, C46H38B4CuN9O13, indicating that the two ligands had 

coordinated to the copper metal centre.  It is, therefore, plausible that through using the 

correct conditions, more complex architectures using longer 1,3,4,2-dioxazaborole 

moieties could be produced, such as metallocages, and is discussed briefly in the 

following chapter.  
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5.5 Synthetic protocols 

 

5.5.1 Target material J 

2,7,14-trinitrotryptycene (S1)217 

 

Tryptycene (10.0 g, 39.3 mmol) was stirred in AcOH (70 mL) at 0 ˚C, to which fuming 

nitric acid (51 mL) was added and the reaction mixture stirred at 0 ˚C for a further 10 

minutes.  The resulting dark orange solution was then warmed to room temperature and 

stirred for another hour, before decanting onto water (1000 mL) and stirred for another 

30 minutes.  The resulting pale-yellow solid was collected by filtration, redissolved in 

DCM (600 mL) and washed with brine (150 mL), before drying over Na2SO4 and 

concentrating under reduced pressure to afford a thick dark orange oil.  The product was 

then purified by column chromatography (5:1 → 2:1, Pet. Ether: EtOAc) to afford a white 

crystalline solid (2.305 g, 17 %). 1H NMR (300.1 MHz, d6-DMSO): δ = 8.39 (d, J = 2.3 

Hz, 3H, a), 8.04 (dd, J = 8.2, 2.3 Hz, 3H, b), 7.83 (d, J = 8.2 Hz, 3H, c), 6.45 (s, 1H, d), 

6.40 (s, 1H, e).  

 

2,7,14-triaminotryptycene (S2)217 

 

S1 (1.55 g, 3.98 mmol) was suspended in THF (30 mL) and EtOH (12 mL), along with 

Pd/C (5 % w/w, 1.22 g) and heated to 60 ˚C. Hydrazine hydrate (2.2 mL, 45.2 mmol) was 

added dropwise and the reaction left to stir at 60 ˚C for a further 2 hours. After cooling to 

room temperature, the reaction mixture was passed through celite, washing with DCM 

(200 mL) and MeOH (50 mL). The solvent was then removed under reduced pressure to 

afford a pale yellow oil. At this point, upon attempting to wash out the oil into a smaller 
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flask, using DCM and acetone, water was also added and induced the formation of a pale 

grey precipitate which was collected by filtration (0.672 g, 96 %). 1H NMR (300.1 MHz, 

d6-DMSO): δ = 6.89 (d, J = 7.8 Hz, 3H, c), 6.62 (d, J = 2.1 Hz, 3H, a), 6.08 (dd, J = 7.7, 

2.1 Hz, 3H, b), 4.89 (s, 2H, d, e), 4.63 (s, 6H, f). 

 

Synthesis of 2,7,14-tribromo triptycene (S3)217 

 

S2 (1.01 g, 3.37 mmol) was added to HBr (3.3 mL) and water (10 mL), in an ice-bath and 

a solution of NaNO2 (0.82 g, 12.0 mmol) in water (20 mL) was added slowly for 10 

minutes, turning the solution from brown to yellow. The reaction mixture was stirred at 

0 ˚C for 20 minutes, then slowly added to a solution of refluxing CuBr (1.94 g, 13.5 

mmol) in HBr (10 mL) and refluxed for a further 2 hours. After cooling to room 

temperature and stirred overnight. The resulting black solution was then extracted with 

DCM (3 x 100 mL), washed with water (2 x 100 mL), dried over Na2SO4 and concentrated 

under reduced pressure to afford a dark orange oil. The product was then purified by 

column chromatography (10:1, pet. ether: DCM) to afford a white solid (0.51 g, 31%). 

1H NMR (300.1 MHz, CDCl3) 7.51 (d, J = 1.8 Hz, 3H, a), 7.23 (d, J = 7.8 Hz, 3H, b), 

7.15 (dd, J = 7.8, 1.8 Hz, 3H, c), 5.32 (s, 1H, d), 5.28 (s, 1H, e).  
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2,7,14--tris(4,4,5,5-tetramethyl-1,3,2-dioxazborolan-2yl)-tryptycene (S4)19 

 

S3 (0.4 g, 0.8 mmol), bis(pinacolato)diboron (0.65 g, 2.58 mmol), KOAc (0.63 g, 6.40 

mmol) and Pd(dppf)Cl2 (43 mg) were suspended in 1,4-dioxane (10 mL) and stirred at 

100 ˚C overnight (solution turned from orange to black). After cooling to room 

temperature, the mixture was diluted with DCM (50 mL) and washed with water (6 x 100 

mL), dried over Na2SO4 and the solution concentrated under reduced pressure to afford a 

black oil. This was then re-dissolved in DCM and the product purified by column 

chromatography (DCM, Rf = 0.41) to afford a colourless solid (0.36 g, 62%). 1H NMR 

(300.5 MHz, CDCl3) 7.78 (s, 3H, a), 7.45 (dd, J = 7.3, 1.0 Hz, 3H, b), 7.37 (d, J = 7.3 Hz, 

3H, c), 5.48 (s, 1H, d), 5.43 (s, 1H, e), 1.28 (s, 42H, f)* 

*integration too high; there may be excess pinacol present despite column 

 

2,7,14-tris(boronic acid)tryptycene (J)19, 250 

 

S4 (0.30 g, 0.47 mmol) was dissolved in THF (10 mL) and water (3 mL), to which NaIO4 

(1.02 g, 4.7 mmol) was added. The resulting suspension was stirred at room temperature 

for 24 hours, before adding aqueous HCl (0.1 mL, 1M) and stirred at room temperature 

for a further 24 hours. The product was then extracted with diethyl ether (3 x 50 mL) and 

the combined organic layers were washed with water (3 x 100 mL) and dried over Na2SO4 

before concentrating under reduced pressure to afford a yellow oil. The product was then 

recrystallized with hot water to afford a colourless solid (0.04 g, 22%). 1H NMR (300.5 
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MHz, d6-DMSO) 7.90 (s, 6H, f), 7.83 (s, 3H, a), 7.41 (dd, J =12.4, 7.3 Hz, 6H, c, b), 5.61 

(s, 1H, d), 5.56 (s, 1H, e). 

 

5.5.2 Target material 16 

1,2,4,5-tetrakis(dibromomethyl)benzene (S5)251 

 

Bromine (46.6 mL, 90.4 mol) was added dropwise to a refluxing solution of 1,2,4,5-

tetramethyl benzene (2.90 g, 2.16 mol) in chloroform (220 mL). The solution was left 

refluxing for a further 5 days under a 375 W floodlight. After cooling to room 

temperature, the orange solution was then neutralised by the addition of 5% NaHCO3 

(approx. 150 mL) and the resulting white precipitate collected by filtration and washed 

with 10% thiosulphate solution, water and MeOH. Mass of product = 8.59 g (52%). 1H 

NMR (300.5 MHz, d2-1,1,2,2-tetrachloroethane) 8.00 (s, 2H, a), 7.10 (s, 4H, b).  

 

N,N’-diphenyl-2,3,6,7-anthracenedicarboximide (S6)251 

 

1,2,4,5-tetrakis(dibromomethyl)benzene (8.50 g, 11.1 mmol), N-phenylmaleimide (5.13 

g, 29.6 mmol) and NaI (19.18 g, 128.0 mmol) were added to a RB flask and charged with 

DMAc (90 mL) and stirred at 80 ˚C for 20 hours, turning from red to black as the solution 

heated to temperature. After cooling to room temperature, the solution was filtered and 

the resulting dark brown solid triturated with boiling water, followed by boiling dioxane 

(x3) to afford a bright yellow solid (4.62 g, 84%). 1H NMR (300.5 MHz, d6-DMSO) 7.45-

7.36 (m, 10H, a, b, d), 6.89 (m, 6H, c, e).  
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5.5.3 Coordination chemistry 

1,4-bis(3-methyl-1l4,3l4-spiro[benzo[d][1,2,6]oxazaborinine-1,2'-

[1,3,4,2]dioxazaborol]-5'-yl)benzene (ONMe.G15)  

 

2-Formylphenyl boronic acid (0.69 g, 4.63 mmol), 2,6-pyridine bishydroxamic acid (0.43 

g, 2.32 mmol) and N-methylhydroxylamine hydrochloride (0.39 g, 4.64 mmol) were 

combined in a 3-neck RB flask, which was charged with ethanol (50 mL).  The resulting 

mixture was heated under reflux for 2 days, and upon cooling to room temperature, the 

resulting precipitate was collected by filtration to afford a white solid as the product (0.52 

g, 1.09 mmol, 47 %). 1H NMR (300.0 MHz, d6-DMSO): δ= 9.05 (d, J = 4.5 Hz, 2H, d), 

7.89 (m, 3H, a, b), 7.72 (tt, J = 7.3, 1.4 Hz, 2H, e), 7.64 (m, 2H, h), 7.55 (m, 4H, g, f), 

3.89 (s, 6H, g).  11B{1H}  NMR (96.3 MHz, d6-DMSO): δ= 11.3 13C NMR (75.5 MHz, 

d6-DMSO): δ= 159.8 (C1), 146.9, 146.2, 146.5, 137.3, 135.0, 131.4, 129.2, 128.7, 127.6, 

121.9, 48.8 (c Me). MS (EI) m/z: (G14-ONMe+H+) C23H18B2N3O6: 454.1371, found 

454.2. IR (cm-1) 3066, 3006, 2880, 1645, 1575, 1559, 1479, 1419. Mp >300 ˚C. 

 

Formation of 2:1 metal complex [Cu(ONMe.G15)2] 

ONMe.G15 (0.007 g, 1.53 x 10-3 mmol) was dissolved in d6-DMSO (0.4 mL), to which 

Cu(NO3)2 (0.004 g, 1.53 x 10-3 mmol) in CD3OH (0.2 mL) was added, resulting in a 

colour change from blue to green.  The resulting solution was then submitted for 1H NMR 

spectroscopy and MS for analysis.  



6. Conclusions and Future Work 

225 

 

6. Conclusions and Future Work 

6.1 Chapter Preface 

The following chapter comprises of a full summary of the work carried out during this 

PhD project, as well as a discussion on the possible future work to be carried out on the 

supramolecular chemistry of 1,3,4,2-dioxazaboroles.  Preliminary results for the 

synthesis of a pseudo-rotaxane wherein a 1,3,4,2-dioxazaborole ligand is implemented 

as the rod, and 1,4-dimethoxypillar[5]arene the macrocycle are also included.  

 

6.2 Conclusions 

The first and foremost aim for this project was the development and synthesis of a library 

of 1,3,4,2-dioxazaboroles, in order to characterise and understand both their physical and 

chemical properties.  Through the identification of these compounds' key characteristics, 

for example, the presence of the Lewis acidic boron, further studies were thus carried out, 

to determine suitable applications for 1,3,4,2-dioxazaboroles.  

 A general introduction into the dynamic covalent chemistries of both hydroxamic 

acids and boronic acids was given in Chapter 1, along with the few examples present in 

the literature of the subsequent reaction between the two compounds, salicylhydroxamic 

acid (12) and phenylboronic acid (PBA).  The current understanding in the literature is 

that the condensation reaction between 12 and PBA would form a mixture of 1,3,4,2-

dioxazaborole and product containing a 6-membered ring, with the assumption that the 

6-membered ring was the preferred and major product.   

 However, through the complete characterisation of the family of 1,3,4,2-

dioxazaboroles that were explored in Chapter 2, and the subsequent isolation of a single 

crystal of A12, from the reaction of 12 and 2,6-dimethylphenyl boronic acid, the 

preferential formation of the 5-membered 1,3,4,2-dioxazaborole heterocycle was 

confirmed.  Further analysis of the crystal structures of the 3-coordinate boron-containing 

1,3,4,2-dioxazaboroles showed that these compounds exhibit aromatic characteristics, 

including the planarity displayed in the crystal structures of the compounds.  The 

heterocycle also obeys Hückel’s rule with the number of π-electrons equal to six, 

indicating an aromatic heterocycle, with delocalisation observed across the ring.  These 

observations were further backed-up by computational calculations carried out by 
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Thomas Malcomson (PhD, 2019) and indicated that the 1,3,4,2-dioxazaborole does 

indeed contain aromatic character.  

 Due to boron being capable of existing in two geometries – 4-coordinate 

tetrahedral and 3-coordinate trigonal planar – investigations were thusly carried out into 

the binding of Lewis basic analytes to the boron centre of the 1,3,4,2-dioxazaborole.  

Through AN determination studies, it was shown in Chapter 3 that the Lewis acidity of 

these compounds is relatively low, which may be attributed to the aromatic character 

causing an increased stability of the heterocycle and greater electron density located on 

the boron.  Upon the binding of a Lewis base, the planarity is broken and therefore, the 

aromaticity is lost, incurring an energy penalty.  It was not too surprising, therefore, to 

see that the binding constants between A1 and analytes such as DMAP, Et3PO and acetate 

were low.  It was shown that the binding affinity of stronger Lewis bases, such as DMAP, 

could be increased by introducing an electron-withdrawing functional group on the 

hydroxamic acid side of the  1,3,4,2-dioxazaborole, and thus, the potential for application 

in sensing was realised.  UV-Vis studies show that a difference in shift in absorption 

between neutral and negatively charged analytes indicate that identification of charged 

analytes is also possible.  This is indicated by a bathochromic shift observed upon the 

addition of anionic Lewis bases, and a hypsochromic shift observed upon the addition of 

neutral Lewis bases to naphthalene-functionalised 1,3,4,2-dioxazaboroles.  

 Chapter 4 explored the dynamics of the 1,3,4,2-dioxazaboroles, in terms of 

switching out both the boronic acid (BA) and hydroxamic acid (HA) starting materials.  

This was achieved through a series of solution-based experiments, wherein an equivalent 

each of the 1,3,4,2-dioxazaborole and either BA or HA were monitored over time.  The 

results by NMR spectroscopy and MS indicated a mixture of the original 1,3,4,2-

dioxazaborole and HA or BA, plus the resulting exchanged 1,3,4,2-dioxazaboroles along 

with the HAs or BAs that would have come from the original 1,3,4,2-dioxazaborole.  In 

general, the equilibrium between the two 1,3,4,2-dioxazaborole species – the original and 

the newly formed – appeared to be dependent on the electronics of the newly introduced 

HA and BA, with a preference towards the formation of the more electron-rich 1,3,4,2-

dioxazaborole.  In the cases of the HA swaps, hydroxamate complexes were also isolated 

and characterised by single-crystal X-ray diffraction.  This led to the computational 

calculations into the mechanistic pathway of the exchange of both boronic acid and 

hydroxamic acid, including the hydrolysis of the original 1,3,4,2-dioxazaborole, followed 

by the subsequent condensation of the new HA or BA, as well as the concerted 
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mechanisms by which the hydroxamate binds to the boron centre and sequentially swaps 

with the original HA.  The resulting data led to the conclusion that in solution, any of the 

mechanisms is possible due to the low energy barriers across all pathways.  However, it 

is likely that one pathway could be chosen over another by the implementation of certain 

reaction conditions.  For example, it is highly likely that while all mechanistic pathways 

operate at room temperature, the addition of acid will catalyse the reaction, and thus, the 

protonated mechanism will be more dominant.   

 The final experimental chapter, Chapter 5, focused on the application of 1,3,4,2-

dioxazaboroles within supramolecular assembly, specifically the formation of organic 

cages and metal complexes.  During these projects, the previously determined 

characteristics of the 1,3,4,2-dioxazaboroles were of paramount importance when 

attempting to analyse complex mixtures, and as such, analytical techniques such as MS 

and IR were principal in determining the formation of new species.  In particular, during 

the formation of the organic cage from the condensation reaction between 2,7,14-

tris(boronic acid)tryptycene (J) and terephthaloyl hydroxamic acid (16), MS showed the 

formation of fragments of cage formation, suggesting that the complete cage could be 

formed if the correct synthetic conditions could be found.  Similarly, the coordination 

attempts of ONMe.G15 to Cu2+ indicated that coordination of these ligands is also 

possible, however, due to the lack of crystal structures, it is still unclear as to which 

binding mode is exhibited.  These projects demonstrated the potential to apply 1,3,4,2-

dioxazaboroles in supramolecular assembly, and the following section explores potential 

ideas for the application of 1,3,4,2-dioxazaboroles in sensing and self-assembly.    
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6.3 Future Work 

6.3.1 Sensing 

Throughout this project, the overall stemming question, once the chemical 

characterisation was completed, was real-world applications for 1,3,4,2-dioxazaboroles.  

Due to their simplistic synthesis and high functional-group tolerance as seen with the 

library formed, 1,3,4,2-dioxazaboroles pose to be ideal candidates for industrially 

relevant applications.  

 Through the investigation of their Lewis acidity through AN determination and 

subsequent titration experiments with a range of analytes, it was determined that the 

relatively weaker Lewis acidic character of these compounds would allow for the 

selective binding of strongly Lewis basic analytes, both neutral and anionic.  The UV-Vis 

results from the naphthalene-functionalised 1,3,4,2-dioxazaboroles showed either a 

bathochromic or hypsochromic shift depending on the overall charge of the analyte, and 

therefore, it would be highly beneficial to carry out further studies to work out specific 

sensing applications for 1,3,4,2-dioxazaboroles.  

 With this in mind, two further compounds have been designed to target specific 

analytes (Scheme 6.1).  The first of these compounds, D19, (Scheme 6.1, a) contains a 

carbazole group which is removed from the heterocycle by one CH2 group.  This is in the 

hopes of forming what is known as a ratiometric sensor, which contains two fluorescent 

groups wherein one acts as an internal reference and the other can act as the signal 

sensor.252  In the case of the compound below, the carbazole would act as the internal 

reference as the CH2 spacer acts like an insulator because it is not conjugated to the 

heterocycle.  The presence of the space should therefore, prevent any binding to the boron 

centre influencing the fluorescence of the carbazole.195  The difference in absorption 

wavelength of the two fluorophores (naphthalene λmax ≈ 280 nm; carbazole λmax ≈ 250 

nm) should allow for the characterisation of a binding event.  Due to the naphthalene 

boronic acid used, it was expected that the binding of a neutral Lewis base would result 

in a hypsochromic shift in the UV-Vis spectra, and a bathochromic shift upon the addition 

of an anionic Lewis base, as discussed in Chapter 3.  The addition of the ratiometric 

carbazole group would, therefore, allow for the quantitative determination of relative 

bound Lewis base, which may have potential applications within monitoring the 

behaviour of analytes within both chemical and biological applications.253  However, 

synthesis of the carbazole-functionalised hydroxamic acid (19) was not overly successful, 
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owing to the poor yields of the intial conversion of 9H-carbozole to ethyl 9H-carbazole-

9-carboxylate and thus, the complete synthesis of 5-((9H-carbazol-9-yl)methyl)-2-

(naphthalen-2-yl)-1,3,4,2-dioxazaborole could not be carried out. 

 

 

Scheme 6.1: ChemDraw representations of the synthesis of two 1,3,4,2-dioxazaboroles for application 

within sensing. a) Synthesis of 5-((9H-carbazol-9-yl)methyl)-2-(naphthalen-2-yl)-1,3,4,2-dioxazaborole, 

D19. b) Synthesis of 1-‘R’-3-((2-(naphthalen-2-yl)-1,3,4,2-dioxazaborol-5-yl)(phenyl)methyl)urea, 

methylurea-D14. 

 

 The second design (Scheme 6.1, b) was focused towards the implementation of a 

urea group, to enhance the binding capabilities of the 1,3,4,2-dioxazaborole to 

compounds, such as Lewis basic carboxylates, and thus, apply these species towards 

biosensing applications.254, 255  It is thought that the presence of the acidic urea nitrogen 

atoms would interact with Lewis basic anions, such as a carboxylate, and therefore, help 

stabilise the binding event through hydrogen bonding and electrostatic interactions, 256 in 

addition to the Lewis acidic boron interaction.  A prime example for this particular sensor 

would be utilising it is the sensing of amino acids, where the neutral Lewis basic NH2 

group would bind to the boron, and the anionic carboxylate would bind to the urea through 

hydrogen bonding interactions.  However, as of yet, the interaction between an isocyanate 

and 1,3,4,2-dioxazaborole is unknown, and therefore, synthesis of the final product may 

need to be thought out.  It has been observed in the literature that isocyanate and boronic 

acids can react to form boronate-ureas, which are effective in the binding of carboxylate 

anions, specifically, acetate.257  However, these compounds were shown to hydrolyse 
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readily, even in ‘dry’ conditions, and therefore, were found to be unsuitable for 

biochemical applications.  In addition, hydroxamic acids have also been shown to react 

with isocyanate groups, and therefore, the mixing of these two reactants should also be 

avoided.  It is, therefore, most likely that the 1,3,4,2-dioxazaborole must be synthesised 

first, by reacting phenylalanine hydroxamic acid and 2-naphthylboronic acid, followed 

by post-modification of the amine group to form the urea.         

 

6.3.2 Supramolecular assembly 

As well as the sensing applications of 1,3,4,2-dioxazaboroles, Chapter 5 detailed the 

potential for using these compounds within self-assembly, of which can be divided into 

many categories, including supramolecular assembly which relies on the molecules being 

held together by non-covalent interactions, and organic assembly which relies on the 

formation of covalent bonds (Fig 6.1). 

 

Figure 6.1: Hierarchal diagram indicating the relationship between the types of self-assembly chemistry.  

 

The first focus will be on the covalent organic self-assembly applications.  The 

potential for 1,3,4,2-dioxazaboroles to form 1D polymers by using ditopic ligands, such 

as terephthaloyl hydroxamic acid (16) and benzo[c][1,2,5]thiadiazole-4,7-diyldiboronic 

acid (Scheme 6.2), is likely to result in polydispersity indexes (PDI) close to the value of 

1, indicative of uniform chains of equal length.  This is often seen within nature due to 
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the presence of biological enzymes which will control the polymer growth, or using a 

technique called ‘Living Polymerisation’, wherein the rate of chain initiation is greater 

than the rate of chain propagation.258  The application of using hydroxamic acids and 

boronic acids as the ‘monomers’, and thus, forming a polymer chain wherein the 

heterocycle forms part of the repeat unit means that due to the dynamic nature of the 

formation of 1,3,4,2-dioxazaboroles, the system may have the potential to ripen towards 

a PDI close to 1, depending on the conditions used within the system.  The inherently 

dynamic nature of 1,3,4,2-dioxazaboroles may also lead to potential application in self-

healing polymers,21 which rely on reversible bond formation. 

 

 

Scheme 6.2: ChemDraw representation of the formation of a polymer, built from terephthaloyl hydroxamic 

acid (16) and benzo[c][1,2,5]thiadiazole-4,7-diyldiboronic acid. 

 

 As well as the interesting effect of using this dynamic moiety to form a 1D 

polymer, the inclusion of benzothiadiazole (BTZ) into the polymer, may also have its 

advantages.  BTZ has been known in the literature to have photochemical properties, and 

as such, have been applied as photosensitisers for singlet oxygen production.259  This, 

therefore, leads to the potential application of BTZ-functionalised 1,3,4,2-dioxazaboroles 

as photosensitisers owing to the delocalisation across parts of the heterocycle.   

 Similarly, the formation of Covalent Organic Frameworks (COFs) may also be 

possible, using the 1,3,4,2-dioxazaborole moiety.  COFs are a specific type of polymer, 

with a greater degree of crystallinity, compared to a standard amorphous polymer.  Due 

to the increased crystallinity, a result of a higher degree of order, these materials tend to 

have rigid structures and exhibit permanent porosity, and therefore, have applications 
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within gas separation and storage.26, 28  It is worth noting that the application of each COF 

is dependent on its effective porosity, which can be divided into three categories – 

macroporosity, mesoporosity and microporosity – wherein the pore sizes are greater than 

50 nm, between 2-50 nm and less than 2 nm, respectively.  

 With this in mind, using reticular synthesis, it is possible to predict the possible 

structure of COFs synthesised from the condensation reaction between tritopic boronic 

acids and ditopic hydroxamic acids.  By implementing benzene-1,3,5-triyltriboronic acid 

(I) and terephthaloyl hydroxamic acid (16), the resulting COF (COF-I.16) should be made 

up of repeat units, with intrinsic pores made from the twelve 1,3,4,2-dioxazaborole 

component rings (Scheme 6.3).  Using ChemDraw 3D modelling to build the repeat unit, 

and then opening the structure in Mercury, it is possible to estimate the approximate size 

of the pores of COF-I.16 to be approximately 24 Å (2.4 nm), corresponding to a 

mesoporous material.   

 

 

Scheme 6.3: ChemDraw representation of the condensation reaction between benzene-1,3,5-triyltriboronic 

acid (I) and terephthaloyl hydroxamic acid (16), to form COF-I.16. 

 

 Due to the presence of the Lewis acidic boron atoms within the material, it is 

possible to assume that the COF may have potential applications in the separation and 

storage of Lewis basic gases/liquids.  However, it is unclear how a change in geometry 

upon the binding of a Lewis base to COF-I.16 will affect the overall structure and may 

lead to a loss of order and crystallinity.  For these questions alone, the synthesis of these 
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materials is worth investigating.  Previous attempts at synthesising this material have 

produced insoluble materials, however, the amounts produced were too small to be 

characterisable, and therefore, methods of scaling up the reaction are required.  

 As well as polymeric-type materials, 1,3,4,2-dioxazaboroles have the potential to 

form discrete, organic cages, as demonstrated in Chapter 5.  The design of two such cages 

is detailed below.  

 The first (Scheme 6.4) relies on the self-assembly of three compounds, each bond 

formation requiring the loss of water to drive the reaction to completion.  It is hoped that 

due to the inherent presence of water, through either reaction process, or from the 

atmosphere, it will aid the dynamic formation and allow the self-correction processes to 

occur to form the desired cage, through orthogonal assembly.  The synthesis of the cage 

would be interesting in terms of its sensing or catalytic applications, owing to the presence 

of the three equatorial Lewis acidic boron centres which create an environment for the 

binding of specifically-shaped Lewis bases, such as 1,3,5-triazine.  

 

 

Scheme 6.4: ChemDraw representation of the formation of a discrete organic cage, from the condensation 

reaction between 4-formylhydroxamic acid (17), 4-formylboronic acid (K) and 1,3,5-triamino-2,3,6-

treithylbenzene 

 

 This particular design could, unfortunately, not be attempted during this PhD 

project, however, the starting materials 17 and 1,3,4-triamino-2,4,6-triethylbenzene were 

synthesised following literature procedures260, 261 and could, therefore, be used for the 
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future synthesis of the cage below.  It is thought that the synthesis of the cage itself should 

be relatively straight-forward, however, finding the correct synthetic conditions may take 

time.  The conditions will need to take into account enhanced dynamic equilibria, which 

encompass the formation of the 1,3,4,2-dioxazaborole as well as the condensation 

reactions between the amine and aldehyde groups, to form that caps on the cage.  

 The second design (Scheme 6.5) is based on the previously isolated crystal 

structure by work carried out by the Cooper group.23, 216, 262  These cages relied on the 

self-assembly of a tri-aldehyde and diamine groups to form porous organic cages, for 

applications with host:guest chemistry and were found to capture halogens such as iodine, 

and osmium oxide through molecular doping.262  The design highlighted below involves 

using four equivalents of benzene-1,3,5-triyltriboronic acid (I) and six equivalents of 

trans-1,2-cyclohexanedihydroxamic acid (18), to form a tetrahedral cage (Scheme 6.5).  

In the literature, the synthesis of the ‘Cooper’ cages required no additional templating 

compounds other than solvent, and it is hoped that a similar synthetic route could be used 

for the synthesis of the 1,3,4,2-dioxazaborole cage.  Complications arose, however, in 

finding a suitable solvent for the synthesis, as the solubility of both the hydroxamic acid 

and boronic acid starting materials are limited in a range of solvents.  In addition, the use 

of Lewis basic solvents, such as DMSO, which may aid in solubility may also coordinate 

to the boron centre, and thus, prevent the formation of the cage.  After the successful 

synthesis of the starting materials, preliminary tests included using methanol as the 

solvent, however, the results indicate a mixture of compounds which cannot be easily 

separated.  Therefore, further studies are needed to find the correct solvent which could 

potentially allow the ripening of the dynamic system towards a more thermodynamically 

stable product – the cage – rather than the kinetically favourable polymer.   
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Scheme 6.5: ChemDraw representation of the formation of a discrete organic cage, from the condensation 

reaction between benzene-1,3,5-triyltriboronic acid (I) and trans-1,2-cyclohexanedihydroxamic acid (18). 

 

 Chapter 5 explored the coordination chemistry of 1,3,4,2-dioxazaboroles which 

contained pyridyl groups, in the hopes of creating chelates with the heterocyclic ring.  The 

initial experiments resulted in the hydrolysis of the 1,3,4,2-dioxazaborole, and therefore, 

led to the application of the nitrone complexes, to reduce the likelihood of the heterocyclic 

ring hydrolysing in the presence of the ‘wet’ transition metal salts.  The increased stability 

of the nitrone complexes was discussed in Chapter 3, and the preliminary results from 

Chapter 5 indicate the successful coordination of ONMe.G15 to Cu(II), and therefore, it 

would be of interest to further explore these compounds for applications within cage 

synthesis and host:guest chemistry.   

 As such, the design of a longer ligand, wherein three phenyl rings are situated as 

spacers between the 1,3,4,2-dioxazaborole moieties may lead to potentially interesting 

supramolecular structures (Scheme 6.6).  The inclusion of the three aromatic rings within 

the ligand should give the overall structure a rigid, linear conformation, and therefore 

allow for the creation of cage structures which will also exhibit intrinsic porosity, owing 

to the presence of open pores and void spaces within the cages.   
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Scheme 6.6: ChemDraw representation of the two predicted supramolecular cage structures possible from 

the complexation of a ditopic 1,3,4,2-dioxazaborole with metal(II) salts.  

 

 The 1,3,4,2-dioxazaborole ligands are loosely based on previous ligands 

synthesised by the Nitschke group, wherein they implemented the condensation of 

5,5’(1,4-phenylene)bis-2-pyridine carboxaldehyde ligands with anilines to form 

tetrahedral M4L6 cages with Fe(II)BF4.6H2O salts.213  It is hoped that using ligands of a 

similar length, the proposed 1,3,4,2-dioxazaborole ligand could potentially form two 

different structures, depending on the metal salt used and counter-anion which will help 

govern the overall thermodynamic stability of the resulting architectures.  As such by 

implementing metal centres such as Cd2+, Zn2+, Co2+ and Fe2+, two metal-organic 

frameworks are possible – the cuboidal M8L12, or the tetrahedral M3L4 – depending on 

the counter-anions and overall thermodynamic stability.  It is unlikely, owing to the 

rigidity of the ditopic ligand used, that more flexible structures such as helicates and grids 

will form, and thus, the cuboidal and tetrahedral geometries are more probable.  However, 

due to a lack of understanding within the coordination chemistry field on the influence of 

the metal, the ability to predict the resulting structure is not possible, and thus, physical 

experiments must be carried out.  However, it is also worth noting that work on similarly 

shaped ligands with metals such as Co2+ and Fe2+ have resulted in the formation of 

tetrahedral cages.203, 213, 263    

 Finally, with regards to applications within mechanical bond formation, an 

investigation into the formation of a pseudo-rotaxane from the threading of a 1,3,4,2-

dioxazaborole rod through a pillar[5]arene was tested (Scheme 6.7).  1,6-bis(2-(2,6-

dimethylphenyl)-1,3,4,2-dioxazaborol-5-yl)hexane (A13) was chosen as the rod, as it is 

has been shown in the literature that alkyl chains between 6-8 carbons long can be 
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threaded through pillar[5]arenes,264, 265 implying a possibility for the threading of the six-

carbon long di-1,3,4,2-dioxazaborole. Using increasing equivalents of 1,4-

dimethoxypillar[5]arene (DMpillar[5]arene), supplied by the Champness Group, from 

0.5-2 equivalents to 1 equivalent of A13 in CDCl3, the reaction was monitored over time 

by 1H NMR spectroscopy to determine whether a threading event had occurred.  Due to 

the hydrophobic cavity of the pillar[5]arene, it was assumed that the aliphatic resonances 

of the di-1,3,4,2-dioxazaborole would be shifted downfield, representing a deshielding of 

electron-density.   

  

 

Scheme 6.7: ChemDraw representation of the formation of a pseudo-rotaxane, by threading A13 through 

1,4-dimethoxypillar[5]arene (DMpillar[5]arene).  

 

 It was found that regardless of the equivalents of DMpillar[5]arene used, the 

resulting 1H NMR spectra exhibited the same resonance patterns, and therefore, the 

discussion will focus on the reaction wherein one equivalent of A13 was reacted with one 

equivalent of DMpillar[5]arene (Fig 6.2).  
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Figure 6.2: Overlaid 1H NMR spectra (400 MHz, CDCl3, 298K), showing the starting materials A13 (blue) 

and DMpillar[5]arene (green), and the resulting mixture is shown in purple.  The free boronic acid (A) 

was also included, as hydrolysis of A13 was observed in the final spectra. New peaks are highlighted in 

blue.  

 

As observed in the final 1H NMR spectra, the appearance of a resonance peak at 

~4.5 ppm indicates the presence of the free boronic acid (A), signifying the hydrolysis of 

the 1,3,4,2-dioxazaborole heterocycle in solution.  This may have occurred due to the 

small amount of water present within the system, but may also be a consequence of 

threading, whereupon the 1,3,4,2-dioxazaborole experiences a shift in electron-density as 

it passes through the pillar[5]arene, and subsequently hydrolyses to its starting materials.  

It is worth noting that suberoyldihydroxamic acid (13) exhibits low solubility in CDCl3, 

and may explain why there is no evidence observed in the NMR spectra of the free 13.   

 However, despite the apparent hydrolysis, the presence of resonances at ~7.0 and 

7.2 ppm representing the A13 species is reassuring, and upon analysis of the resonance 

peaks that represent the methoxy group of the pillar[5]arene, it is clear that a shift has 

occurred (4.9 → 5.0 ppm).  In addition, some new peaks are appearing (Fig 6.2, 6.3), most 

interesting of which are those appearing at ~-0.2 and -2.3 ppm (Fig 6.3), indicating a 

species that has been shielded considerably.  These resonances may represent the aliphatic 

carbon chain of A13 threaded through the pillar[5]arene, due to the shielding effects 

caused through being in such proximity to the aromatic rings.  This phenomenon has been 

seen before, whereupon 1,8-diaminooctane was threaded through DMpillar[5]arene and 
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subsequently capped with 3,5-di-tert-butylbenzaldehyde,265 and is, therefore, promising 

in terms of pseudo-rotaxane formation.    

 

 

Figure 6.3: Overlaid 1H NMR spectra (400 MHz, CDCl3, 298K), showing the starting materials A13 (blue) 

and 1,4-dimethoxypillar[5]arene (green), and the resulting mixture shown in purple.  The free boronic acid 

(A) was also included, as hydrolysis of A13 was observed in the final spectra.  

 

 Further investigations will include the isolation of the pseudo-rotaxane, however, 

this may prove difficult due to the equilibrium existing between the formation of A13 and 

its hydrolysis products.  It may, therefore, be worth attempting the multi-component self-

assembly of the pseudo-rotaxane, by reacting the hydroxamic acid, boronic acid and 

DMpillar[5]arene in the same pot, and by making use of the additional stability of an 

intramolecular Lewis base, such as ONMe, it may be possible to cap the rod and create a 

full rotaxane (Scheme 6.8).  
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Scheme 6.8: ChemDraw representation of the formation of a rotaxane, by the multi-component assembly 

of suberoyldihydroxamic acid (13), 2-formylphenylboronic acid (G), DMpillar[5]arene and N-

methylhydroxylamine hydrochloride.  
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6.4 Synthetic Protocols 

1,6-bis(2-(2,6-dimethylphenyl)-1,3,4,2-dioxazaborol-5-yl)hexane (A13) 

 

Into a 3-neck RB flask, 2,6-dimethylphenyl boronic acid (0.29 g, 1.96 mmol) and 

suberoyldihydroxamic acid (0.20 g, 1.00 mmol) were combined, along with toluene (50 

mL).  The resulting mixture was heated under reflux for 6 hours, before allowing to cool 

to room temperature and filtering to remove any unreacted starting materials.  The clear 

solution was then concentrated under reduced pressure to afford a white solid, and the 

product was then recrystallised from chloroform/pet. ether to afford crystalline, white 

needles (0.14 g, 0.32 mmol, 33%).  1H NMR (300.1 MHz, CDCl3): δ= 7.26 (t, J = 7.7 Hz, 

2H, a)*, 7.05 (d, J = 7.6 Hz, 4H, b), 2.69 (t, J = 7.5 Hz, 4H, d), 2.46 (s, 12H, c), 1.78 

(quintet, J = 7.3 Hz, 4H, e), 1.48 (quintet, J = 3.7 Hz, 4H, f).  11B{1H} NMR (96.3 MHz, 

CDCl3): δ= 33.4.  13C NMR (75.5 MHz, CDCl3): δ= 167.1 (C1), 144.6, 131.1, 127.4, 

28.5 (d), 25.5 (f), 25.4 (c Me), 23.1 (e).  MS (ESI/+ve) m/z: (A13+H+) C24H31B2N2O4: 

433.2464, found 433.25. IR (cm-1) 3202, 3048, 2965, 2930, 2866, 1616, 1593, 1433, 

1324, 1042.  Mp = 96-98 °C. 

 

Suberoyldihydroxamic acid (13)266 

 

Suberoyldicarboxylic acid (3.30 g, 19.0 mmol) was combined with CDI (6.80 g, 42.0 

mmol) in dry THF (150 mL), in a RB flask which was subsequently stoppered with a gas 

outlet to allow the release of CO2.  The mixture was stirred at room temperature for 24 

hours, and the resulting white precipitate was collected by filtration and dried in the air 

for a few hours.  Hydroxylamine hydrochloride (2.84 g, 40.9 mmol) was dissolved in 

MeOH (50 mL), to which the white precipitate was added and the resulting solution was 

stirred for a further 24 hours at room temperature.  The solution was concentrated under 

reduced pressure to afford a yellow oil, to which water was then added until the formation 

of a precipitate.  The resulting white precipitate was collected by filtration and dried in a 
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50 ˚C oven overnight (2.43 g, 70 %). 1H NMR (300.1 MHz, d6-DMSO): δ = 10.36 (s, 2H, 

a), 8.69 (s, 2H, b), 1.93 (t, J = 7.3 Hz, 4H, c), 1.47 (quint, J = 7.5 Hz, 4H, d), 1.22 (m, 

4H, e). Mp = 165-167 ˚C (Lit. mp = 164 ˚C)266. 

 

4-formylphenyl hydroxamic acid (17) 

The synthesis of 17 involved a three-step process (analytical details below), beginning 

with 4-formylphenyl carboxylic acid, and subsequently methylating the acid functionality 

to form a methyl ester.  This was then converted to the hydroxamic acid before the 

subsequent removal of the methyl protecting groups on the formyl group, to produce the 

desired 4-formylphenyl hydroxamic acid (17) (Scheme 6.9).  

 

 

 

Scheme 6.9: ChemDraw representation of the synthesis of 2-formylphenylhydroxamic acid (17), starting 

with 4-formylphenylcarboxylic acid.  

 

Methyl 4-(dimethoxymethyl)benzoate (i)267 

 

4-formylbenzoic acid (6.03 g, 40.2 mmol) was dissolved in MeOH/CHCl3 (130 mL/30 

mL), to which conc. H2SO4 was added (3.2 mL, 60 mmol).  The resulting solution was 

then stirred under reflux for four hours before it was cooled and poured into water (100 
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mL).  The crude product was extracted with CHCl3 (100 mL) and the organic layer 

washed with 10 % NaHCO3 (2 x 50 mL), followed by water (2 x 50 mL) and then dried 

over Na2SO4.  The solution was then concentrated under reduced pressure to afford a pale 

yellow oil.  The product was then purified by column chromatography (2:1 

hexane:EtOAc, Rf = 0.19) to afford a pale yellow oil (4.00 g, 47%).  1H NMR (300.1 

MHz, CDCl3): δ = 8.03 (d, J = 8.5 Hz, 2H, b), 7.52 (d, J = 8.1 Hz, 2H, c), 5.43 (s, 1H, d), 

3.91 (s, 3H, a), 3.32 (s, 6H, e). 

 

4-(dimethoxymethyl)phenyl hydroxamic acid (ii)260 

 

Hydroxylamine hydrochloride (3.09 g, 44.5 mmol) and KOH (3.61 g, 64.3 mmol) were 

stirred in MeOH (50 mL), cooled to 0 ˚C and filtered to remove the salt.  Methyl 4-

(dimethoxymethyl)benzoate (1.10 g, 5.24 mmol) was added to the solution and the 

resulting mixture stirred at room temperature for 24 hours.  The solvent was then removed 

under reduced pressure and the product re-dissolved in water, which was then acidified 

using dilute HCl(aq). The product was then extracted with EtOAc (2 x 50 mL), dried over 

Na2SO4 and concentrated under reduced pressure to afford the product as a white solid 

(0.68 g, 62 %). 1H NMR (300.1 MHz, d6-DMSO): δ = 11.23 (s, 1H, a), 9.06 (s, 1H, b), 

7.76 (d, J = 8.4 Hz, 2H, e), 7.46 (d, J = 8.1 Hz, 2H, d), 5.43 (s, 1H, e), 3.26 (s, 6H, f).  Mp 

= 72-74 ˚C (Lit. mp = 73-77 ˚C)260. 

 

4-formylphenyl hydroxamic acid (17)260 

 

4-(dimethoxymethyl)phenyl hydroxamic acid (0.68 g, 3.23 mmol) was dissolved in 

acetone (10 mL), to which 15% H2SO4 (10 mL) was also added.  The resulting mixture 

was stirred at room temperature for two hours, before then pouring into water (20 mL).  

The product was extracted with EtOAc (3 x 50 mL), dried over Na2SO4 and concentrated 
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under reduced pressure to afford a white solid (0.52 g, 97 %).  1H NMR (300.1 MHz, d6-

DMSO): δ = 11.44 (s, 1H, a), 10.07 (s, 1H, e), 9.23 (s, 1H, b), 7.96 (quart., 4H, c,d). Mp 

= 198-200 ˚C (Lit. mp = 200 ˚C)260. 

 

trans-1,2-cyclohexanedihydroxamic acid (18) 

 

Trans-1,2-cyclohexanedicarboxylic acid (1.33 g, 7.21 mmol) was combined with CDI 

(2.50 g, 15.4 mmol) in dry THF (120 mL), in a RB flask which was subsequently 

stoppered with a gas outlet to allow the release of CO2.  The mixture was stirred at room 

temperature for 20 hours, and the resulting yellow solution was concentrated under 

reduced pressure to afford a viscous, yellow oil.  A solution of hydroxylamine 

hydrochloride (1.16 g, 16.7 mmol) in MeOH (50 mL) was added to the yellow oil while 

stirring and the resulting yellow solution stirred at room temperature for a further 24 

hours.  The resulting white precipitate was collected by filtration (0.79 g, 40%).  %).  1H 

NMR (300.1 MHz, d6-DMSO): δ = 10.34 (s, 1H, a), 8.64 (s, 1H, b), 2.30 (m, 2H, c,d), 

1.70 (m, 4H, e,h), 1.25 (m, 4H, f,g).  13C NMR (75.5 MHz, d6-DMSO): δ = 170.8, 42.1, 

29.8, 25.0.  IR (cm-1): 3183, 3020, 2933, 2856, 1634, 939. Mp = 179 – 181 ˚C.  
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benzene-1,3,5-triyltriboronic acid (I)19 

The synthesis of I involved the Miyaura borylation reaction of 1,3,5-tribromobenzene, 

followed by the hydrolysis of the pinacol ester groups to release the free boronic acid, as 

shown in Scheme 6.10.  

 

 

Scheme 6.10: ChemDraw representation of the synthetic route to benzene-1,3,5-triyltriboronic acid (I). 

 

1,3,5-tris(4,4,5,5-tetremethyl-1,3,2-dioxaborolan-2-yl)benzene19 

 

1,3,5-tribromobenzene (2.08 g, 6.61 mmol), KOAc (7.94 g, 80.9 mmol), 

bis(pinacolato)diboron (10.8 g, 39.7 mmol) was placed into a 3-neck RB flask, which was 

then evacuated and back-filled with nitrogen three times.  Dry DMF (30 mL) along with 

the catalyst, Pd(dppf)CH2Cl2 (5 mol %), and the reaction stirred for 24 hours at 100 ˚C. 

After cooling to room temperature, the mixture was poured over water (70 mL) and the 

product extracted with DCM (3 x 50 mL), the organic layers collected and washed with 

water (3 x 50 mL) and dried over MgSO4.  The resulting dark solution was concentrated 

under reduced pressure to afford a dark, sticky oil, which was then dissolved in 20 % 

DCM in hexane and passed through a silica plug.  The pale brown liquid was then 

concentrated under reduced pressure to afford the product as a white solid (1.39 g, 46 %).  

1H NMR (300.1 MHz, CDCl3): δ = 8.36 (s, 3H, a), 1.33 (s, 36H, b). Mp = 267 ˚C 

(decomp.) (Lit. mp = 268 ˚C (decomp.)).  
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benzene-1,3,5-triyltriboronic acid (I)19 

 

1,3,5-tris(4,4,5,5-tetremethyl-1,3,2-dioxaborolan-2-yl)benzene (1.39 g, 3.05 mmol) was 

combined with NaIO4 (5.97 g, 27.9 mmol) in a RB flask, to which THF (24 mL) and 

water (6 mL) was added.  The resulting suspension was stirred at room temperature for 

24 hours, before 2M HCl(aq) (0.7 mL) was added and the suspension stirred for another 

24 hours.  MeOH (100 mL) was added and the resulting precipitate collected, removed 

and the solution was concentrated under reduced pressure to afford a white solid.  1M 

HCl(aq) (30 mL) was added to the solid and the suspension stirred for two hours at room 

temperature. The resulting precipitate was collected to afford the product as a white solid 

(0.59 g, 92%). 1H NMR (300.1 MHz, d6-DMSO): δ = 8.21 (s, 3H, a)*.  

*Due to the presence of water in the NMR spectra, the acidic hydrogens of the boronic 

acid were not observed.   

 

1,3,5-triamino-2,4,6-triethylbenzene  

The synthesis of 1,3,5-triamino-2,4,6-triethylbenzene was carried out using literature 

procedures, starting from 1,3,5-triethylbenzene (Scheme 6.11).261 

 

 

Scheme 6.11: ChemDraw schematic representation of the synthetic route to 1,3,5-triamine-2,4,6-

triethylbenzene.  
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1,3,5-tris(bromomethyl)-2,4,6-triethylbenzene 

 

Paraformaldehyde (16.7 g, 556.3 mmol) and 1,3,5-triethylbenzene (10 mL, 53.1 mmol) 

were dissolved in HBr/AcOH 30 wt % (100 mL). ZnBr (19.7 g, 87.5 mmol) was slowly 

added to the stirring solution at room temperature, and the resulting mixture stirred at 90 

˚C for 18 hours.  After cooling to room temperature, the resulting white precipitate was 

collected by vacuum filtration, washed with water (3 x 100 mL) and dried in the oven at 

50 ˚C overnight to afford a white powder solid (9.46 g, 46 %). 1H NMR (300.1 MHz, 

CDCl3): δ = 4.58 (s, 6H, a), 2.94 (quart, J = 7.7 Hz, 6H, b), 1.34 (t, J = 7.7 Hz, 9H, c). 

Mp = 179-180 ˚C (Lit. mp = 180-181 ˚C).261 

 

1,3,5-tris(phthalimidomethyl)-2,4,6-triethylbenzene 

 

1,3,5-tris(bromomethyl)-2,4,6-triethylbenzene (2.98 g, 6.76 mmol) and potassium 

phthalimide (5.11 g, 27.6 mmol) were combined in a RB flask, which was flushed with 

nitrogen.  Dry DMSO (40 mL) was added, and the resulting solution stirred at 85 ˚C for 

8 hours.  After cooling to room temperature, the reaction was quenched by the addition 

of water (50 mL), and the resulting precipitate was collected by filtration.  The precipitate 

was suspended in chloroform (200 mL) and washed with brine (100 mL), followed by 

water (100 mL), before being dried over Na2SO4.  The resulting pale brown solution was 

then concentrated under reduced pressure to afford an off-white solid.  The product was 

then purified by triturating with hot ethanol, filtered and the white solid collected by 

filtration (2.06 g, 69%).  1H NMR (300.1 MHz, CDCl3): δ = 7.81 (dd, J = 5.4, 2.9 Hz, 6H, 
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d), 7.68 (dd, J = 5.4, 3.0 Hz, 6H, e), 4.94 (s, 6H, a), 3.10 (quart, J = 7.6 Hz, 6H, b), 0.97 

(t, J = 7.5 Hz, 9H, c). Mp = 233-235 ˚C (Lit. mp = 234-235 ˚C).261 

 

1,3,5-triamino-2,4,6-triethylbenzene 

 

1,3,5-tris(phthalimidomethyl)-2,4,6-triethylbenzene (2.04 g, 3.60 mmol) was dissolved 

in EtOH/toluene (2:1, 250 mL), to which hydrazine hydrate (1.0 mL, 31.7 mmol) was 

added dropwise.  The resulting mixture was heated under reflux for 24 hours, resulting in 

the solution changing colour from colourless to yellow/green.  After cooling to room 

temperature, the ethanol was removed under reduced pressure and chloroform (100 mL) 

added to the solution, along with 40 % KOH(aq) (75 mL).  The organic layer was collected 

and the remaining aqueous layer further extracted with chloroform (2 x 75 mL). The 

combined organic layers were then wahed with water (75 mL) and dried over MgSO4, 

before being concentrated under reduced pressure to afford a colourless solid (0.29 g, 

32%).  1H NMR (300.1 MHz, CDCl3): δ = 3.88 (s, 6H, a), 2.83 (quart, J = 7.5 Hz, 6H, b), 

1.39 (s, 6H, d), 1.24 (t, J = 7.5 Hz, 9H, c). Mp = 135-137 ˚C (Lit. mp = 136 ˚C).261  

 

ethyl 9H-carbazole-9-carboxylate268  

 

9H-carbazole (3.07 g, 18.3 mmol) was added to a 2-neck RB flask, along with 

triethylamine (15 mL, 108.2 mmol) and dry DCM (80 mL) at 0 °C. Ethyl chloroformate 

(4.0 mL, 37.1 mmol) was added dropwise over 10 minutes, with continuous stirring. The 

resulting yellow solution was stirred at room temperature overnight, before being poured 

over 2 M HCl (200 mL), and the product extracted with chloroform. The organic phase 

was washed with saturated NaHCO3 (2 x 50 mL), followed by brine (2 x 50 mL), before 

being dried over Na2SO4. The resulting solution was concentrated under reduced 
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pressure to afford a pale-yellow solid (4.04 g, 92%).1H NMR (300.1 MHz, d6-DMSO): δ 

= 11.23 (s, 1H)*, 8.28 (d, J = 8.32, 2H)*, 8.200 (d, J = 7.6 Hz, 2H)*, 8.11 (d, J = 7.9 Hz, 

3H)*, 7.55 (t, J = 7.7 Hz, 2H)*, 7.49 (d, J = 8.1 Hz, 3H)*, 7.40 (m, 5H)*, 7.16 (t, J = 7.2 

Hz, 2H)*, 4.57 (qt, J = 7.3 Hz, 2H), 1.50 (t, J = 6.7 Hz, 3H).  

*indicates a mixture is present, therefore, product is not pure.  
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Appendix 

A. Crystallographic Data 

2-(2,6-dimethylphenyl)-5-phenyl-1,3,4,2-dioxazaborole (A1) 

 

Experimental 

Single crystals of C15H14BNO2 [A1] were crystallised from acetone. A suitable 

crystal was selected and run on a 'Bruker APEX-II CCD' diffractometer. The crystal 

was kept at 100 K during data collection. Using Olex21, the structure was solved with the 

XT2 structure solution program using Intrinsic Phasing and refined with the ShelXL3 

refinement package using Least Squares minimisation. 

 

Crystal structure determination of [A1] 

Crystal Data for C15H14BNO2 (M =251.08 g/mol): monoclinic, space group P21/n 

(no. 14), a = 5.1074(3) Å, b = 18.0995(11) Å, c = 13.6206(8) Å, β = 94.314(4)°, V = 

1255.54(13) Å3, Z = 4, T = 100 K, μ(MoKα) = 0.087 mm-1, Dcalc = 1.328 g/cm3, 16026 

reflections measured (3.75° ≤ 2Θ ≤ 62.134°), 4031 unique (Rint = 0.0365, Rsigma = 0.0341) 

which were used in all calculations. The final R1 was 0.0428 (I > 2σ(I)) and wR2 was 

0.1187 (all data). 

Refinement model description 

Number of restraints - 0, number of constraints - unknown. 

Details: 

1. Fixed Uiso 

 At 1.2 times of: All C(H) groups 

 At 1.5 times of: All C(H,H,H) groups 
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2.a Aromatic/amide H refined with riding coordinates: C3(H3), C4(H4), C5(H5), 

C6(H6), C7(H7), C11(H11), C12(H12), C13(H13) 

2.b Idealised Me refined as rotating group: C10(H10A,H10B,H10C), 

C15(H15A,H15B,H15C) 

 

 

2-(2,6-dimethylphenyl)-5-(2-pyridyl)-1,3,4,2-dioxazaborole (A2) 

 

Experimental 

Single crystals of C14H13BNO2 [A2] were grown from the slow evaporation of a 2:1 

toluene/Pet ether mixture. A suitable crystal was selected and run on a ‘SuperNova, 

Dual, Cu Atlas’ diffractometer. The crystal was kept at 120.00(10) K during data 

collection. Using Olex21, the structure was solved with the ShelXT2 structure solution 

program using Direct Methods and refined with the ShelXL3 refinement package using 

Least Squares minimisation. 

Crystal structure determination of [A2] 

Crystal Data for C14H13BNO2 (M =238.06 g/mol): orthorhombic, space group 

P212121 (no. 19), a = 5.1326(4) Å, b = 15.5055(15) Å, c = 15.5969(16) Å, V = 

1241.3(2) Å3, Z = 4, T = 120.00(10) K, μ(MoKα) = 0.084 mm-1, Dcalc = 1.274 g/cm3, 

10567 reflections measured (5.848° ≤ 2Θ ≤ 58.074°), 2891 unique (Rint = 0.0564, Rsigma = 

0.0632) which were used in all calculations. The final R1 was 0.0684 (I > 2σ(I)) 

and wR2 was 0.1503 (all data). Flack = -9 (9).  

Refinement model description 

Number of restraints - 0. 

Details: 

1.Fixed Uiso 

 At 1.2 times of: All C(H) groups 
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 At 1.5 times of: All C(H,H,H) groups 

2.a Aromatic/amide H refined with riding coordinates: C3(H3), C4(H4), C5(H5), 

C6(H6), C9(H9), C10(H10), C11(H11) 

2.b Idealised Me refined as rotating group: C13(H13A,H13B,H13C), 

C14(H14A,H14B,H14C) 

 

 

2-(2,6-dimethylphenyl)-5-(p-tolyl)-1,3,4,2-dioxazaborole (A5) 

 

Experimental 

Single crystals of C16H16BNO2 [A5] were grown from acetone. A suitable crystal 

was selected and run on a 'Bruker APEX-II CCD' diffractometer. The crystal was kept 

at 100.15 K during data collection. Using Olex21, the structure was solved with the 

ShelXT2 structure solution program using Intrinsic Phasing and refined with the ShelXL3 

refinement package using Least Squares minimisation. 

Crystal structure determination of [A5] 

Crystal Data for C16H16BNO2 (M =265.11 g/mol): orthorhombic, space group 

P212121 (no. 19), a = 4.9719(3) Å, b = 15.6227(9) Å, c = 17.4902(10) Å, V = 

1358.54(14) Å3, Z = 4, T = 100.15 K, μ(MoKα) = 0.084 mm-1, Dcalc = 1.296 g/cm3, 

23406 reflections measured (5.214° ≤ 2Θ ≤ 58.092°), 3616 unique (Rint = 0.0593, Rsigma = 

0.0531) which were used in all calculations. The final R1 was 0.0445 (I > 2σ(I)) 

and wR2 was 0.1090 (all data). 

Refinement model description 

Number of restraints - 0. 
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Details: 

1. Twinned data refinement - Scales: 1.9(17); -0.9(17) 

2. Fixed Uiso 

 At 1.2 times of: All C(H) groups 

 At 1.5 times of: All C(H,H,H) groups 

3.a Aromatic/amide H refined with riding coordinates: C3(H3), C4(H4), C6(H6), 

C7(H7), C11(H11), C12(H12), C13(H13) 

3.b Idealised Me refined as rotating group: C8(H8A,H8B,H8C), 

C15(H15A,H15B,H15C), C16(H16A,H16B,H16C) 

 

 

2-(2,6-dimethylphenyl)-5-(p-chlorophenyl)-1,3,4,2-dioxazaborole (A7) 

 

Experimental 

Single crystals of C15H13BNO2Cl [A7] were [crystallised from acetone]. A 

suitable crystal was selected and run on a ‘Bruker APEX-II CCD’ diffractometer. The 

crystal was kept at 119.98 K during data collection. Using Olex21, the structure was 

solved with the XT2 structure solution program using Intrinsic Phasing and refined with 

the ShelXL3 refinement package using Least Squares minimisation. 

Crystal structure determination of [A7] 

Crystal Data for C15H13BNO2Cl (M =285.52 g/mol): orthorhombic, space group 

P212121 (no. 19), a = 4.1702(4) Å, b = 15.6895(12) Å, c = 20.2120(17) Å, V = 

1322.4(2) Å3, Z = 4, T = 119.98 K, μ(CuKα) = 2.547 mm-1, Dcalc = 1.434 g/cm3, 25381 

reflections measured (7.132° ≤ 2Θ ≤ 130.692°), 2252 unique (Rint = 0.1398, Rsigma = 
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0.0498) which were used in all calculations. The final R1 was 0.0396 (I > 2σ(I)) 

and wR2 was 0.0920 (all data). 

Refinement model description 

Number of restraints – 0. 

Details: 

1. Fixed Uiso 

 At 1.2 times of:  All C(H) groups 

 At 1.5 times of:  All C(H,H,H) groups 

2.a Aromatic/amide H refined with riding coordinates: C3(H3), C4(H4), C6(H6), 

C7(H7), C10(H10), C11(H11), C12(H12) 

2.b Idealised Me refined as rotating group: C14(H14A,H14B,H14C), 

C15(H15A,H15B,H15C 

 

2-(2,6-dimethylphenyl)-5-(2-hydroxyphenyl)-1,3,4,2-dioxazaborole (A12) 

 

Experimental 

Single crystals of C15H14BNO3 [A12] were [grown from methanol]. A suitable crystal 

was selected and run on a ‘SuperNova, Dual, Atlas’ diffractometer. The crystal was kept 

at 120.00(10) K during data collection. Using Olex21, the structure was solved with the 

ShelXT2 structure solution program using Direct Methods and refined with the ShelXL3 

refinement package using Least Squares minimisation. 
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Crystal structure determination of [A12] 

Crystal Data for C15H14BNO3 (M =267.08 g/mol): monoclinic, space group P21/n (no. 

14), a = 5.08899(13) Å, b = 17.9275(4) Å, c = 14.0914(4) Å, β = 96.982(3)°, V = 

1276.07(6) Å3, Z = 4, T = 120.00(10) K, μ(CuKα) = 0.779 mm-1, Dcalc = 1.390 g/cm3, 

9898 reflections measured (8.018° ≤ 2Θ ≤ 151.204°), 2604 unique (Rint = 0.0699, Rsigma = 

0.0499) which were used in all calculations. The final R1 was 0.0545 (I > 2σ(I)) 

and wR2 was 0.1539 (all data). 

Refinement model description 

Number of restraints – 0. 

Details: 

1. Fixed Uiso 

 At 1.2 times of: All C(H) groups 

 At 1.5 times of: All C(H,H,H) groups, All O(H) groups 

2.a Aromatic/amide H refined with riding coordinates: C3(H3A), C4(H4), C5(H5), 

C6(H6), C11(H11), C12(H12), C13(H13) 

2.b Idealised Me refined as rotating group: C10(H10A,H10B,H10C), 

C15(H15A,H15B,H15C) 

2.c Idealised tetrahedral OH refined as rotating group: O3(H3) 
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2-(2-naphthalene)-5-phenyl-1,3,4,2-dioxazaborole (D1) 

 

Experimental 

Single crystals of C17H12BNO2 [D1] were [grown from toluene]. A suitable crystal 

was selected and run on a ‘SuperNova, Dual, Cu Atlas’ diffractometer. The crystal was 

kept at 119.99(10) K during data collection. Using Olex21, the structure was solved with 

the ShelXT2 structure solution program using Direct Methods and refined with the 

ShelXL3 refinement package using Least Squares minimisation. 

Crystal structure determination of [D1] 

Crystal Data for C17H12BNO2 (M =273.09 g/mol): monoclinic, space group P21/c 

(no. 14), a = 14.4836(19) Å, b = 5.8338(6) Å, c = 16.0202(17) Å, β = 104.071(13)°, V = 

1313.0(3) Å3, Z = 4, T = 119.99(10) K, μ(MoKα) = 0.090 mm-1, Dcalc = 1.381 g/cm3, 

10878 reflections measured (6.58° ≤ 2Θ ≤ 57.814°), 2957 unique (Rint = 0.0404, Rsigma = 

0.0386) which were used in all calculations. The final R1 was 0.0672 (I > 2σ(I)) 

and wR2 was 0.1776 (all data). 

Refinement model description 

Number of restraints - 0, number of constraints - unknown. 

Details: 

1. Fixed Uiso 

 At 1.2 times of: All C(H) groups 

2.a Aromatic/amide H refined with riding coordinates: C3(H3), C4(H4), C5(H5), 

C6(H6), C7(H7), C9(H9), C11(H11), C12(H12), C13(H13), C14(H14), C16(H16), 

C17(H17) 
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2-(2-naphthalene)-5-(p-trifluormethylphenyl)-1,3,4,2-dioxazaborole (D11) 

 

Experimental 

Single crystals of C18H11BNO2F3 [D11] were [crystallised from toluene]. A 

suitable crystal was selected and run on a ‘SuperNova, Dual, Cu Atlas diffractometer’. 

The crystal was kept at 120.01(10) K during data collection. Using Olex21, the structure 

was solved with the XT2 structure solution program using Intrinsic Phasing and refined 

with the XL3 refinement package using Least Squares minimisation. 

Crystal structure determination of [D11] 

Crystal Data for C18H11BNO2F3 (M =341.09 g/mol): monoclinic, space group 

P21/c (no. 14), a = 16.3245(7) Å, b = 5.7988(2) Å, c = 15.8345(6) Å, β = 93.601(4)°,V = 

1495.97(10) Å3, Z = 3, T = 120.01(10) K, μ(MoKα) = 0.092 mm-1, Dcalc = 1.136 g/cm3, 

13958 reflections measured (6.954° ≤ 2Θ ≤ 59.088°), 3732 unique (Rint = 0.0275, Rsigma = 

0.0284) which were used in all calculations. The final R1 was 0.0484 (I > 2σ(I)) 

and wR2 was 0.1136 (all data). 

Refinement model description 

Number of restraints - 0, number of constraints - unknown. 

Details: 

1. Fixed Uiso 

 At 1.2 times of: All C(H) groups 

2.a Aromatic/amide H refined with riding coordinates: C3(H3), C4(H4), C6(H6), 

C7(H7), C10(H10), C11(H11), C13(H13), C14(H14), C15(H15), C16(H16), C18(H18) 
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2-(o-tolyl)-5-(p-tolyl)-1,3,4,2-dioxazaborole (C5) 

 

Experimental 

Single crystals of C60H56B4N4O8 [C5] were [grown from toluene]. A suitable 

crystal was selected and run on a ‘SuperNova, Dual, Cu Atlas’ diffractometer. The 

crystal was kept at 120.01(10) K during data collection. Using Olex21, the structure was 

solved with the XT2 structure solution program using Intrinsic Phasing and refined with 

the ShelXL3 refinement package using Least Squares minimisation. 

Crystal structure determination of [C5] 

Crystal Data for C60H56B4N4O8 (M =1004.32 g/mol): triclinic, space group P-1 

(no. 2), a = 7.3784(3) Å, b = 13.1236(7) Å, c = 14.1528(8) Å, α = 69.869(5)°, β = 

84.969(4)°, γ = 86.798(4)°, V = 1281.27(12) Å3, Z = 1, T = 120.01(10) K, μ(MoKα) = 

0.085 mm-1, Dcalc = 1.302 g/cm3, 41075 reflections measured (6.14° ≤ 2Θ ≤ 65.922°), 

8999 unique (Rint = 0.0423, Rsigma = 0.0403) which were used in all calculations. The 

final R1 was 0.0642 (I > 2σ(I)) and wR2 was 0.1690 (all data). 

Refinement model description 

Number of restraints - 0, number of constraints - unknown. 

Details: 

1. Fixed Uiso 

 At 1.2 times of: All C(H) groups 

 At 1.5 times of: All C(H,H,H) groups 

2.a Aromatic/amide H refined with riding coordinates: C00D(H00D), C00G(H00G), 

C00H(H00H), C00E(H00E), C00P(H00P), C00K(H00K), C00R(H00R), C00F(H00F), 

C3(H3), C4(H4), C6(H6), C7(H7), C10(H10), C11(H11), C12(H12), C13(H13) 

2.b Idealised Me refined as rotating group: C00S(H00i,H00j,H00l), 

C00C(H00a,H00b,H00c), C8(H8a,H8b,H8c), C15(H15a,H15b, H15c) 
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DMAP complex of 2-(2,6-dimethylphenyl)-5-phenyl-1,3,4,2-dioxazaborole 

(A1.DMAP) 

 

Experimental 

Single crystals of C22H24BN3O2 [A1.DMAP] were [Crystallised in toluene]. A suitable 

crystal was selected and run on a 'Bruker APEX-II CCD' diffractometer. The crystal 

was kept at 273.15 K during data collection.  

Crystal structure determination of [A1.DMAP] 

Crystal Data for C22H24BN3O2 (M =373.28 g/mol): monoclinic, space group P21/n (no. 

14), a = 11.6454(7) Å, b = 12.0962(7) Å, c = 15.1933(9) Å, β = 111.465(3)°, V = 

1991.8(2) Å3, Z = 4, T = 273.15 K, μ(Mo Kα) = 0.080 mm-1, Dcalc = 1.2447 g/cm3, 35445 

reflections measured (4.44° ≤ 2Θ ≤ 55°), 4549 unique (Rint = 0.0553, Rsigma = 0.0375) 

which were used in all calculations. The final R1 was 0.0442 (I>=2u(I)) and wR2 was 

0.1173 (all data). 

Refinement model description 

Number of restraints - 0, number of constraints - 40. 
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[benzohydroxamate complex of 2-(2,6-dimethylphenyl)-5-phenyl-1,3,4,2-

dioxazaborole]-[DMAPH]+ ([A1.1-][DMAPH+]) 

 

Experimental 

Single crystals of C10H11B0.33ClN1.33O1.33 [([A1.1-][DMAPH+])] were [grown 

from toluene]. A suitable crystal was selected and run on a 'Bruker APEX-II 

CCD' diffractometer. The crystal was kept at 273.15 K during data collection. Using 

Olex21, the structure was solved with the XT2 structure solution program using Intrinsic 

Phasing and refined with the ShelXL3 refinement package using Least Squares 

minimisation. 

Crystal structure determination of [([A1.1-][DMAPH+])] 

Crystal Data for C120H128B4Cl12N16O16 (M =210.25 g/mol): monoclinic, space 

group P21/n (no. 14), a = 12.7315(7) Å, b = 18.7690(9) Å, c = 13.8048(7) Å, β = 

112.141(2)°, V = 3055.5(3) Å3, Z = 12, T = 273.15 K, μ(MoKα) = 0.342 mm-1, Dcalc = 

1.371 g/cm3, 54942 reflections measured (3.712° ≤ 2Θ ≤ 52.576°), 6160 unique (Rint = 

0.0814, Rsigma = 0.0462) which were used in all calculations. The final R1 was 0.0715 (I 

> 2σ(I)) and wR2 was 0.2165 (all data). 

Refinement model description 

Number of restraints - 0. 
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Details: 

1. Fixed Uiso 

 At 1.2 times of: All C(H) groups, All N(H) groups 

 At 1.5 times of: All C(H,H,H) groups 

2.a Ternary CH refined with riding coordinates: C30(H30) 

2.b Aromatic/amide H refined with riding coordinates: N2(H2), C3(H3), C4(H4), 

C5(H5), C6(H6), C7(H7), C10(H10), C11(H11), C12(H12), C18(H18), C19(H19), 

C20(H20), C21(H21), C22(H22), N3(H3A), C23(H23), C24(H24), C26(H26), 

C27(H27) 

2.c Idealised Me refined as rotating group: C14(H14A,H14B,H14C), 

C15(H15A,H15B,H15C), C28(H28A,H28B,H28C), C29(H29A,H29B, H29C) 

 

 

[4-(dimethylamino)phenylhydroxamate complex of 2-(2,6-dimethylphenyl)-5-

phenyl-1,3,4,2-dioxazaborole]-[DMAPH]+ ([A1.6-][DMAPH+]) 

 

Experimental 

Single crystals of C33H40BN6O4.25 [([A1.6-][DMAPH+])] were [grown from 

acetonitrile]. A suitable crystal was selected and run on a Bruker APEX-II 

CCD diffractometer. The crystal was kept at 100(0) K during data collection. Using 

Olex2[1], the structure was solved with the ShelXT[2] structure solution program using 

Intrinsic Phasing and refined with the ShelXL[3] refinement package using Least Squares 

minimisation. 
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Crystal structure determination of [([A1.6-][DMAPH+])]  

Crystal Data for C33H40BN6O4.25 (M =598.51 g/mol): monoclinic, space group 

P21/c (no. 14), a = 11.7674(8) Å, b = 18.9864(14) Å, c = 15.2066(11) Å, β = 

112.398(4)°, V = 3141.2(4) Å3, Z = 4, T = 100.0 K, μ(MoKα) = 0.085 mm-1, Dcalc = 

1.266 g/cm3, 61187 reflections measured (4.29° ≤ 2Θ ≤ 58.08°), 8346 unique (Rint = 

0.0968, Rsigma = 0.0786) which were used in all calculations. The final R1 was 0.0676 (I 

> 2σ(I)) and wR2 was 0.2009 (all data). 

Refinement model description 

Number of restraints - 0, number of constraints - unknown. 

Details: 

1. Fixed Uiso 

 At 1.2 times of: All C(H) groups, All N(H) groups 

 At 1.5 times of: All C(H,H,H) groups 

2. Others 

 Fixed Sof: O1W(0.25) 

 Fixed Uiso: O1W(0.08) 

3.a Aromatic/amide H refined with riding coordinates: N2(H), C3(HA), C4(HB), 

C5(HC), C6(HD), C7(HE), C11(HI), C12(HJ), C13(HK), C18(HO), C19(HP), 

C21(HQ), C22(HR), C25(HY), C26(HZ), C28(H0AA), C29(H1AA) 

3.b Idealised Me refined as rotating group: C10(HF,HG,HH), C15(HL,HM,HN), 

C23(HS,HT,HU) C24(HV,HW,HX), C30(H2AA,H3AA, H4AA), 

C31(H5AA,H6AA,H7AA), C32(H8AA,H9AA,H0BA) 
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[p-chlorophenylhydroxamate complex of 2-(2,6-dimethylphenyl)-5-(p-chlorophenyl-

1,3,4,2-dioxazaborole]-[DMAPH]+ ([A7.7-][DMAPH+]) 

 

Experimental 

Single crystals of C29H29BCl2N4O4 [([A7.7-][DMAPH+])] were [grown from 

acetone]. A suitable crystal was selected and on a ‘Bruker APEX-II 

CCD diffractometer’. The crystal was kept at 100.0 K during data collection. Using 

Olex21, the structure was solved with the XT2 structure solution program using Intrinsic 

Phasing and refined with the ShelXL3 refinement package using CGLS minimisation. 

Crystal structure determination of [([A7.7-][DMAPH+])]  

Crystal Data for C29H29BCl2N4O4 (M =579.27 g/mol): trigonal, space group R-3 

(no. 148), a = 35.8946(12) Å, c = 12.3120(5) Å, V = 13737.8(11) Å3, Z = 18, T = 

100.0 K, μ(MoKα) = 0.252 mm-1, Dcalc = 1.260 g/cm3, 63986 reflections measured 

(2.27° ≤ 2Θ ≤ 54.284°), 6706 unique (Rint = 0.0822, Rsigma = 0.0621) which were used in 

all calculations. The final R1 was 0.0799 (I > 2σ(I)) and wR2 was 0.2870 (all data). 

Refinement model description 

Number of restraints - 71. 

Details: 

1. Fixed Uiso 

 At 1.2 times of: All C(H) groups, All N(H) groups 

 At 1.5 times of: All C(H,H,H) groups 

2. Restrained distances: C16A-C15A ≈ C20A-C15A ≈ C20A-C19A ≈ C19A-C18A ≈ 

C18A-C17A 
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≈ C17A-C16A ≈ C16- C15 ≈ C20-C15 ≈ C20-C19 ≈ C19-C18 ≈ C18-C17 ≈ C17-C16 

with sigma of 0.02 

3. Restrained planarity C16A, C15A, C20A, C19A, C18A, C17A, C22A, C21A with 

sigma of 0.1 

4. Uiso/Uaniso restraints and constraints 

Uanis(C21A) = Uanis(C21) 

Uanis(C22A) = Uanis(C22) 

5. Others 

 Sof(C18A)=Sof(H18A)=Sof(C17A)=Sof(H17A)=Sof(C16A)=Sof(C20A)=Sof(C19A)= 

Sof(H19A)=Sof(C21A)=Sof(H21D)=Sof(H21E)=Sof(H21F)=Sof(C15A)=Sof(C22A)= 

Sof(H22D)=Sof(H22E)=Sof(H22F)=1-FVAR(1) 

Sof(C15)=Sof(C16)=Sof(C17)=Sof(H17)=Sof(C18)=Sof(H18)=Sof(C19)=Sof(H19)= 

 

Sof(C20)=Sof(C21)=Sof(H21A)=Sof(H21B)=Sof(H21C)=Sof(C22)=Sof(H22A)=Sof(

H22B)= Sof(H22C)=FVAR(1) 

6.a Aromatic/amide H refined with riding coordinates: 

 N2(H2), C3(H3), C4(H4), C6(H6), C7(H7), C10(H10), C11(H11), C13(H13), 

C14(H14), C17(H17), C18(H18), C19(H19), N3(H3A), C23(H23), C24(H24), 

C26(H26), C27(H27), C18A(H18A), C17A(H17A), C19A(H19A) 

6.b Idealised Me refined as rotating group: C21(H21A,H21B,H21C), 

C22(H22A,H22B,H22C), C28(H28A,H28B,H28C), C29(H29A,H29B,H29C), 

C21A(H21D,H21E,H21F), C22A(H22D,H22E,H22F) 
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DMAP complex of 2-(2-naphthalene)-5-phenyl-1,3,4,2-dioxazaborole (D1.DMAP) 

 

Experimental 

Single crystals of C31H34BN5O3 [D1.DMAP] were [grown from toluene]. A 

suitable crystal was selected and run on a ‘Bruker APEX-II CCD diffractometer’. The 

crystal was kept at 150.0 K during data collection. Using Olex21, the structure was solved 

with the XT2 structure solution program using Intrinsic Phasing and refined with the 

ShelXL3 refinement package using Least Squares minimisation. 

Crystal structure determination of [D1.DMAP] 

Crystal Data for C31H34BN5O3 (M =535.44 g/mol): monoclinic, space group P21/n 

(no. 14), a = 17.1191(12) Å, b = 9.6109(6) Å, c = 18.0357(11) Å, β = 104.998(2)°, V = 

2866.3(3) Å3, Z = 4, T = 150.0 K, μ(MoKα) = 0.081 mm-1, Dcalc = 1.241 g/cm3, 24019 

reflections measured (4.676° ≤ 2Θ ≤ 52.724°), 5830 unique (Rint = 0.0441, Rsigma = 

0.0448) which were used in all calculations. The final R1 was 0.1012 (I > 2σ(I)) 

and wR2 was 0.2810 (all data). 

Refinement model description 

Number of restraints - 14. 

Details: 

1. Fixed Uiso 

 At 1.2 times of: All C(H) groups, All C(H,H) groups 

 At 1.5 times of: All C(H,H,H) groups 
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2. Restrained distances:  C6B-C7B = C6B-C5B = C5B-C4B = C4B-C3B 1.38 with 

sigma of 0.02 

 C2B-C3B = C2B-C7B 1.38 with sigma of 0.02 

 C13B-C14 1.38 with sigma of 0.02 

 C13B-C12B = C11B-C12B = C10B-C11B = C10B-C9B = C9B-C8B = C17B-C8B 

1.38 with sigma of 0.02 

 C10B-C15 1.38 with sigma of 0.02 

3. Others 

 Fixed Sof: O1(0.75) O2(0.75) N1(0.75) N2(0.75) C2(0.75) C3(0.75) C4(0.75) C5(0.75) 

C6(0.75) C7(0.75) C8(0.75) C9(0.75) C10(0.75) C11(0.75) C12(0.75) C13(0.75) 

C16(0.75) C17(0.75) C18(0.75) H18(0.75) C19(0.75) H19(0.75) C20(0.75) C21(0.75) 

H21(0.75) C22(0.75) H22(0.75) B1(0.75) C10B(0.25) O1B(0.25) C22B(0.25) 

H22B(0.25) C17B(0.25) O2B(0.25) C12B(0.25) N1B(0.25) C20B(0.25) H20B(0.25) 

B1B(0.25) N18B(0.25) C1B(0.25) C11B(0.25) C2B(0.25) C13B(0.25) C3B(0.25) 

C19B(0.25) H19B(0.25) C4B(0.25) C21B(0.25) C5B(0.25) C23B(0.25) H1(0.25) 

C6B(0.25) C7B(0.25) C8B(0.25) C9B(0.25) 

4.a Aromatic/amide H refined with riding coordinates: 

 C3(H3), C4(H4), C5(H5), C6(H6), C7(H7), C9(H9), C11(H11), C12(H12), C13(H13), 

C16(H16), C17(H17), C18(H18), C19(H19), C21(H21), C22(H22), C25(H25), 

C26(H26), C28(H28), C29(H29), C22B(H22B), C20B(H20B), C19B(H19B), 

C23B(H1) 

4.b Idealised Me refined as rotating group: 

 C23(H23A,H23B,H23C), C24(H24A,H24B,H24C), C30(H30A,H30B,H30C), 

C31(H31A,H31B, 

 H31C) 
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DMAP complex of 2-(1-naphthalene)-5-(p-trifluoromethylphenyl)-1,3,4,2-

dioxazaborole (D11.DMAP) 

 

Experimental 

Single crystals of C35.5H33BF3N3O2 [D11.DMAP] were [grown from toluene]. A 

suitable crystal was selected and run on a SuperNova, Dual, Cu Atlas diffractometer. 

The crystal was kept at 120.00(10) K during data collection. Using Olex2[1], the structure 

was solved with the ShelXT[2] structure solution program using Intrinsic Phasing and 

refined with the ShelXL[3] refinement package using Least Squares minimisation. 

Crystal structure determination of [D11.DMAP] 

Crystal Data for C35.5H33BF3N3O2 (M =601.46 g/mol): monoclinic, space group 

P21/c (no. 14), a = 7.7217(3) Å, b = 16.0955(9) Å, c = 25.115(2) Å, β = 95.111(7)°, V = 

3109.0(3) Å3, Z = 4, T = 120.00(10) K, μ(CuKα) = 0.756 mm-1, Dcalc = 1.285 g/cm3, 

23269 reflections measured (6.53° ≤ 2Θ ≤ 136.462°), 5691 unique (Rint = 0.0973, Rsigma = 

0.0693) which were used in all calculations. The final R1 was 0.1067 (I > 2σ(I)) 

and wR2 was 0.3497 (all data). 

Refinement model description 

Number of restraints - 15. 

Details: 

1. Fixed Uiso 

 At 1.2 times of: All C(H) groups 

 At 1.5 times of: All C(H,H,H) groups 
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2. Restrained distances F1B-C8 ≈ F1A-C8 ≈ F3B-C8 ≈ F3A-C8 ≈ F2B-C8 ≈ F2A-C8 

with sigma of 0.02 

3. Others: 

 Sof(F1B)=Sof(F2B)=Sof(F3B)=1-FVAR(1) 

 Sof(F1A)=Sof(F2A)=Sof(F3A)=FVAR(1) 

4.a Aromatic/amide H refined with riding coordinates: C3(H3), C4(H4), C6(H6), 

C7(H7), C10(H10), C11(H11), C12(H12), C14(H14), C15(H15), C16(H16), C17(H17), 

C19(H19), C20(H20), C22(H22), C23(H23) 

4.b Idealised Me refined as rotating group: C25(H25A,H25B,H25C), 

C26(H26A,H26B,H26C) 

 

[benzohydroxamate complex of 2,5-diphenyl-1,4,3,2-dioxazaborole]-[DMAPH]+ 

([F1.1-][DMAPH+]) 

 

Experimental 

Single crystals of C27H29BN4O5 [([F1.1-][DMAPH+])] were [grown from the 

reaction solution (toluene)]. A suitable crystal was selected and run on a 'Bruker 

APEX-II CCD' diffractometer. The crystal was kept at 173.15 K during data collection. 

Using Olex2[1], the structure was solved with the ShelXT[2] structure solution program 

using Intrinsic Phasing and refined with the ShelXL[3] refinement package using Least 

Squares minimisation. 

 

 

Crystal structure determination of ([F1.1-][DMAPH+]) 
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Crystal Data for C27H29BN4O5 (M =500.35 g/mol): triclinic, space group P-1 (no. 2), a = 

9.5994(5) Å, b = 12.0820(6) Å, c = 12.2366(6) Å, α = 104.634(4)°, β = 105.395(4)°, γ = 

102.593(5)°, V = 1260.55(12) Å3, Z = 2, T = 173.15 K, μ(MoKα) = 0.091 mm-1, Dcalc = 

1.318 g/cm3, 22469 reflections measured (6.36° ≤ 2Θ ≤ 59.47°), 6291 unique (Rint = 

0.0598, Rsigma = 0.0632) which were used in all calculations. The final R1 was 0.0647 (I 

> 2σ(I)) and wR2 was 0.1612 (all data). 

Refinement model description 

Number of restraints - 0, number of constraints - unknown. 

Details: 

1. Fixed Uiso 

 At 1.2 times of: All C(H) groups, All N(H) groups 

 At 1.5 times of: All C(H,H,H) groups 

2.a Me refined with riding coordinates:  C26(H26A,H26B,H26C), 

C27(H27A,H27B,H27C) 

2.b Aromatic/amide H refined with riding coordinates: N2(H2), C3(H3), C4(H4), 

C5(H5), C6(H6), C7(H7), C9(H9), C10(H10), C11(H11), C12(H12), C13(H13), 

C16(H16), C17(H17), C18(H18), C19(H19), C20(H20), N3(H3A), C21(H21), 

C22(H22), C24(H24), C25(H25) 
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DMAP complex of 2-phenyl-5-methyl-1,3,4,2-dioxazaborole (F3.DMAP) 

 

Experimental 

Single crystals of C15H18.5BN3O2.25 [F3.DMAP] were [grown from toluene/pet 

ether mixture]. A suitable crystal was selected and run on a ‘Bruker APEX-II 

CCD diffractometer’. The crystal was kept at 100.0 K during data collection. Using 

Olex2[1], the structure was solved with the XT[2] structure solution program using Intrinsic 

Phasing and refined with the ShelXL[3] refinement package using Least Squares 

minimisation. 

Crystal structure determination of [F3.DMAP] 

Crystal Data for C15H18.5BN3O2.25 (M =287.64 g/mol): monoclinic, space group 

C2/c (no. 15), a = 19.433(3) Å, b = 8.7144(14) Å, c = 19.369(5) Å, β = 114.064(7)°, V = 

2995.1(10) Å3, Z = 8, T = 100.0 K, μ(MoKα) = 0.086 mm-1, Dcalc = 1.276 g/cm3, 38554 

reflections measured (5.208° ≤ 2Θ ≤ 65.266°), 5453 unique (Rint = 0.0300, Rsigma = 

0.0333) which were used in all calculations. The final R1 was 0.0447 (I > 2σ(I)) 

and wR2 was 0.1187 (all data). 

Refinement model description 

Number of restraints - 1, number of constraints - unknown. 

Details: 

1. Fixed Uiso 

 At 1.2 times of: All C(H) groups 
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 At 1.5 times of: All C(H,H,H) groups 

2. Restrained distances: H3-O3, 0.95 with sigma of 0.02 

3. Others: Fixed Sof: O3(0.25) H3(0.5) 

4.a Aromatic/amide H refined with riding coordinates: C12(H12), C10(H10), 

C13(H13), C9(H9), C8(H8), C4(H4), C6(H6), C7(H7), C5(H5) 

4.b Idealised Me refined as rotating group: C14(H14a,H14b,H14c), 

C15(H15a,H15b,H15c), C2(H2a,H2b,H2c) 

 

 

3-methyl-5'-phenyl-spiro[benzo[1,2,6]oxazaborinine-1,2'-[1,3,4,2]dioxazaborole] 

(ONMe.G1) 

 

Experimental 

Single crystals of C15H13BN2O3 [A1] were [grown from ethanol]. A suitable 

crystal was selected and run on a ‘SuperNova, Dual, Cu Atlas’ diffractometer. The 

crystal was kept at 120.01(10) K during data collection. Using Olex21, the structure was 

solved with the ShelXS2 structure solution program using Direct Methods and refined 

with the ShelXL3 refinement package using Least Squares minimisation. 

Crystal structure determination of [A1] 

Crystal Data for C15H13BN2O3 (M =280.08 g/mol): orthorhombic, space group 

Pca21 (no. 29), a = 23.0683(2) Å, b = 5.31588(6) Å, c = 10.82073(10) Å, V = 

1326.93(2) Å3, Z = 4, T = 120.01(10) K, μ(CuKα) = 0.801 mm-1, Dcalc = 1.402 g/cm3, 

14956 reflections measured (15.364° ≤ 2Θ ≤ 152.13°), 2739 unique (Rint = 0.0631, 

Rsigma = 0.0332) which were used in all calculations. The final R1 was 0.0429 (I > 2σ(I)) 

and wR2 was 0.1119 (all data). 

Refinement model description 
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Number of restraints - 1, number of constraints - unknown. 

Details: 

1. Fixed Uiso 

 At 1.2 times of: All C(H) groups 

 At 1.5 times of: All C(H,H,H) groups 

2.a Aromatic/amide H refined with riding coordinates: C3(H3), C4(H4), C5(H5), 

C6(H6), C7(H7), C9(H9), C10(H10), C11(H11), C12(H12), C14(H14) 

2.b Idealised Me refined as rotating group: C15(H15A,H15B,H15C) 
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B. Bond length and angles summary 

The table below describes the key bond lengths and angles around the successfully 

crystallised 3-coordinate 1,3,4,2-dioxazaborole hetereocyclic ring.  

 

COMPOUND  BOND LENGTHS (Å) BOND ANGLES (°) 

A1 B1-O2 1.3820(13) L-B-O2 N/A 

O2-N1 1.4364(12) L-B-O1 N/A 

N1-C1 1.2863(14) L-B- A N/A 

C1-O1 1.3586(12) A -B-O2 125.48(10) 

O1-B1 1.3936(14) O1-B-O2 107.73(9) 

L-B N/A O1-B- A 126.79(9) 

A2 B1-O2 1.378(5) L-B-O2 N/A 

O2-N1 1.433(4) L-B-O1 N/A 

N1-C1 1.280(5) L-B- A N/A 

C1-O1 1.353(4) A -B-O2 125.4(3) 

O1-B1 1.400(5) O1-B-O2 107.6(3) 

L-B N/A O1-B- A 127.0(3) 

A5 B1-O2 1.3780(19) L-B-O2 N/A 

O2-N1 1.4424(17) L-B-O1 N/A 

N1-C1 1.2901(19) L-B- A N/A 

C1-O1 1.3584(16) A -B-O2 123.85(13) 

O1-B1 1.3959(19) O1-B-O2 108.94(12) 

L-B N/A O1-B- A 127.21(13) 

A7 B1-O2 1.381(5) L-B-O2 N/A 

O2-N1 1.435(4) L-B-O1 N/A 

N1-C1 1.287(5) L-B- A N/A 

C1-O1 1.360(4) A-B-O2 125.3(3) 

O1-B1 1.398(6) O1-B-O2 107.2(4) 

L-B N/A O1-B-A 127.2(4) 

A12 B1-O2 1.3820(13) L-B-O2 N/A 

O2-N1 1.4364(12) L-B-O1 N/A 

N1-C1 1.2863(14) L-B- A N/A 
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C1-O1 1.3586(12) A-B-O2 125.48(10) 

O1-B1 1.3936(14) O1-B-O2 1.07.73(9) 

L-B N/A O1-B-A 126.79(9) 

D1 B1-O2 1.376(3) L-B-O2 N/A 

O2-N1 1.443(3) L-B-O1 N/A 

N1-C1 1.289(3) L-B-D N/A 

C1-O1 1.364(3) D-B-O2 124.6(2) 

O1-B1 1.393(3) O1-B-O2 109.36(19) 

L-B N/A O1-B-D 126.0(2) 

D11 B1-O2 1.374(2) L-B-O2 N/A 

O2-N1 1.4352(16) L-B-O1 N/A 

N1-C1 1.287(2) L-B-D N/A 

C1-O1 1.3563(17) D-B-O2 124.89(14) 

O1-B1 1.389(2) O1-B-O2 109.17(13) 

L-B N/A O1-B- D 125.92(14) 

C5 B1-O2 1.3780(19) L-B-O2 N/A 

O2-N1 1.4424(17) L-B-O1 N/A 

N1-C1 1.2901(19) L-B-C N/A 

C1-O1 1.3584(16) C-B-O2 123.85(13) 

O1-B1 1.3959(19) O1-B-O2 108.94(12) 

L-B N/A O1-B- C 127.21(13) 

 

 

 

 

 

 

 

 

The table below describes the key bond lengths and angles around the successfully 

crystallised 4-coordinate 1,3,4,2-dioxazaborole heterocyclic ring, and the bond to the 

coordinating Lewis base.  
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COMPOUND  BOND LENGTHS (Å) BOND ANGLES (°) 

B1.DMAP B1-O2 1.4752(19) L-B-O2 106.83(12) 

O2-N1 1.4384(16) L-B-O1 105.93(11) 

N1-C1 1.2888(19) L-B-B 109.95(12) 

C1-O1 1.3386(18) B -B-O2 115.94(12) 

O1-B1 1.487(2) O1-B-O2 102.24(12) 

L-B 1.631(2) O1-B- B 115.10(13) 

 % THC 98.9 

[F1.1-][DMAPH+] B1-O2 1.499(3) L-B-O2 112.71(16) 

O2-N1 1.435(2) L-B-O1 109.87(15) 

N1-C1 1.293(2) L-B- F 107.59(17) 

C1-O1 1.328(2) F -B-O2 112.59(15) 

O1-B1 1.508(2) O1-B-O2 100.26(15) 

L-B 1.474(3) O1-B- F 113.82(16) 

 % THC N/A 

[B1.6-][DMAPH+] B1-O2 1.499(3) L-B-O2 109.6(2) 

O2-N1 1.419(3) L-B-O1 110.3(2) 

N1-C1 1.293(3) L-B-B 107.31(19) 

C1-O1 1.329(3) B -B-O2 112.7(2) 

O1-B1 1.501(3) O1-B-O2 100.55(18) 

L-B 1.495(3) O1-B-B 116.2(2) 

 % THC 99.6 

D1.DMAP B1-O2 1.445(6) L-B-O2 109.8(4) 

O2-N1 1.428(6) L-B-O1 105.1(4) 

N1-C1 1.299(6) L-B-D 110.4(4) 

C1-O1 1.341(5) D-B-O2 115.7(4) 

O1-B1 1.499(5) O1-B-O2 102.8(3) 

L-B  O1-B-D 112.4(3) 

 % THC 99.1 

 

ONMe.G1 B1-O2 1.458(20) L-B-O2 104.60(16) 

O2-N1 1.434(2) L-B-O1 108.47(16) 

N1-C1 1.288(6) L-B-G 108.99(15) 

C1-O1 1.343(2) G-B-O2 117.53(17) 
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O1-B1 1.458(2) O1-B-O2 103.26(15) 

L-B 1.551(2) O1-B-G 113.33(16) 

 % THC 99.1 

[B1.1-][DMAPH+] B1-O2 1.499(3) L-B-O2 109.6(2) 

O2-N1 1.419(3) L-B-O1 110.5(2) 

N1-C1 1.291(4) L-B-B 107.4(2) 

C1-O1 1.328(4) B-B-O2 112.5(2) 

O1-B1 1.501(4) O1-B-O2 100.5(2) 

L-B 1.490(4) O1-B-B 116.2(2) 

 % THC 99.7 

[B7.7-][DMAPH+] B1-O2 1.481(6) L-B-O2 110.0(3) 

O2-N1 1.421(3) L-B-O1 109.1(5) 

N1-C1 1.276(5) L-B-B 109.6(3) 

C1-O1 1.340(4) B-B-O2 110.6(5) 

O1-B1 1.510(6) O1-B-O2 101.3(3) 

L-B 1.503(6) O1-B-B 115.8(4) 

 % THC 99.3 

D11.DMAP B1-O2 1.495(6) L-B-O2 106.7(3) 

O2-N1 1.439(6) L-B-O1 105.9(4) 

N1-C1 1.299(6) L-B-D 111.3(4) 

C1-O1 1.351(6) D-B-O2 116.3(4) 

O1-B1 1.449(5) O1-B-O2 102.2(4) 

L-B 1.613(7) O1-B-D 113.5(4) 

 % THC 98.8 

F3.DMAP B1-O2 1.476(13) L-B-O2 108.82(8) 

O2-N1 1.448(12) L-B-O1 107.16(8) 

N1-C1 1.285(15) L-B-F 1-9.48(6) 

C1-O1 1.342(13) F-B-O2 114.75(8) 

O1-B1 1.489(12) O1-B-O2 102.75(8) 

L-B 1.606(14) O1-B-F 113.44(8) 

 % THC 99.3 
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Bond length and angles averages: 

The table below describes the key bond lengths and angles around the successfully 

crystallised 3-coordinate 1,3,4,2-dioxazaborole heterocyclic ring. 

 

BOND LENGTHS (Å) BOND ANGLES (°) 

B1-O2 1.3792 (4) L-B-O2 N/A 

O2-N1 1.4375 (5) L-B-O1 N/A 

N1-C1 1.2866 (3) L-B-X N/A 

C1-O1 1.3584 (4) X -B-O2 125.4888 (1) 

O1-B1 1.3957 (4) O1-B-O2 108.1700 (1) 

L-B N/A O1-B- X 126.2938 (1) 

 

The table below describes the key bond lengths and angles around the successfully 

crystallised 4-coordinate 1,3,4,2-dioxazaborole heterocyclic ring, and the bond to the 

coordinating Lewis base. 

 

BOND LENGTHS (Å) BOND ANGLES (°) 

B1-O2 1.4814 (18) L-B-O2 108.986 (2) 

O2-N1 1.4309 (9) L-B-O1 108.233 (2) 

N1-C1 1.2902 (7) L-B-X 108.742 (2) 

C1-O1 1.3378 (8) X -B-O2 114.261 (2) 

O1-B1 1.4925 (17) O1-B-O2 101.676 (1) 

L-B 1.5477 62) O1-B- X 114.529 (1) 

 

 

 

 

 



Appendix 

286 

 

C. NMR Spectra of Pure 1,3,4,2-dioxazaboroles  

 

2-(2,6-dimethylphenyl)-5-phenyl-1,3,4,2-dioxazaborole (A1) 

 

 

2-(2,6-dimethylphenyl)-5-(o-pyridyl)-1,3,4,2-dioxazaborole (A2) 

 

Note: Sample not pure, due to sample not being 100 % stable towards the formation of 

the heterocycle in solution.  
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2-(2,6-dimethylphenyl)-5-methyl-1,3,4,2-dioxazaborole (A3) 

 

 

 

 

2-(2,6-dimethylphenyl)-5-(p-pyridyl)-1,3,4,2-dioxazaborole (A4) 
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2-(2,6-dimethylphenyl)-5-(p-tolyl)-1,3,4,2-dioxazaborole (A5) 

 

 

 

 

2-(2,6-dimethylphenyl)-5-((p-dimethylamino)phenyl)-1,3,4,2-dioxazaborole (A6) 
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2-(2,6-dimethylphenyl)-5-(p-chlorophenyl)-1,3,4,2-dioxazaborole (A7) 

 

 

 

 

2-(2,6-dimethylphenyl)-5-(p-fluorophenyl)-1,3,4,2-dioxazaborole (A8) 
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2-(2,6-dimethylphenyl)-5-(p-bromophenyl)-1,3,4,2-dioxazaborole (A9) 

 

 

 

 

2-(2,6-dimethylphenyl)-5-(p-iodophenyl)-1,3,4,2-dioxazaborole (A10) 
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2-(2,6-dimethylphenyl)-5-(p-trifluoromethylphenyl)-1,3,4,2-dioxazaborole (A11) 

 

 

 

 

2-(2,6-dimethylphenyl)-5-(o-hydroxyphenyl)-1,3,4,2-dioxazaborole (A12) 
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2-((4-fluoro-2-methyl)phenyl-5-phenyl-1,3,4,2-dioxazaborole (B1)  

 

 

 

 

2-((4-fluoro-2-methyl)phenyl-5-(p-pyridyl)-1,3,4,2-dioxazaborole (B4) 
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2-((4-fluoro-2-methyl)phenyl-5-(p-tolyl)-1,3,4,2-dioxazaborole (B5)  

 

 

 

2-((4-fluoro-2-methyl)phenyl-5-(p-(dimethylamino)phenyl)-1,3,4,2-dioxazaborole 

(B6)  
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2-((4-fluoro-2-methyl)phenyl-5-(p-chlorophenyl)-1,3,4,2-dioxazaborole (B7)  

 

 

 

 

2-((4-fluoro-2-methyl)phenyl-5-(p-(trifluoromethyl)phenyl)-1,3,4,2-dioxazaborole 

(B11)  
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2-(o-tolyl)-5-(p-tolyl)-1,3,4,2-dioxazaborole (C5) 

 

 

 

 

2-(o-tolyl)-5-(p-(trifluoromethyl)phenyl)-1,3,4,2-dioxazaborole (C11) 
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2-(naphthalene-2-yl)-5-phenyl-1,3,4,2-dioxazaborole (D1) 

 

 

 

 

 

2-(naphthalene-2-yl)-5-(p-(dimethylamino)phenyl)-1,3,4,2-dioxazaborole (D5) 

 

Note: Sample not pure, owing to reduced stability of heterocycle in solution.  
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2-(naphthalene-2-yl)-5-(p-(trifluoromethyl)phenyl)-1,3,4,2-dioxazaborole (D11) 

 

 

 

 

2-(naphthalene-1-yl)-5-phenyl-1,3,4,2-dioxazaborole (E1) 
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2-(naphthalene-1-yl)-5-(p-(dimethylamino)phenyl)-1,3,4,2-dioxazaborole (E5) 

 

Note: Sample not pure, owing to reduced stability of heterocycle in solution.  

 

 

2-(naphthalene-1-yl)-5-(p-(trifluoromethyl)phenyl)-1,3,4,2-dioxazaborole (E11) 
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D. Experimental Details of the Titration Studies (NMR and UV-Vis) 

i) NMR Titrations 

A1 v DMAP 

Guest added (mL) Host concentration Guest concentration Chemical Shift (ppm) 

0.000 0.0176 0.0000 33.53 

0.004 0.0175 0.0016 33.29 

0.008 0.0174 0.0031 32.16 

0.012 0.0173 0.0047 31.29 

0.016 0.0172 0.0062 29.48 

0.020 0.0171 0.0077 28.35 

0.024 0.0171 0.0092 27.49 

0.028 0.0170 0.0106 26.47 

0.032 0.0169 0.0121 25.43 

0.036 0.0168 0.0135 24.42 

0.040 0.0167 0.0150 23.28 

0.044 0.0166 0.0164 22.45 

0.048 0.0165 0.0178 21.91 

0.052 0.0164 0.0191 21.2 

0.056 0.0163 0.0205 20.88 

0.060 0.0162 0.0218 19.82 

0.064 0.0162 0.0232 19.54 

0.068 0.0161 0.0245 19.02 

0.072 0.0160 0.0258 18.86 

0.076 0.0159 0.0271 18.3 

0.080 0.0158 0.0284 18.18 

0.090 0.0156 0.0315 17.6 

0.100 0.0154 0.0346 16.92 

0.120 0.0151 0.0405 16.01 

0.140 0.0147 0.0461 15.45 

0.160 0.0144 0.0515 14.76 

0.180 0.0140 0.0566 14.71 

0.200 0.0137 0.0615 14.9 

0.250 0.0130 0.0728 14.53 

0.300 0.0123 0.0830 14.32 

0.350 0.0118 0.0922 13.96 

0.500 0.0103 0.1153 13.93 
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D1 v DMAP 

Guest added (mL) Host Concentration Guest Concentration Chemical Shift (ppm) 

0.000 0.1282 0.0000 8.61 

0.006 0.1271 0.0147 8.55 

0.012 0.1260 0.0291 8.46 

0.018 0.1249 0.0433 8.37 

0.024 0.1239 0.0572 8.29 

0.030 0.1229 0.0709 8.20 

0.036 0.1219 0.0844 8.07 

0.042 0.1209 0.0977 8.00 

0.048 0.1199 0.1107 7.93 

0.054 0.1190 0.1236 7.92 

0.060 0.1180 0.1362 7.92 

0.066 0.1171 0.1487 7.92 

0.072 0.1162 0.1609 7.91 

0.078 0.1153 0.1730 7.91 

0.110 0.1108 0.2343 7.90 

0.160 0.1043 0.3210 7.89 

0.276 0.0919 0.4879 7.87 

 

D11 v DMAP 

Guest added (mL) Guest concentration Host Concentration Chemical Shift (ppm) 

0.000 0.0000 0.1076 8.20 

0.004 0.0085 0.1070 8.20 

0.008 0.0169 0.1064 8.19 

0.012 0.0252 0.1058 8.18 

0.016 0.0335 0.1052 8.17 

0.020 0.0416 0.1046 8.16 

0.024 0.0497 0.1041 8.14 

0.028 0.0576 0.1035 8.13 

0.032 0.0655 0.1029 8.12 

0.036 0.0733 0.1024 8.10 

0.040 0.0810 0.1018 8.09 

0.044 0.0886 0.1013 8.09 

0.048 0.0961 0.1007 8.09 

0.052 0.1036 0.1002 8.09 

0.056 0.1110 0.0997 8.09 

0.060 0.1183 0.0991 8.09 

0.076 0.1467 0.0971 8.08 

0.080 0.1536 0.0966 8.08 

0.100 0.1872 0.0942 8.07 

0.130 0.2346 0.0908 8.07 
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E1 v DMAP 

Guest added (mL) Host Concentration Guest Concentration Chemical Shift (ppm) 

0.000 0.1177 0.0000 8.36 

0.004 0.0175 0.0009 8.32 

0.008 0.0095 0.0009 8.27 

0.012 0.0065 0.0009 8.23 

0.016 0.0049 0.0010 8.19 

0.020 0.0040 0.0010 8.19 

0.026 0.0031 0.0010 8.06 

0.032 0.0025 0.0010 8.00 

0.038 0.0021 0.0010 7.92 

0.044 0.0018 0.0010 7.85 

0.050 0.0016 0.0010 7.81 

0.056 0.0015 0.0010 7.81 

0.062 0.0013 0.0010 7.81 

0.074 0.0011 0.0010 7.80 

0.100 0.0008 0.0010 7.80 

0.150 0.0005 0.0010 7.79 

0.246 0.0003 0.0010 7.77 

 

E11 v DMAP 

Guest added (mL) Host Concentration  Guest Concentration  Chemical Shift (ppm) 

0.000 0.1302 0.0000 8.71 

0.004 0.0145 0.0009 8.67 

0.008 0.0077 0.0009 8.61 

0.012 0.0052 0.0010 8.57 

0.016 0.0039 0.0010 8.52 

0.020 0.0032 0.0010 8.47 

0.024 0.0027 0.0010 8.42 

0.028 0.0023 0.0010 8.35 

0.032 0.0020 0.0010 8.28 

0.036 0.0018 0.0010 8.20 

0.040 0.0016 0.0010 8.14 

0.044 0.0015 0.0010 8.12 

0.048 0.0013 0.0010 8.12 

0.052 0.0012 0.0010 8.12 

0.070 0.0009 0.0010 8.12 

0.106 0.0006 0.0010 8.12 

0.176 0.0004 0.0010 8.10 
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A1 v Et3PO 

Guest added (mL) Host concentration  Guest concentration Chemical Shift (ppm) 

0.000 0.0102 0.0000 
 

0.001 0.0101 0.0015 52.42 

0.001 0.0101 0.0015 52.46 

0.003 0.0101 0.0044 52.47 

0.004 0.0101 0.0058 52.49 

0.005 0.0101 0.0072 52.53 

0.006 0.0100 0.0086 52.54 

0.007 0.0100 0.0101 52.53 

0.008 0.0100 0.0115 52.55 

0.009 0.0100 0.0129 52.58 

0.010 0.0100 0.0143 52.58 

0.012 0.0099 0.0171 52.60 

0.014 0.0099 0.0199 52.63 

0.016 0.0098 0.0226 52.62 

0.018 0.0098 0.0254 52.63 

0.020 0.0098 0.0281 52.64 

0.024 0.0097 0.0334 52.65 

0.028 0.0096 0.0387 52.67 

0.032 0.0096 0.0439 52.70 

0.036 0.0095 0.0490 52.71 

0.040 0.0094 0.0541 52.72 

0.050 0.0092 0.0664 52.73 

0.060 0.0091 0.0783 52.75 

0.070 0.0089 0.0898 52.77 

0.080 0.0088 0.1009 52.78 

0.090 0.0086 0.1116 52.79 

0.100 0.0085 0.1219 52.84 

0.120 0.0082 0.1417 52.85 

0.140 0.0080 0.1602 52.86 

0.160 0.0077 0.1776 52.87 

0.180 0.0075 0.1941 52.89 

0.200 0.0073 0.2095 52.89 
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A1 v F¯ 

Guest added (mL) Host concentration  Guest concentration Chemical Shift (ppm) 

0.000 0.0127 0.0000 8.02 

0.004 0.0126 0.0010 8.02 

0.008 0.0125 0.0020 8.02 

0.012 0.0124 0.0030 8.01 

0.016 0.0123 0.0040 8.01 

0.020 0.0123 0.0050 8.01 

0.024 0.0122 0.0059 8.01 

0.028 0.0121 0.0068 8.00 

0.032 0.0120 0.0077 8.00 

0.036 0.0119 0.0087 8.00 

0.040 0.0118 0.0095 7.99 

0.050 0.0116 0.0117 7.99 

0.060 0.0114 0.0138 7.99 

0.070 0.0112 0.0158 7.98 

0.080 0.0110 0.0178 7.98 

0.090 0.0108 0.0196 7.97 

0.100 0.0106 0.0215 7.96 

0.150 0.0098 0.0297 7.93 

0.200 0.0091 0.0368 7.90 

0.250 0.0085 0.0429 7.90 

0.300 0.0080 0.0483 7.90 

0.350 0.0075 0.0530 7.89 

0.400 0.0071 0.0572 7.89 

 

A1 v acetate 

Guest added (mL) Host concentration  Guest concentration Chemical Shift (ppm) 

0.000 0.0104 0.0000 7.15 

0.004 0.0103 0.0010 7.15 

0.008 0.0101 0.0020 7.14 

0.012 0.0101 0.0029 7.14 

0.016 0.0100 0.0038 7.13 

0.020 0.0100 0.0048 7.13 

0.024 0.0098 0.0057 7.13 

0.028 0.0098 0.0066 7.12 

0.032 0.0097 0.0075 7.12 

0.036 0.0097 0.0083 7.11 

0.040 0.0094 0.0092 7.11 

0.050 0.0094 0.0113 7.09 

0.060 0.0091 0.0133 7.08 

0.070 0.0091 0.0152 7.07 

0.080 0.0088 0.0171 7.06 

0.090 0.0088 0.0189 7.04 

0.100 0.0084 0.0207 7.03 



Appendix 

304 

 

0.120 0.0084 0.0240 7.02 

0.140 0.0078 0.0271 7.01 

0.160 0.0078 0.0301 7.01 

0.180 0.0074 0.0328 7.00 

 

A1 v 4-nitrophenolate 

Guest added (mL) Host Concentration  Guest concentration Chemical Shift (ppm) 

0.000 0.0151  0.0000 7.12 

0.005 0.0150  0.0015 7.11 

0.010 0.0148  0.0029 7.10 

0.015 0.0147  0.0043 7.09 

0.020 0.0146  0.0057 7.08 

0.025 0.0144  0.0070 7.07 

0.030 0.0143  0.0083 7.06 

0.035 0.0141  0.0096 7.05 

0.040 0.0140  0.0109 7.04 

0.045 0.0139  0.0121 7.03 

0.050 0.0138  0.0134 7.02 

0.060 0.0135  0.0158 6.99 

0.070 0.0133  0.0181 6.96 

0.080 0.0130  0.0203 6.93 

0.090 0.0128  0.0224 6.91 

0.100 0.0126  0.0245 6.89 

0.120 0.0122  0.0285 6.85 

0.140 0.0118  0.0322 6.84 

0.160 0.0115  0.0357 6.83 

0.180 0.0111  0.0389 6.82 

0.200 0.0108  0.0420 6.82 

0.250 0.0101  0.0490 6.81 

0.300 0.0095  0.0552 6.81 

0.400 0.0084  0.0654 6.81 

0.500 0.0076  0.0736 6.80 
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A1 v hexafluorophosphate 

Guest added (mL) Host Concentration Guest Concentration Chemical Shift (ppm) 

0.000 0.0215 0.0000 7.31 

0.004 0.0215 0.1702 7.31 

0.008 0.0214 0.3398 7.31 

0.012 0.0214 0.5088 7.31 

0.016 0.0213 0.6771 7.31 

0.020 0.0213 0.8449 7.31 

0.024 0.0213 1.0120 7.31 

0.028 0.0212 1.1785 7.31 

0.032 0.0212 1.3444 7.31 

0.036 0.0212 1.5098 7.31 

0.040 0.0211 1.6745 7.31 

0.050 0.0210 2.0837 7.31 

0.060 0.0209 2.4893 7.30 

0.070 0.0208 2.8913 7.30 

0.080 0.0207 3.2898 7.30 

0.090 0.0207 3.6847 7.30 

0.100 0.0206 4.0761 7.29 

0.150 0.0201 5.9831 7.29 

0.200 0.0197 7.8100 7.29 

0.250 0.0193 9.5617 7.29 

0.300 0.0189 11.2429 7.29 

0.400 0.0182 14.4098 7.28 

0.500 0.0175 17.3405 7.28 
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ii) UV-Vis Titrations 

D1 v DMAP 

Guest added (mL) Host Concentration Guest Concentration Absorbance (331nm) 

0.000 0.0013 0.0000 0.833 

0.004 0.0013 0.0001 0.750 

0.008 0.0013 0.0003 0.651 

0.012 0.0013 0.0004 0.557 

0.016 0.0013 0.0005 0.449 

0.020 0.0013 0.0006 0.408 

0.024 0.0013 0.0007 0.311 

0.028 0.0012 0.0009 0.249 

0.032 0.0012 0.0010 0.200 

0.036 0.0012 0.0011 0.167 

0.040 0.0012 0.0012 0.144 

0.044 0.0012 0.0013 0.132 

0.048 0.0012 0.0015 0.122 

0.052 0.0012 0.0016 0.117 

0.056 0.0012 0.0017 0.109 

0.060 0.0012 0.0018 0.105 

0.080 0.0012 0.0024 0.095 

 

D11 v DMAP 

Guest added (mL) Host concentration Guest concentration Absorbance (331 nm) 

0.000 0.000052 0.000000 0.841 

0.004 0.000052 0.000005 0.749 

0.008 0.000051 0.000010 0.665 

0.012 0.000051 0.000015 0.576 

0.016 0.000051 0.000020 0.492 

0.020 0.000051 0.000025 0.417 

0.024 0.000051 0.000030 0.342 

0.028 0.000051 0.000035 0.296 

0.032 0.000051 0.000040 0.274 

0.036 0.000051 0.000045 0.261 

0.040 0.000051 0.000050 0.263 

0.044 0.000051 0.000055 0.260 

0.048 0.000051 0.000060 0.260 

0.052 0.000051 0.000065 0.258 

0.056 0.000050 0.000070 0.256 

0.060 0.000050 0.000101 0.258 

0.064 0.000049 0.000149 0.250 
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D1 v acetate 

Guest added (mL) Host Concentration Guest Concentration Absorbance (331nm) 

0.000 0.000051 0.000000 0.863 

0.004 0.000051 0.000006 0.746 

0.008 0.000051 0.000012 0.644 

0.012 0.000051 0.000018 0.479 

0.016 0.000051 0.000024 0.407 

0.020 0.000051 0.000029 0.340 

0.024 0.000051 0.000035 0.300 

0.028 0.000051 0.000041 0.272 

0.032 0.000051 0.000047 0.259 

0.036 0.000051 0.000053 0.255 

0.040 0.000050 0.000058 0.252 

0.044 0.000050 0.000064 0.251 

0.048 0.000050 0.000070 0.250 

0.052 0.000050 0.000076 0.251 

0.056 0.000050 0.000104 0.251 

0.060 0.000050 0.000123 0.252 

0.064 0.000049 0.000151 0.253 

 

D11 v acetate 

Guest added (mL) Host concentration Guest concentration Absorbance (294 nm) 

0.000 0.000052 0.000000 0.261 

0.004 0.000052 0.000006 0.283 

0.008 0.000051 0.000012 0.300 

0.012 0.000051 0.000018 0.342 

0.016 0.000051 0.000024 0.360 

0.020 0.000051 0.000029 0.389 

0.024 0.000051 0.000035 0.411 

0.028 0.000051 0.000041 0.426 

0.032 0.000051 0.000047 0.438 

0.036 0.000051 0.000053 0.441 

0.040 0.000051 0.000058 0.443 

0.044 0.000051 0.000064 0.444 

0.048 0.000051 0.000070 0.444 

0.052 0.000051 0.000076 0.442 

0.070 0.000050 0.000101 0.441 

0.087 0.000050 0.000125 0.438 
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E. IR Analysis of Attempted Cage Formation  

 

In order to determine the presence of a new material within the reaction mixture, the same 

solvent mixture was made up as for the reaction (CH3CN + 8% DMF) was used to 

calibrate the IR instrument as the background, before running both the filtrate and solid 

within the reaction mixture.  

 

 

Figure: Screenshots of both the filtrate and solid from experiment 2a. The solution (top) shows only the 

presence of DMF, and the solid (bottom) is dominated by free hydroxamic acid (16) starting material. 

However, there are new peaks (highlighted in blue) that are not identifiable as either the boronic acid 

starting material (J) and could indicate the presence of cage fragments.   

 


