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Abstract 

Boron acids are very useful in many organic syntheses, particularly as catalysts or 

participating agents.  Their catalytic properties are featured in common functional 

group transformations including amidations, esterifications and cycloadditions.  

However, boron acids are more commonly known for having a binding affinity for 

vicinal diols and polyols.  The reversible, covalent interaction between boron and 

diols is a natural phenomenon important to several biological processes.  Chemists 

have worked over several centuries to understand these complexes.  This covalent 

interaction that occurs between the boron acid and cis-diols has been exploited in an 

attempt to target specific polyols, with the design and synthesis of carbohydrate 

sensors as well as inhibitors of enzymes and artificial lectins.  The first part of this 

thesis provides a literature overview of the potential application of boron-based 

receptors as both diagnostic tools and drug delivery-agents in diseases.  Our aim 

was to utilise boron acids affinity towards diols as an accelerant to facilitate the 

formation of novel receptors for cell-surface carbohydrates.  Within some disease 

states, particular aberrant carbohydrates become potential sensor targets for 

disease detection.  Specifically, the Mycobacteria cell wall contains bacteria unique 

structural fucose and galactose residues that could be detectable via a boron-based 

carbohydrate sensor.   

 

The projects detailed in this thesis investigate the synthesis and development of 

boronic acid derivatives as receptors for cell-surface carbohydrate for the purposes 

of potential detection, treatment and drug delivery.  Chapter 2 proceeds to examine 

the use of boron in processes such as metabolic labelling and carbohydrate 

detection within a living system.  Chapter 2 also highlights the importance of 

developing other ways to investigate the biological processes that occur with a living 

cell, such as bio-orthogonal chemistry.  The chapter closes with our attempts of 

developing a bio-orthogonal reaction, namely, boron templated triazole formation.   

 

Chapter 3 follows on from this outlining our attempts in utilising boron for the 

development of fluorescent receptors that can be used to target particular 

carbohydrates.  The chapter investigates potential fluorescent receptors for targeting 

sialic acid, 3-deoxy-D-manno-oct-2-ulosonic acid (KDO) and other KDO derivatives.   

 



xxx 	

The final part of this thesis entails our efforts to utilise boron acids in developing 

more efficient ways to synthesise nitrogen based compounds, such as amides and 

amidines.  The concept of being able to synthesise these relatively complex nitrogen 

based compounds more effectively has a wide application from organic chemistry to 

biochemistry.  Both Chapter 4 and Chapter 5 also investigate the possible 

application of these nitrogen based compounds as boron based receptors for cell-

surface carbohydrates.          
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1 Introduction to boron-carbohydrate interactions and 

‘Induced Intramolecularity’ 

	

1.1 Boron – diol interactions   

The importance of boron acids in biological and medicinal chemistry stems from the 

fact that boron as an element is very similar to carbon in both it’s chemical and 

physical properties, making boron an interesting substitute for carbon.  There are two 

general organoboron families and boric acid, as shown in Figure 1.1.   
 

 
Figure 1.1: The two general organoboron families and boric acid. 

The metalloid element behaves as a Lewis acid due to the vacant p-orbital, which 

allows the element to form reversible complexes with diols (Figure 1.2).  This 

complex formation is pH dependent and as the pKa of the boron acid becomes 

greater than the pKa of the boron ester a conformation change occurs from the 

trigonal sp2 species 1 to the sp3 tetrahedral species 4 as shown in Figure 1.21.  The 

pH of the solution versus the pKa of the boronic acid.  The covalent product between 

the boron acid and the diol is termed a boronate ester and suggests that anything 

containing a diol is a potential boron acid target.  

 
Figure 1.2: The multiple equilibria that occur in the reversible covalent interaction with a 

simple diol, structures 2 and 3 are the corresponding boronate ester. 

The reversible, covalent interaction between boron and polyols is an important 

interaction that has pushed the development of synthetic carbohydrate receptors2.  
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We published an overview on the uses of boron acids in both organic chemistry and 

carbohydrate chemistry in 2012.  The focus of the article was on the use of boron-

diol interactions and exploiting the affinity of boron for diols and in the development 

of fluorescent probes and boronolectins. 
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1. Introduction 

Boron-polyol interactions are of fundamental importance to human health [1], plant growth [2] 
and quorum sensing among certain bacteria [3]. Such diversity is perhaps not surprising when 
one considers boron is one of the ten most abundant elements in sea water and carbohydrates 
make up the planet’s most abundant class of biomass. Several boronic acids matrices are 
commercially available for the purification of glycoproteins by affinity chromatography [4], 
and boronic acids are also useful carbohydrate protecting groups.[5,6] Recently, complexes 
between boron and sugars have become a lynchpin for the development of synthetic 
carbohydrate receptors.[7] These complexes involve covalent interactions that are reversible in 
aqueous solution. This chapter reviews current understanding of these processes, provides a 
historical perspective on their discovery, identifies methods for studying these complexes and 
classifies these interactions by carbohydrate type. Such information is key to the design and 
synthesis of synthetic lectins, also termed “boronolectins” when containing boron [7].  

The very nature of the reversible binding between boron acids and alcohols has been 
exploited in many different ways. The use of boronic acid carbohydrate recognition 
molecules could provide an avenue for the selective detection of specific sugars for future 
use in early diagnostics. By targeting cell-surface sugars, a boron-based probe could 
recognize particular characteristic epitopes for the identification of diseases leading to 
earlier treatments. In this chapter we not only review some of the fundamental aspects of 
boron-carbohydrate interactions but also discuss how this translates into the design of 
synthetic carbohydrate receptors. 

2. Boron-carbohydrate interactions 

2.1. Discovery of boron-sugar interactions 

The first hint of the marriage between boron and polyols was detected by Biot in his 
seminal studies on optical rotation. In 1832 he noted that the rotation of tartaric acid 
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changed in the presence of boric acid.[8] It would be a century later before interaction of 
boron acids (boric, boronic and borinic) and monosaccharides was studied in detail. In 
1913, Böeseken first noted that glucose increased the acidity of boric acid solutions.[9] It 
was nearly another half century before Lorand and Edwards published work quantifying 
the affinity of boric and phenylboronic acids for simple diols (e.g.-ethylene glycol, 
catechol) and common monosaccharides (i.e.-glucose, fructose, mannose, galactose).[10] 
The covalent product between a boronic acid and a diol is termed a boronate ester, 
analogous to a carboxylate ester. These interactions are favoured at basic pH ranges 
where the tetrahedral boronate ester is formed (Figure 1). The interchange between boron 
acids and divalent ligands in aqueous solution can be complex and varied depending on 
pH. 

 
Figure 1. Boric acid interactions with vicinal diol of sugar. 

2.2. Fundamentals of boron-diol exchange 

There are two general organoboron families of boric acid descent that can form esters with 
diols through loss of water. These are boronic acids--where one hydroxy group of the parent 
boric acid is substituted by carbon--and borinic acids, where two hydroxy groups are 
substituted by carbon-based substituents.  

 
Figure 2. Boron acids and possible esters with ethylene glycol. 
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Boric and boronic acids can form either neutral or anionic esters depending on the pH. Diol 
binding by boron acids is favoured at basic pH, while esterification of boron by 
hydroxycarboxylic acids is favoured in acidic pH ranges. Borinic acids can only form 
anionic borinate esters upon dehydrative condensation with a diol or divalent ligand. Boric 
acid can also form an anionic, tetrahedral diester with diols and related divalent ligands 
(Figure 2). While boronates can form neutral esters in non-polar solvents, they tend to form 
anionic boronate esters in water (Figure 3). Boronate ester formation is not favoured near 
physiologic pH and is completely cleaved under strongly acidic conditions. 

 
Figure 3. Diol exchange with phenylboronic acid at varied pH. 

This is because the neutral boronate ester is generally more Lewis acidic than the parent 
boronic acid—i.e. pKa (acid) > pKa (ester), (Scheme 1).[11] Thus, boronate ester formation is 
favoured at higher pH where elevated hydroxide concentrations ensure the boronate ester is 
“trapped” in its more stable tetrahedral form. However, depending on the specific 
monosaccharide, its boronate esters are not always more Lewis acidic than the free boronic 
acid.[12] Rate constants for esterification of simple boronates by diols fall in the range of 102-
103 M-1s-1.[13] Ishihara uncovered evidence it is the trigonal boronic acid that exchanges 
most rapidly with diols irregardless of pH.[14] The relative affinity of boronates for diols in 
most carbohydrates is of the order: cis-1,2-diol > 1,3-diol >> trans-1,2-diol. Thus, certain 
monosaccharides have an intrinsically higher affinity for boron acids. 

 
Figure 4. Multiple equilibria involved in diol exchange with phenylboronic acid. 
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2.3. Detection and elucidation of boron-sugar complexes 

Methods for identifying boron-polyol interactions include the following, listed in roughly 
chronological order of the introduction of their use in this area: 

a. Optical rotation/ORD: 1832 [8,15,16] 
b. pH change/titration: 1913 [9] 
c. Conductivity: 1928  
d. Temperature jump: 1969 [17] 
e. X-ray crystallography: 1973 [18,19] 
f. 11B-NMR: 1973 [19-22] 
g. Fluorescence/CD: 1990’s [23-25] 
h. ESI/MALDI Mass Spectrometry: 1990’s [26-28] 

The second half of the list defines techniques that are most frequently used today in the 
study of boron-carbohydrate interactions. Obviously, X-ray crystallography provides the 
least ambiguous information about the structure of the boronate ester of interest. However, 
these boronate-sugar adducts are often amphiphilic in nature and do not lend themselves to 
the production of suitable crystals. The relatively slow exchange between boron acids and 
diols on the NMR time scale often makes it difficult to study by proton NMR. However, 11B-
NMR can be quite useful due to the dramatic shift of the boron resonance when it is 
converted from its neutral, trigonal form as a boronic acid to its anionic, tetrahedral form as 
a boronate ester. [20-22] 

Optical methods such as fluorescence and circular dichroism (CD) are powerful tools for 
detecting boron-carbohydrate binding interactions. Yoon and Czarnik reported the first 
fluorescent boronate designed to detect binding to monosaccharides.[23] James, Shinkai 
and co-workers reported the first fluorescent boronates to function by photoinduced 
electron transfer (PET) to generate an increased fluorescence output upon carbohydrate 
binding.[24] This type of “turn-on” system tends to be most useful in a biological setting 
where background fluorescence quenching can be a problem for fluorophores that 
respond by fluorescence quenching (“turn-off”) to ligand binding. A more complete 
understanding of the aminoboronate PET fluorescence mechanism has been developed by 
the groups of Wang [29] and Anslyn [30]. They have demonstrated that solvent insertion 
disrupting any dative boron-nitrogen interaction is responsible for the increased 
fluorescence output upon ligand binding. The Shinkai group has also designed a number 
of CD-active boronate receptors for oligosaccharides and have used this method to detect 
binding of target substrates.[25] 

Advances in mass spectrometry (MS) over the past few decades, particularly electrospray 
ionization (ESI) and matrix-assisted laser desorption/ionization (MALDI), have 
revolutionized the application of this instrumental method to the study of host-guest and 
protein-ligand interactions. Certainly, the field of boron-based carbohydrate receptors has 
also benefited from the substantial improvement and refinement of these and other MS 
techniques. However, the tendency of boronates to dehydrate and/or oligomerize to 
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varying degrees depending on their solvation can complicate MS analysis of boronate-
carbohydrate esters. We have found that use of a glycerol matrix for fast atom 
bombardment (FAB) ionization is particularly useful for mass spectrometric 
characterization of diboronate species.[31] While other techniques are used in the study of 
boron-polyol complexes, those mentioned here are among the most common routinely 
used in the field today. 

3. Boron-based carbohydrate receptors 

3.1. Boron-based monosaccharide receptors 

The 1992 work of Yoon and Czarnik first demonstrated the potential of boronic acids as 
fluorescent carbohydrate receptors for sensing applications.[23] In the past 20 years, a 
great deal of research has focused on the development of boron-based glucose receptors 
for incorporation as sensors in blood sugar monitors for diabetics.[7, 32] This has lead to 
the commercial development of contact lenses that can signal when circulating glucose 
levels drop by changing the colour of the lense to alert the wearer.[33] The affinity of 
mono-boronates for glucose is low at physiologic pH, but bis-boronates offer a 
substantial improvement in binding affinity. A landmark study from the Shinkai group 
involved development of a chiral glucose sensor capable of discriminating between 
enantiomers of glucose.[34] This utilized aminoboronates as PET sensors around a chiral 
binaphthol core (Figure 5). The Singaram group has developed bis-boronate 
bipyridinium salts (viologens) that can be tuned for selective binding of glucose (Figure 
6).[35] These compounds coupled with anionic dyes are also in commercial development 
as blood glucose sensors. 

 
Figure 5. Shinkai’s chiral binaphthol glucose sensor. 

 
Figure 6.  One isomer of Singaram’s family of glucose sensors. 
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It was initially presumed that two boronotes could bind to the C-1/C-2 diol and the C-4/C-6 

diol of glucose in its hexopyranoside form.[5] However, it has been shown that boronic 

acids have a much higher affinity for the furanoside form of free hexoses.[36] In fact, 

boronates have virtually no affinity for methyl glyocsides locked in their pyranoside form at 

physiologic pH. This means that boronates would not be useful components in synthetic 

carbohydrate receptors for many cell surface carbohydrates. Mammalian cell-surface 

glycoconjugates, in particular, are dominated by hexopyranoside structures. The Hall group 

has provided an important solution to this problem when they showed that benzoboroxoles 

can bind methyl hexopyranosides in water at pH 7.5.[37] For glucopyranosides, the only 

significant binding site is the C-4/C-6 diol as all vicinal diols in this system are of a trans 
relationship. In galactopyranosides, there is an additional possible binding site: the C-3/C-4 

cis-diol (Figure 7): 

 

Figure 7. Potential binding modes between benzoboroxole (blue) and methyl-galactoside. 

While a significant amount of research has been dedicated to the study of boronate-

monosaccharide interactions, very little has been invested in borinate-monosaccharide 

exchange. Taylor has recently reported that borinic acids have substantial affinity for 

catechols and α-hydroxycarboxylates,[38] greater than that of 2-fluoro-5-nitrophenyboronic 

acid,[39] a boronate that is able to bind sugars at neutral pH. The affinity of this boronate for 

monosaccharides is greater than the affinity of a borinic acid for the same sugars, but this 

affinity in the latter case is still significant. Whether borinates can effectively bind to 

hexopyranosides under the same conditions still needs to be defined. 

3.2. Boron-based sugar acid receptors 

Boron-tartaric acid interactions were studied throughout the 20th century beginning with a 

report in 1911 on the ability of tartrate to increase the solubility of boric acid.[40] The design 

of sophisticated boron based receptors for tartrate did not arise until near the end of the 

century when Anslyn reported the first in 1999.[41] This receptor (Figure 8) also binds 

citrate with what is perhaps the highest association constant reported for a small molecule 

with a boron-based receptor (Ka = 2x105).[42] In 2002, we showed that Shinkai’s binaphthol 

glucose receptor (Figure 5) has a high affinity for tartrate as well.[43] Bis-boronates such as 

this can bind simultaneously to both α-hydroxycarboxylates. James further showed that 

chiral discrimination between tartrate enantiomers can also be obtained with this receptor as 

was the case with monosaccharide enantiomers.[44] While the history of study surrounding 
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boron-tartaric acid interactions is long and varied, study of the interaction of boron with 
sugar acid monosaccharides such as sialic acid and glucuronic acid has arisen much more 
recently. Fundamental to the understanding of these complexes is the fact that, unlike 
esterification with diols, boronate esterification by α-hydroxycarboxylic acids is favoured 
below pH 7.[44] We have recently provided a short review on the subject of boron:α-
hydroxycarboxylate interactions used in sensing and catalysis.[45] 

Shinkai first reported a boron-based sugar acid receptor containing a metal chelate that has 
significant affinity for glucuronic acid (log Ka = 3.4) and galacturonic acid (log Ka = 3.1) while 
the affinity for sialic acid was an order of magnitude lower (log Ka = 2.3).[46] Presumably the 
carboxylate of the sugar acid can coordinate to the chelated zinc while the boron binds to a 
vicinal diol on the monosaccharide. Smith and Taylor used a combination of electrostatic 
interaction and a boronate anchor within a polymeric system to bind to sialic acid 
selectively.[47] In 2004, Strongin identified a boronate that offered a colorimetric response to 
the presence of sialic acid.[48] 

 
Figure 8. Anslyn’s guanidino-boronate receptor and high affinity ligands. 

We have recently communicated the development of a bis-boronate that can bind to sialic 
acid at both its α-hydroxycarboxylate-type group at the anomeric centre and its glycerol tail 
(Figure 9).[49] Elevated levels of free sialic acid in the blood can be indicative of the presence 
of certain cancers. This system uses a unique combination of boronates whose esterification 
has an opposing affect on the overall fluorescence output of the receptor. This diminishes 
signals from competing ligands such as glucose that are present at much higher 
concentration in the blood but cannot span both binding site to strongly quench 
fluorescence. 

As discussed in the following sections, several groups have taken advantage of the affinity 
of boronates for the glycerol tail of sialic acid to target glycoconjugates on cell surfaces. 
Several of these synthetic compounds display lectin-like biological characteristics that offer 
promise of the future development of bioactive boron-based molecules. 
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Figure 9. Our divergent response fluorescent receptor for sialic acid. 

3.3. Boron-based oligosaccharide receptors 

Creating receptors for oligosaccharides offers additional levels of complexity relative to 

monosaccharides. An obvious difference is the increased degrees of freedom available to 

oligosaccharides, particularly those that contain 1,6-linkages. In 2000, Shinkai reported 

development of a meso-meso-linked porphyrin scaffold where distance between two 

boronates was tuned to selectively bind to a tetrasaccharide of maltose (maltotetrose) over 

other oligomers containing from two to seven glucose units (Figure 10).[50] Binding of the 

two boronates must take place at both the reducing and non-reducing termini of the 

oligosaccharide. This is due to the fact that the C-1/C-2 diol at the reducing end and the C-

4/C-6 at the non-reducing end are the only potential binding sites with an appreciable 

affinity for boronates. The ability to bind the tetramer selectively stems from the rigidly 

defined distance between the two boronates, i.e.-the tetrasaccharide offers the optimal fit 

to bridge these two boronates. The Shinkai group has also reported a similar strategy to 

bind to the important cell-surface trisaccharide, Lewis X.[51] In this case interaction is not 

with a reducing sugar but presumably with diols on both the galactose and fucose 

residues. 

Heparin is a natural polysaccharide used clinically for its anti-coagulant properties. In 

2002, Anslyn communicated a colorimetric sensing ensemble for detection of heparin.[52] 

As heparin has a high anionic charge density, the receptor was designed with a number 
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of complementary cationic amino groups alongside boronic acids. This group has further 
reported success in sensing heparin within serum using a second generation 
receptor.[53] Schrader has recently developed a fluorescent polymeric heparin sensor 
that can quantify this polysaccharide with unprecedented sensitivity (30 nM).[54] 
Coupling of boron-carbohydrate interactions with electrostatic attraction in a multivalent 
manner is responsible for the high affinity of this receptor for its substrate. In spite of 
this avidity, the interaction can be controlled in a biologically relevant manner. Binding 
of the polymer to heparin can be reversed by the addition of protamine, similar to 
reversal of the complex between heparin and its natural target, anti-thrombin III. Other 
examples of biological mimicry by boron-based systems are delineated below and in the 
next section.  

 
Figure 10. Shinkai’s oligosaccharide receptor and maltotetrose. 

The demonstrated affinity of benzoboroxoles for hexopyranosides makes these boron 
derivatives attractive components of receptors designed to target mammalian 
oligosaccharides. In 2010, Hall reported development of a bis-benzoboroxole receptor for 
the Thomsen-Friedenreich (TF) antigen, a tumor marker composed of consecutive 
galactose-based residues Figure 11.[55] This receptor was optimized within a 
combinatorial library constructed to add additional H-bonding and hydrophobic 
interactions between host and its oligosaccharide guest. A natural lectin receptor for this 
disaccharide, peanut agglutinin lectin (PNA), binds the TF antigen quite strongly relative 
to other protein-carbohydrate interactions (Kd = 107). However, the synthetic bis-
benzoboroxole inhibits binding of PNA to TF-antigen labelled protein at low micromolar 
concentrations. The bis-benzoboroxole has a higher affinity for the disaccharide than the 
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corresponding bis-boronate although the latter still has significant affinity highlighting 

the importance of the additional H-bonding and hydrophobic interactions in this system. 

This work indicates it should be possible to target multiple hexopyranoside structures 

with other oligomeric benzoboroxole systems. 

 

Figure 11. Hall’s bis-benzoboroxole receptor for the TF antigen. 

4. Boron-cell surface interactions 

One ultimate goal of research into synthetic carbohydrate receptors is the development of 

compounds that can bind directly to cell surface glycocojugates. Such synthetic lectins may 

serve as diagnostics to monitor changes in cell surface structure associated with disease 

progression such as cancer. Additionally, they may be used as drug-targeting agents to 

deliver chemotherapeutic agents to specific cell types. An early and initially 

underappreciated demonstration of the targeting of cell-surface structures was the work 

of Hageman with fluorescent dansyl boronates shown to associate with Bacillus 
subtilis.[56] They were also able to show a diboronate could display other lectin like 

properties such as promoting the agglutination of erythrocytes. Not long after that, Gallop 

developed a method he defined as “boradaption” using boronates to transfer lipophilic 

dyes and probes into cells.[57] Although the precise mechanism was not delineated, some 

boronates were shown to alter the latter stages of N-linked glycoprotein processing.[58] A 

great deal of work has also gone into the development of lipophilic boronic acids as 

membrane transport agents for hydrophilic molecules such as sialic acid and its 

derivatives.[59] There is commercial interest in such artificial transporters for the 

extraction of monosaccharides, such as glucose and fructose, and disaccharides like 

lactose from natural sources.[28] 

In 2002, Weston and Wang reported the ability to target a specific oligosaccharide epitope of 

a cell surface glycoconjugate.[60, 61] Use of a fluorescent bis-boronate to label the cancer-

related antigen sialyl Lewis X on hepatocellular carcinoma cells was an important 
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achievement. They used a combinatorial approach to optimize a bis-boronate in targeting 

the sialic acid and fucose residues on the tetrasaccharide. The receptor did not label cells 

that contained Lewis Y antigens lacking sialic acids, or were treated with fucosidase, to 

remove fucose from the cell surface. This indicates that both components are necessary for 

interaction with the synthetic receptor. The study marked the first time, as far as we are 

aware, that two different monosaccharide types had been targeted by design with a 

boronolectin on a cell surface (Figure 12). 

 

Figure 12. Wang’s sialyl Lewis X receptor. Reprinted with permission. John Wiley & Sons, ©2010. 

The Kataoka group has used boronic acids on a number of platforms to target cell surface 

sialic acids to engender a biological or analytical response. They have shown that polymeric 

boronates can cause the induction of lymphocytes in the same way as natural lectins do.[62] 

In addition these polyboronates can out-compete natural sialic acid-specific lectins for a cell 

surface. In collaboration with Miyahara, a powerful method for the direct determination of 

cell-surface sialic acid levels has been developed.[63, 64] Use of a self-assembled monolayer 

on a gold electrode allows a coating of boronates to be applied. Potentiometric 

measurements in the presence of cell suspensions containing either 0, 15, 30, or 100% 

metastatic cells are readily distinguishable (Figure 13).[64] 

The study, application and manipulation of boron-carbohydrate interactions continues to 

expand into its third century. The properties of oligomeric and polymeric boronic acids in 

a cellular setting demonstrate that the terms “boronolectin” and/or synthetic lectin are 

appropriate. What remains for the field to advance are more examples targeting cell-

surface carbohydrate structures beyond those containing sialic acid. The Hall group’s 

receptor for the TF antigen marks a seminal step in this direction.[54] For a more 

comprehensive review of boron-based carbohydrate receptors in the context of other 

synthetic and biologic sugar binding systems, readers are directed to the recent 

publication of Wang.[7] 
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Figure 13.  a) Schematic representation of potentiometric SA detection with a PBA-modified gold 

electrode. An SEM image of a cross-section of the electrode is shown at the top next to the chemical 

structure of the PBA-modified self-assembled monolayer introduced onto the electrode surface.  

b) Change in the threshold voltage (VT) of the PBA-modified FET as a function of time upon the 

addition of cell suspensions (106 cells/mL) with various degrees of metastasis. [64] Reprinted with 

permission. John Wiley & Sons, ©2010. 
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5. Conclusions 

In spite of its long and rich history, understanding of boron acid interactions with 

carbohydrates continues to increase into the 21st century. In the past 20 years, much 

fundamental knowledge has been gained, principally from the development of boronate-

based glucose receptors for application toward blood sugar monitoring in diabetics. 

Currently, however, significant effort is being dedicated to the development of boron-based 

receptors for more complex oligosaccharides. This challenge is being undertaken by an 

increasing number of research groups throughout the world. These designer receptors may 

find application in diagnostics for cancer or infectious diseases, in drug targeting, or in 

providing a more fundamental understanding of the biochemical roles of cell-surface 

carbohydrates. The ability of boron acids to distinguish between closely related polyols 

either stereoselectively or chemoselectively makes them an obvious choice for anchoring 

synthetic carbohydrate receptors.[65] Engineering these interactions to target specific 

oligosaccharides is currently a difficult challenge as witnessed by the limited number of 

boron-based oligosaccharide receptors that have been developed at this stage. However, 

coupling boron-carbohydrate interactions with several additional non-covalent 

interactions—electrostatic, H-bonding, hydrophobic—offers the best chance of success. 

Future endeavours will determine the scope and limitations of boron-based carbohydrate 

receptors and sensors. 
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1.2 ‘Induced Intramolecularity’ 

Intramolecularity is the phenomenon whereby placing reactive components close 

enough together they will react accordingly, without any facilitating factors.  The 

projects detailed in this thesis aimed to manipulate and create molecular structures 

(templates) that have the potential of “induced intramolecularity”3,4 to be used as 

carbohydrate receptors.   

 

By utilising boronic acids to provide the initial covalent binding with the carbohydrate 

of interest it would bring multiple chemically reactive motifs together.  Given the 

proximity of these reactive ‘parts’ and the change in chemical environment as a 

result of the binding it would allow for a spontaneous joining of the ‘parts’ that will be 

designed to give a molecule response (for example sensors).  The idea that a 

predictable chemical reaction can occur without the need of any external factors, 

instead though induced intramolecularity is very exciting.  This templated design of 

molecular synthesis is used throughout all of the projects in this thesis.   

 

1.3 Catalysis 

The other approach used in these projects was the incorporation of a catalytic boron 

species into the template.  The boron species was manipulated in its ability to form 

boron-diol complexes to bring multiple reactive species together, thus catalysing 

functional group transformations.  By conjugating the boron species into the template 

it would not only acts as a substrate but also as an inducible catalyst.  There is a 

range of boron mediated organic reactions such as Mukaiyama aldol reactions5, 

Oppenauer oxidations6, amidations of carboxylic acids7,8, imine hydrolysis9, 

cyclisations10, arylations of phenols11, cycloadditions12 and the Hantzsch reaction13.  

In this thesis, boron is the driving force of catalysis and structure formation, using it 

as the inducer of the intramolecular reaction.    

 

1.4 Boron-based receptors for cell-surface carbohydrates, 

Boronolectins 

In most biological systems lectins are an important protein class that play a pivotal 

role in several processes.  Biological lectins are carbohydrate-binding proteins and 

their purpose is to bind to specific carbohydrate structures with a high degree of 
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selectivity14.  These lectins play many roles including the processes in binding the 

glycoproteins to cell-surfaces14.  The term boronolectin refers to arylboronic acid 

adducts that possess at least some of the properties of naturally occurring 

carbohydrate binding proteins classed as lectins.  The assembly of boronolectins or 

lectin mimetics can be achieved through a modular approach utilising different 

reactive components to build the structures15.  Functionalised boronic acids have 

shown great potential in building synthetic carbohydrate receptors due to their 

versatility16. 

 

1.4.1 Potential application of boron cell-surface interactions  

From a clinical perspective the presence of particular natural cell-surface sugars 

such as sialic acid and fucose could be used as indicators of certain disease states 

present e.g. malignant cells from some forms of cancer17.  Previous research in the 

field has shown that boron-based receptors can successfully target sialic acid 

residues17-19.  A singular example has shown that both sialic acid and fucose could 

be targeted simultaneously.  This was demonstrated by Weston and Wang using 

bis(boronate) to label sialyl Lewis X antigens via targeting the sialic acid and fucose 

residues20,21 (Figure 1.3).   

 
Figure 1.3: The fluorescent labelling studies of sLex-expressing HEPG2 cells (bottom) 

and non-expressing COS7 cells (top) with compound 2 (5 mM), ex=370 nm, em=426 

nm20.     

Kataoka’s group also illustrated the efficiency and significance of boron containing 

receptors, by targeting cell surface sialic acid with a variety of boronic acids for 

biological and analytical responses22.  The most pivotal work in the advancement of 

using boron to target cell-surface carbohydrate structures, is probably the work done 

by Hall’s group1 as described earlier targeting a non-sialic acid containing 

carbohydrate structure.  The ability of boron acids to distinguish between closely 
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related polyols either stereoselectively or chemoselectively makes them an obvious 

choice for anchoring synthetic carbohydrate receptors.  Further advancement in this 

field illustrating the use of boron-based receptors is expanding from just a detection 

method for specific carbohydrates to applying its unique chemical properties as 

potential drug delivery/targeting agents23-26. 

 

1.5 Metabolic labelling using unnatural sugars  

1.5.1 Bio-orthogonal chemistry 

Due to the lack of suitable chemical probes and the limited visualisation methods, 

the detailed characterisation present within many polysaccharide cell-wall structures 

remains unknown27.  Recently, metabolic labelling has been shown to be a more 

effective way of getting insight into the detailed processes and dynamics of 

carbohydrates within a cell wall28. 

 

For several decades organic chemists have been producing or experimenting with 

small molecules that have high selectivity and efficiency in targeting biopolymers 

within living systems.  Bio-orthogonal chemistry refers to a reaction with small 

molecule that “neither interacts or interferes with a biological system” and is a 

powerful method that could be used to investigate the molecular interactions and 

chemical transformations that occur within biomolecules29.  These chemical 

reactions are specifically developed for use in biological systems.  This opens a 

large unexplored field of chemistry that could help develop other methods, to enable 

scientists to learn about the molecular mechanisms that enable life.     

 

Bertozzi and others have done considerable research within this area of creating 

unnatural targets to express within cell surface membranes30.  One of Bertozzi’s first 

research projects was a strategy for remodelling the cell surface in a chemically 

defined way by exploiting the substrate promiscuity of oligosaccharide biosynthetic 

pathways29 (Figure 1.4). The group did this by utilising the cell’s natural metabolic 

process to introduce a reactive ketone functional group, into a cell surface 

associated sialic acid residue (Figure 1.4).  The ketone group provides unique 

chemical reactivity, since no naturally occurring amino acids, glycoconjugates, or 

lipids contain a ketone group29,30.   
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Figure 1.4: The biosynthetic incorporation of the unnatural sugar containing a ketone29.  

A shows the N-levulinoyl mannosamine (ManLev) being metabolically converted to the 

corresponding cell-surface sialoside29.  B shows the cell that now displays the ketone 

‘handle’ that can be chemoselectively ligated to the hydrazide to form the N-Acyl 

hydrazine product under physiological conditions29. 

Because of the ketone group, chemoselectively can be achieved relatively simply by 

ligating the ketone with a hydrazide, hydroxylamino and thiosemicarbazide group 

under physiological conditions29 (Figure 1.4).  Thus the ketone group provides a 

molecular handle for the attachment of probes into the cell.  

 

Following from this initial success, the Bertozzi group then decided to exploit the 

unique reactivity of an azide group, via a ligation reaction that was modelled after the 

Staudinger reaction, where an amide bond forms by coupling the azide with a 

specifically engineered triarylphosphine fluorophore30.  Although the Staudinger 

ligation exploited by Bertozzi’s work can occur in the presence of numerous 

nucleophiles and electrophiles within the biological context, various side reactions 

relating to oxidation of the phosphine make this reaction unfavourable within living 

systems.   

 

Attempts to fix this problem over the years has led to the trial of many different forms 

of chemistry, in particular copper catalysed cycloaddition.  Whilst the use of copper 

catalysed cycloaddition of alkynyl sugars with azide functionalised fluorophores 

(Figure 1.5) appears to solve many of the problems of the Staudinger ligation, the 
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use of a copper reagent makes the chemistry impractical in terms of using it within 

living cells and organisms31.   

 

Since both azides and phosphines are abiotic structures both within and outside the 

cell.  Metabolic labelling of specific glycan subtypes with azido sugar precursors 

enables their subsequent covalent reaction with fluorescent probes for visualisation, 

or with affinity tags for enrichment and proteomic analysis (Figure 1.5)32.  This is 

summarised diagrammatically in Figure 1.5, where the azide functional group is 

attached to a simple sugar, which is then processed through the normal glycobiology 

pathways, and is then expressed on the cell surface, where it can be selectively 

functionalised.   

 
Figure 1.5: Illustrates Bertozzi’s work in metabolic labelling, producing and azide 

expressing mammalian cell33. 

Bertozzi created a form of “click” chemistry that did not require the use of a copper 

catalyst, instead utilising an increase of ring strain, raising the ground state energy of 

the molecule31.  The difluorinated cyclooctyne probes shown in Figure 1.5 were 

produced from a strain promoted [3+2] cycloaddition of cyclooctynes with azides31.  

Although the difluorinated cyclooctyne probes had fast kinetics and no observable 

toxicity33 they decreased in efficiency in comparison with the original phosphine 

reagents, showing very limited bioavailability31.  Despite their superior kinetic 

parameters, difluorinated cyclooctyne probes label cell-surface azido-sugars less 

efficiently than phosphine reagents in live organisms31. 

 

Bertozzi’s technology, as shown in Figure 1.5, is versatile in demonstrating an 

example of selective labelling of a specific carbohydrate.  In the future these 

chemoselective molecular handles could be used to simultaneously label many 

different surface cell carbohydrates, allowing the detection and analysis of different 

carbohydrates within the same sample.  Bertozzi proposed that their ligation could 

precede in a living organism29.  



	 28 

1.5.2 Targeting unnatural sugars 

Unnatural sugars include sugars that are synthesised and functionalised for the 

purpose of specific metabolic labelling.  In terms of introducing an appropriate "tag" 

onto the cell surface, an azide on a sugar is a perfect functional group, since it is bio-

inert and non-toxic to the biological system.  From a chemistry perspective, the 

sugar-azide being a soft nucleophile in a biological environment that contains mostly 

hard nucleophiles (for example, ROH and RNH3
+) makes the sugar-azide specific for 

the bio-orthogonal chemical reaction.  Literature shows that azides are well tolerated 

by many biological systems33.   

 

This metabolic labelling could potentially lead to a method for the early detection of 

cancer cells and HIV AIDS34.  Fucose is a component of the tetrasaccharide sialyl 

Lewis X and a determinant of the selectin ligands that mediate the endothelial 

interactions at sites of inflammation34.  A characteristic of certain cancers is an over 

expression of sialyl Lewis X on the surface of the cell34.  Fucose is also found in 

immuno-compromised individuals, which is predominant in HIV AIDS affected 

patients35,36. 

 

There are at least three fucosyltransferases that have shown in-vitro activity on 

GDP-fucose analogues bearing a carbon-6 modification on the pyranose ring35.  

Although these early probes were not studied with respect to the unnatural substrate 

tolerance, Bertozzi synthesised azido fucose analogues, and probed for the 

incorporation into the glycoproteins in the human T lymphoma cell line Jurkat and 

found the results interesting34.  The metabolic labelling of fucose in particular FucAI 

with an alkyne functional group has also been performed in living plant tissue.  The 

labelled sugar was then successfully fluorescently labelled via the use of copper click 

chemistry (CuAAC)27.  

 

1.5.3 Copper free ‘click’ chemistry 

The 1,3-dipolar cycloaddition between an azido compound and an alkyne was 

discovered in 1893 by Arthur Michael and significantly developed in 1967 by 

Huisgen37.  The 1,3-dipolar cycloaddition by Huisgen involving acetylenes and 

azides was redeveloped by Sharpless and Meldal into the premier example of "click" 

chemistry.  The methodology mimics biological processes of generating substances, 

by joining smaller units together.  To be defined as a “click” reaction it must involve 
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simple reaction conditions, readily available starting materials and reagents, the use 

of no solvents, or a benign or easily removable solvent38,39.   

 

At first, the classical Huisgen 1,3-dipolar cycloaddition did not fall into the above 

definition of a "click" reaction37.  However, the discovery of copper(I) salts catalysing 

the reaction, first by Meldal 40 and almost simultaneously by Sharpless,41 as shown 

in Figure 1.6, allowed it to evolve from a reaction requiring harsh conditions that led 

to a mixture of 1,4 and 1,5-regioisomers, to a regio-selective reaction that can be 

carried out at room temperature in very short reaction times38.  

 
Figure 1.6: The 1,3-dipolar cycloaddition between an azido compound and an alkyne and 

the two possible product isomers. 

The copper alkyne-azide cycloaddition (CuAAC) fell into the above definition and 

became the synonymous with "click" chemistry42.  The CuAAC reaction is considered 

the epitome of ‘click chemistry’ and in comparison to other metal-catalysed reactions, 

it has major advantages including Cu(I) being inexpensive and easy to handle.  In 

addition, the fact that both alkyne and azide functional groups can be incorporated 

into a wide range of compounds by several general methods might also contributes 

to the widespread use of this reaction.  

 

As discussed in Section 1.5.1 the use of [3+2] cycloadditions in biological systems 

become very widespread with the introduction of copper-free ‘click’ chemistry.  Due 

to a substantial amount of research, this reaction has increased the versatility of the 

use of “click” chemistry from developing small molecule libraries to a tailored 

biological reaction in living cells and organisms.  Our idea in this thesis was to use 

boron in a similar way to copper’s role in the cycloaddition, as a catalyst.  However 
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our boron catalyst was to be internal and therefore exhibit its catalytic properties in 

an intramolecular way.    

 

1.6 Fluorescent sensing of carbohydrate ligands 

There are numerous monosaccharides that are important in mammalian cell-

surfaces, in particular sialic acids.  The sialic acids are typically found at the 

outermost ends of N-glycans, O-glycans, and glycosphingolipids (and occasionally 

capping the side chains of GPI anchors)44.  Quantitative measurements between 

total sialic acid and lipid bound sialic acid have indicated that there is an abundance 

of free sialic acid structures in comparison to the lipid bound17.  Thus the use of free 

sialic acids as a marker for carcinoma, in particular of the uterine cervix and 

genitourinary malignancies have been shown to be ideal markers17.   

 

Sialic acid is a sugar acid and consists of a carboxylate group at the position-1, 

which is typically ionised at physiological pH.  As can be seen, sialic acids contain 

two sets of adjacent hydroxyl groups (the 1,2-hydroxy acid and the 7,8,9-triol) that 

have the potential to covalently interact with boronic acids.  Since these compounds 

have two sites of potential interaction with boron, the Houston group developed 

bis(boronate) receptors that exhibited high selectivity for binding free sialic acid 

(Figure 1.7)17. 

 
Figure 1.7: The design of a boronolectin to bind covalently with a sialic acid residue17. 

Due to the enhanced affinity of molecules that can serve as divalent ligands, such 

compounds should cause significant fluorescence quenching even in the presence of 

molecules that can bind only one boronate17 and would potentially cause 

fluorescence to increase45.  By creating these bivalent compounds the binding sites, 
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affinities and selectively should all increase, upon binding to cell-surface 

oligosaccharides and oligonucleotides46.  Literature shows the concept of bidentate 

binding via di-boronic acids has been utilised to increase selectivity for glucose over 

mono-boronic acid preferential binding to fructose47.   

 

When developing the bis(boronate) receptor, the linkage between the boronic acids 

can be modelled and adjusted through synthetic modifications to selectivity fit around 

a single sialic acid residue.  However, in some systems the reporter (fluorophore or 

chromophore) is linked covalently to the boronic acid16 making it difficult or 

impossible to achieve such modifications without altering the photophysical 

properties of the reporter as well47.  Gamsey et al. suggested the problem can be 

avoided by applying a modular approach to the sensor design, such that the 

synthetic receptor and reporter moieties exist as covalently discrete entities47 as 

shown in Scheme 1.1.  They successfully developed a two-component sensing 

system involving a di-boronic acid-containing molecule dually acting as a 

fluorescence quencher and a saccharide receptor and a fluorescent dye that served 

as the reporter (Scheme 1.1)47.   

 
Scheme 1.1: The proposed glucose-sensing mechanism of the two component sensing 

system, the fluorescent dye (HPTS) and the di-boronic acid molecule (4,4’-m-BBV)47. 

  

diboronic acid-containing scaffold, the spacing between the
boronic acids could be adjusted through synthetic modifications
in order to create a glucose-specific binding pocket. However,
in many systems, the boronic acids are covalently linked to a
reporter (a fluorophore or chromophore),2 and such modifica-
tions to the receptor can prove difficult or impossible to achieve
without altering the photophysical properties of the reporter as
well.
This problem can be avoided by employing a modular

approach to sensor design, where the receptor and the reporter
moieties exist as covalently discrete entities. To this end, our
laboratory has developed a two-component sensing system
comprising a fluorescent dye that serves as the reporter unit
and a diboronic acid-containing molecule that acts dually as a
fluorescence quencher and a saccharide receptor.9 We report
herein that tuning the receptor unit by synthetically manipulating
the spacing between the diboronic acids provides greatly

enhanced glucose selectivity and sensitivity. The different
receptors were studied in terms of analyte selectivity (monosac-
charides and R-hydroxycarboxylates), quenching strengths, and
reduction potentials.

Results and Discussion

The sensing ensemble is composed of the anionic fluorescent
dye, 8-hydroxypyrene-1,3,6-trisulfonic acid trisodium salt (HPTS,

(9) (a) Camara, J. N.; Suri, J. T.; Cappuccio, F. E.; Wessling, R. A.; Singaram,
B. Tetrahedron Lett. 2002, 43, 1139-1141. (b) Suri, J. T.; Cordes, D. B.;
Cappuccio, F. E.; Wessling, R. A.; Singaram, B. Langmuir 2003, 19, 5145-
5152. (c) Suri, J. T.; Cordes, D. B.; Cappuccio, F. E.; Wessling, R. A.;
Singaram, B. Angew. Chem., Int. Ed. 2003, 42, 5857-5859. (d) Cappuccio,
F. E.; Suri, J. T.; Cordes, D. B.; Wessling, R. A.; Singaram, B. J. Fluoresc.
2004, 14, 521-533. (e) Cordes, D. B.; Gamsey, S.; Sharrett, Z.; Miller,
A.; Thoniyot, P.; Wessling, R. A.; Singaram, B. Langmuir 2005, 21, 6540-
6547. (f) Cordes, D. B.; Miller, A.; Gamsey, S.; Sharrett, Z.; Thoniyot, P.;
Wessling, R.; Singaram, B. Org. Biomol. Chem. 2005, 3, 1708-1713. (g)
Gamsey, S.; Baxter, N. A.; Sharrett, Z.; Cordes, D. B.; Olmstead, M. M.;
Wessling, R. A.; Singaram, B. Tetrahedron 2006, 62, 6321-6331.

Scheme 1. Proposed Glucose-Sensing Mechanism

Scheme 2. Boronic Acid-Based Bipyridinium Salts for Analyte Recognitiona

a Reagents and conditions: (i) Pd(OAc)2, PPh3, Na2CO3, p-dioxane, 95 °C, 4 h, 64% (2), 70% (3); (ii) 2- or 3-bromomethylphenylboronic acid (2.5
equiv), DMF, 70 °C, 48 h, 80% (3,3!-o-), 76% (3,3!-m-), 77% (3,4!-o-), 76% (3,4!-m-).

Boronic Acid-Based Glucose Sensors A R T I C L E S

J. AM. CHEM. SOC. 9 VOL. 129, NO. 5, 2007 1279
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1.7 Project Aims 

This project utilises an induced intramolecularity approach to target cell-surface 

carbohydrates exploiting the affinity of boron for diols for the purposes of 

fluorescence sensing and targeted drug delivery systems.  This thesis investigates 

two different applications of boron-based carbohydrate receptors, firstly in the 

development of carbohydrate receptors for bio-orthogonal labelling and secondly the 

synthesis of fluorescent boronolectins to target certain carbohydrate ligands for 

fluorescence detection. 

 

This project proposed to develop boron-based molecules that could be designed to 

specifically target carbohydrates that are present on the surface of cells that contain 

the cis-diol configuration.  To do this, it was essential to use the chemical entities 

that would specifically recognise unique structural motifs on the carbohydrates with 

high affinities.  Within a mycobacterium cell wall there can be many surface 

carbohydrates (such as sialic acid and fucose) that have the potential to bind 

strongly to boronic acid at physiological pH.  Boron has been chosen due to its 

strong covalent interaction with vicinal diols.  It was proposed that the use of boron 

would provide different benefits and chemical properties to its’ organic counterpart 

carbon, producing a more efficient way of targeting these fully hydroxylated 

molecules.   

 

As previously discussed, boronic acids can be designed to react under specific 

conditions, making boronic acids compatible with a wide range of chemical 

transformations.  These boron-based receptors would also incorporate other 

heterocyclic molecules in their scaffold to create templates (Figure 1.8).  The 

proposed chemistry was to join these templates with the use of boron to provide the 

initial covalent binding with the carbohydrate of interest thus bringing multiple 

chemically reactive motifs together allowing a spontaneous joining of the parts 

(Figure 1.8).   
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Figure 1.8: A diagrammatic representation of the two general concepts, showing how 

boron will be used in the intramolecular reaction. 

The hypothesis at the inception of the project was that the reaction would occur 

intramolecularly and would adhere the molecule to the target receptor but also 

produce a molecular response (Figure 1.8).  This idea of template chemistry was 

utilised throughout the projects by creating molecular structures that have the 

potential of ‘induced intramolecularity’, as shown in Figure 1.8.  By placing reactive 

templates together they will react according.  This thesis will illustrate the potential 

scope of our approach and show evidence that it is indeed a feasible strategy. 
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2 Boroxole-alkynes for templated triazole formation 

 

There are many methods for cell-surface labelling, however these are not always 

selective or biocompatible.  This chapter details the development of a novel and 

potentially selective chemistry to target sugars on cell surfaces.  This requires 

chemistry that can be selectively reactive in the presence of biological molecules, for 

example ‘click chemistry’.  In this chapter we explored the idea of using boron to 

induce an intramolecular reaction as shown in Figure 2.1. 

 
Figure 2.1: (Resourced from Figure 1.8) A diagrammatic representation of the 

Intramolecular reaction to be used in Chapter 2.  

2.1 Bio-orthogonal chemistry for cell-surface azide conjugation 

Most examples of Huisgen cycloaddition “click” reactions require a catalyst such as 

copper(I) or ruthenium in order to promote the cycloaddition reaction (reaction B, 

Scheme 2.1).  The Scheme 2.1 below shows four different cycloaddition reactions 

that utilise an azide, all four reactions have been tested in biological systems in an 

attempt to demonstrate bio-orthogonal chemistry.  Bio-orthogonal is an old term that 

has been reinvented which refers to “neither interacts or interferes with a biological 

system”33.  There are problems when using these cycloaddition reactions in a 

biological setting.  As shown in reaction A (Scheme 2.1) the limitation in this reaction 

is the use of an unsymmetrically substituted alkyne produces a mixture of isomer 

products under the reactions conditions.  In a biological system selectivity is crucial, 

making reaction A not applicable in our system.  In reaction B (Scheme 2.1) the 

Huisgen cycloaddition produces only the one product through the use of a copper(I) 

catalyst.  However, copper(I) is toxic and biologically unviable in large quantities, 

which has led to the development of other copper-free “click” reactions.  However, it 

was stated by Rostovtsey et al. that without a metal catalyst, these cycloaddition 

reactions lack regioselectivity (reaction A) and often require high temperatures41.  

Reaction C (Scheme 2.1) shows a recently developed ‘copper-free’ cycloaddition 

developed by Bertozzi31 that utilises a highly strained ring system containing an 

alkyne to produce the one cycloaddition product.  Although the reaction works well 
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and applicable to a biological system, the alkyne ring system is highly reactive and 

there are problems when it comes to targeting the azide with the alkyne species33,48.  

Finally the reaction shown in D (Scheme 2.1) is a Staudinger Ligation which was 

also attempted to be used on a biological system however the reaction is also not 

biologically viable due to the phosphate ligand used43.      
 

 
Scheme 2.1: Examples of cycloaddition reactions. 

Some of the major limitations of using “click” reactions on biological systems relates 

to the relatively poor reactivity of the alkyne and the need for a metal catalyst.  

Finding an alternative means of activating the alkyne and improving the reaction 

kinetics would greatly widen the applications of this type of chemistry, particularly if it 

proves viable in living biological systems48.  The purpose of this project was to utilise 

some of the desirable characteristics of the cycloadditions shown in Scheme 2.1, 

and in doing so develop a more efficient “click” reaction that could be explicitly 

tailored for its use in biological systems, the boron templated triazole formation as 

shown in Scheme 2.2.    

 

Our proposal was to incorporate an unnatural sugar containing an azide onto the 

surface of any cell.  The presence of this unnatural sugar in the cell-surface creates 

a unique point of contact for the binding of probes and drugs species. Our approach 

followed on from work of Bertozzi and others in incorporating unnatural sugars into 

mammalian cells.   
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In considering an approach to get an unnatural sugar onto a cell surface, it is 

important to consider two key points, namely what type of functional group to 

incorporate on the sugar and how will this selectively detected by a probe.  In this 

regard, the Huisgen “click” reaction involving cycloaddition (Scheme 2.1, reaction B) 

between an azide and an alkyne to produce a triazole is particularly interesting.  In 

attempting to utilise the Huisgen cycloaddition approach, two possible approaches 

were envisaged (Figure 2.2).  The first involves condensation between a sugar azide 

and a boronic acid alkyne (Approach 1) and the second is the alternative where the 

sugar is activated with an alkyne whilst the boronic acid bears an azide (Approach 

2).   

 
Figure 2.2: The two possible approaches for the proposed boron templated triazole 

formation cycloaddition. 

In this project the approach chosen to use was Approach 1, with the azide attached 

to a sugar and the alkyne attached to the boronic acid.  The choice of pathway was 

due to the chemistry and the tolerability of the azide.  It has been shown in the 

literature, particularly with Bertozzi’s work that the azide functionality can be 

incorporated into a living cell and remain inert within the biological system until 

chemically activated by a good dipolarophile29,30,41.  

  

In considering Approach 1, if the cycloaddition was to occur as shown in Scheme 

2.2, firstly the sugar-azide and boroxole-alkyne would bind together through 

reversible covalent interactions (Scheme 2.2, 1. stage).  Since boron shows such a 

high affinity for 1,2-diols, it was anticipated that the covalent interaction would form 

the important boronate ester intermediate.  This reversible complex should then 

bring the azide and alkyne functionalities into close proximity, thus facilitating a [3+2] 

cycloaddition reaction without the need for metal catalysis.  This latter point was 

crucial if this methodology had the potential to be used as a bio-orthogonal reaction 

in vivo for the detection of specifically modified carbohydrates on cell surfaces.  
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Scheme 2.2: A diagrammatic representation of this project’s plan for the boron templated 

triazole formation on the surface of a living cell.  Shows the two important key 

intermediates required for the cycloaddition a sugar-azide and a boroxole-alkyne.     

2.2 Synthesis of the first key intermediate; azido-sugars 

This chapter will discuss the synthesis of the two key intermediates for the purposes 

of the bio-orthogonal ‘click’ reaction as proposed in Scheme 2.2, boron templated 

triazole formation without the use of copper catalyst.  

2.2.1 Synthesis of methyl 6-azido-6-deoxy-β-D-galactopyranoside (201) 

The first key intermediate synthesised in this project was the azido-sugar 

component; methyl 6-azido-6-deoxy-β-D-galactopyranoside.  The synthesis of the 

azido-sugar occurred through the modification of position-6 on methyl β-D-

galactopyranoside.  This particular sugar residue was chosen mostly due to its 

availability however it also provided some synthesis advantages.  Firstly, the 

targeted sugar for this boron templated triazole formation was the fucose residues as 

mentioned in Chapter 1 that occur on the cell-surface.  Although methyl β-D-

galactopyranoside was not the correct sugar residue, it was still appropriate as a 

model reaction to be applied to methyl α-D-galactopyranoside, which is the hydroxy 

enantiomer of L-fucose.  This is because L-fucose is the 6-deoxy-galactose 

enantiomer.  With the glycoside being a non-reducing sugar it was hypothesised as 
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straightforward to turn the primary alcohol into a good leaving group that then could 

be readily displaced via nucleophilic substitution with azide.  

  

The preferred method of synthesis in this project for methyl 6-azido-6-deoxy-β-D-

galactopyranoside (Scheme 2.3) was to use 2,4,6,-triisopropylbenzenesulfonyl 

chloride (TPS) as the leaving group.  β-methyl galactose was exposed to 3 molar 

equivalents of TPS-Cl in anhydrous pyridine at room temperature for 24 hours.   

Acetic anhydride was added to acetylate the remaining free hydroxyls at positions 2, 

3 and 4 producing the product 201b in an overall yield of 95% after purification.  The 

excellent chemoselectivity of the TPS group for reacting exclusively at the primary 

hydroxyl is due to the large bulky size of the TPS ortho-substituents in comparison to 

the more widely used tosylate leaving group.  Peracetylating the activated 

galactoside 201b makes the purification process easier in comparison to the 

deprotected glycoside.     
  

 
Scheme 2.3: The synthesis of the azide derivative methyl 6-azido-6-deoxy-β-D-

galactopyranoside (201) for the [3+2] cycloaddition. 

The synthesis of the 6-azido derivative 201 was also attempted using p-

toluenesulfonyl chloride (Ts) (Scheme 2.3).  The leaving group Ts is similar to the 

TPS group; however, it does not have the isopropyl groups from the benzene ring 

minimising the steric bulkiness of the group.  A similar procedure was used as 

described above with TPS.  The tosylation reaction gave a mixture of the desired 

methyl 2,3,4-tri-O-acetyl-6-p-toluenesulfonyl-β-D-galactopyranoside (201a) and the 

methyl 2,4-di-O-acetyl-3,6-p-toluenesulfonyl-β-D-galactopyranoside product in a ratio 

of 1:2.  The MS analysis showed the two peaks indicating the presence of the two 

substituted products m/z 608.8 for the 3,6-bis-OTs product and m/z 496.9 for the 6-
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OTs product.  Others49 also found the separation of the mono- and bis-tosylated 

products difficult, with an overall yield for the three steps of tosylation, acetylation 

and displacement with sodium azide to afford 201 in a yield of 25%49.   

 

This was a relatively poor yield over the three steps, and we suggested further 

optimisation of the tripsyl displacement with sodium azide would produce better 

yields with significantly less difficulty of purification, due to only the mono-substituted 

triisopropylated species being formed in the one pot reaction.  However, the 

bulkiness of the TPS becomes somewhat inhibiting as a leaving group when 

displaced using a nucleophile.  The TPS derivative 201c was treated with sodium 

azide (3 mol equivalent) at 373 K for 24 hours with TLC monitoring indicated the 

reaction still contained starting material.  Another 3 molar equivalents of sodium 

azide was added to the reaction and left for another 24 hours before being 

concentrated.  The azide functionality was confirmed with IR and MS analysis and 

after purification via flash chromatography the overall yield of 201d was between 39-

45%.  The acetylated azido derivative 201d was then deprotected in a reaction 

mixture of MeOH and LiOH (1 M) at a pH of 11.  The mixture was allowed to react at 

room temperature for 24 hours before being quenched with protonated resin and 

concentrated to give the methyl 6-azido-6-deoxy-β-D-galactopyranoside product 

(201).     

 

In future work of this project optimisation and refinement of this synthesis is required 

to not only increase the yield of the final azide displacement step, but also to 

possibly improve selectivity for the mono-tosylate product on position 6.  It was 

suggested by attempting to keep the reaction temperature in the range of 273 – 277 

K, the cooled reaction maybe less favourable at C-3.  The other option would be to 

stop the tosylation reaction before completion, therefore giving position-3 less time to 

become tosylated before performing the peracetylation step.  

 

2.2.2 Synthesis of methyl 6-azido-6-deoxy-α-D-galactopyranoside (202) 

The method used for the synthesis of the 6-azido β-galactopyranoside was applied 

to the synthesis of the α-anomer, with the understanding that the chemistry of the 

other anomer may be different.  The first difference discovered with the α-

galactopyranoside was decreased reactivity, particularly with nucleophilic additions.  
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In all synthesis steps the α-anomer was less reactive in comparison with the β-

anomer, it was hypothesised this was due to the α-anomer’s C-1 being axial.  

 

2.2.2.1 Acetylation approach 

Following on from the previous method used to synthesise the β-galactopyranoside 

(See Section 2.2.1, Scheme 2.3), α-methyl galactoside was mixed with 3 molar 

equivalents of TPS-Cl in anhydrous pyridine at room temperature for 24 hours.  The 

acetic anhydride was added to the reaction mixture and the reaction was allowed to 

stir at room temperature for another 24 hours.  TLC analysis indicated that the 

reaction had completed with no change occurring after another 4 hours.  The 

reaction mixture was concentrated, washed with HCl (1 M) and then saturated 

NaHCO3, before purification to give the 6-OTPS derivative 202b in 21% yield 

(Scheme 2.4).  Multiple variations were attempted in the synthesis of the 6-OTPS 

derivative 202b, including extended reaction time or excess reagents (6 mol 

equivalents) for the triisopropylbenzylation step, however all failed to increase the 

yield.   

 
Scheme 2.4: The synthesis of the azide derivative methyl 6-azido-6-deoxy-α-D-

galactopyranoside (202) for the [3+2] cycloaddition. 

Continuing the synthesis of the methyl 6-azido-6-deoxy-α-D-galactopyranoside (202), 

the 6-OTPS derivative 202b was mixed with 3 molar equivalents of sodium azide in 

anhydrous DMF at 373 K for 24 hours.  After 24 hours the TLC analysis indicated 

unreacted starting material 202b present in the reaction mixture.  Therefore, another 

aliquot of sodium azide was added to the reaction mixture, before purifying via flash 

chromatography to give the acetylated 6-azido derivative 202c in 82% yield.  The 

azido derivative 202c was then deprotected in a mixture of MeOH and LiOH (1 M) at 
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pH 11 for 24 hours at room temperature, before being quenched and concentrated to 

give the methyl 6-azido-6-deoxy-α-D-galactopyranoside (202) (Scheme 2.4).  

 

With the triisopylation step in this synthesis giving a poor overall yield, it was 

suggested to consider another possible method that could be used to synthesise the 

methyl 6-azido-6-deoxy-α-D-galactopyranoside (202) in a better yield.   

    

2.2.2.2 Deprotection approach 

In the second synthetic approach of azido galactopyranoside 202, the peracetylation 

step was removed from the previous method (See Section 2.2.2.1).  Although this 

approach would not increase the yield of the triisopropylbenzylation reaction, it may 

increase the overall yield of the synthesis by not having to protect and deprotect the 

intermediates.  

 

First attempts at the synthesis of the 6-OTPS derivative 202d on the α-anomer 

proved to be problematic.  The α-methyl galactoside was dissolved in anhydrous 

pyridine at room temperature and 3 molar equivalents of TPS-Cl was added to the 

reaction mixture and allowed to stir for 72 hours.  The mixture was concentrated in 

vacuo and purified to give the deprotected 6-OTPS derivative 202d (Scheme 2.5) in 

a very poor yield of 15%, which was comparable with the yield observed in the 

synthesis of derivative 202b.  The deprotected 6-OTPS derivative 202d was mixed 

with 3 molar equivalents of sodium azide in anhydrous DMF at 373 K for 24 hours.  

Another 3 molar equivalents of sodium azide was added before being purified to give 

methyl 6-azido-6-deoxy-α-D-galactopyranoside (202) in ~50% yield.  

 

The product yield of 202d from the triisopropylation was only reaching ~20% 

regardless of the reaction time and molecular equivalent of TPS-Cl.  It was decided 

to reconsider and attempt the use of the smaller tosylate group with a few variations 

from what was attempted previously (See Section 2.2.1, Scheme 2.3).   
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Scheme 2.5: The second proposed method of synthesis for producing the methyl 6-

azido-6-deoxy-α-D-galactopyranoside (202), based on the two different strategies. 

The α-methyl galactoside was added to anhydrous pyridine at 233 K with 3 molar 

equivalents of Ts-Cl overnight, this was done to ensure the reaction occurred slowly, 

promoting the formation of the mono-substituted product 6-OTs derivative.  From 

TLC analysis it was evident that there was no longer starting material in the reaction 

mixture with one major spot at Rf = 0.54 and another very faint spot at Rf = 0.8.  The 

unprotected 6-OTs galactoside 202d was then mixed with 3 molar equivalents of 

sodium azide at 373 K for 24 hours and concentrated in vacuo (Scheme 2.5).  The 

product from the azide displacement reaction was a messy mixture including the 

desired azido product 202 and unreacted starting material 202d. Nevertheless, 

purification gave the methyl 6-azido-6-deoxy-α-D-galactopyranoside (202) in ~48% 

yield.    

 

Although the deprotected syntheses with tosyl and tripsyl were refined to produce 

the desired final product in fewer steps and relatively reasonable yields compared 

with the previous methods used, the synthesis could still stand improvement.  Based 

on previous attempt and reports in the literature49, the next phase in the project was 

to investigate a completely different leaving group at C-6.   

 

2.2.2.3 Iodination approach 

Another method commonly used in carbohydrate chemistry to regioselectively 

protect and activate a primary alcohol is the use of a halide (X= I, Br, Cl).  This 

halogenation is normally carried out in the presence of triphenylphosphine (Scheme 

2.6), leading to the formation of triphenylphosphine oxide, a major by-product that is 

sometimes difficult to remove50.  
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Scheme 2.6: A proposed scheme towards the unprotected azido galactopyranoside 202.  

Previous reports describe the synthesis of unprotected 6-iodoglycosides; however, to 

overcome the removal of the triphenylphosphine oxide the crude reaction material 

was typically acetylated and then purified through silica gel51.  A report by 

Skaanderup et al. suggested the use of reverse phase column chromatography of 

methyl 6-deoxy-iodoglycosides in (9:1) H2O:MeOH solvent system52.  The method 

was very effective with the product eluting from the column, whilst 

triphenylphosphine oxide was unable to be eluted from the column under these 

solvent conditions.  Therefore, this method provided a simple and efficient way of 

purifying these unprotected glycosides52.  Accordingly, methyl 6-deoxy-6-iodo-D-α-

galactopyranoside 203 was synthesised from a solution of methyl α-D-

galactopyranoside in anhydrous THF, imidazole (1 mol equivalent), 

triphenylphosphine (1 mol equivalent) and solid iodine crystals (1 mol equivalent).  

The reaction mixture was allowed to reflux under argon for 2 hours and was 

monitored via TLC.  The reaction mixture was vacuum filtered and purified using 

reverse-phase conditions discussed above to give the 6-iodo derivative 203 in 78% 

yield.  The spectroscopic data including 1H NMR and MS data obtained from the 

product correlated with the literature52 with an observed peak of [M+Na+] observed at 

m/z 326.9 in the MS spectrum. 

 

The final step in the iodination approach towards 202 was the nucleophilic 

displacement of the leaving group with sodium azide.  The 6-iodo derivative 203 was 

mixed with 6 molar equivalents of sodium azide at room temperature for 

approximately 24 hours.  The product was purified on reverse-phase silica gel to give 

a fine white powder of methyl 6-deoxy-6-azido-D-α-galactopyranoside (202) once 

freeze-dried in 77% yield.  The spectroscopic data including the IR analysis which 

indicated the presence of the azide functionality with an absorbance at 2100 cm-1 

confirmed the formation of the product and correlated with the literature53.  Clearly, 

the iodination method was much easier to employ, with the final desired group 

(azide) efficiently introduced with three steps and two straightforward purification 

processes.       
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2.2.2.4 Octanyl-galactoside 204 

With an efficient synthesis of the azido-sugar 202 established, it was then 

considered appropriate to develop a second generation of azido-sugar derivatives, 

wherein the thought was to create a sugar that had more of a biological platform.  

These types of second generation derivatives would allow us to determine the 

limitations with the templated cycloaddition reaction, and whether the reaction 

kinetics of the cycloaddition were feasible for this bio-orthogonal reaction to occur 

within a living cell.  The idea in this project was to synthesise an azido-sugar with a 

long aliphatic lipophilic side chain.  It was reasoned that by placing a long carbon 

chain of 8 or more carbons on the azido-sugar, multiple sugars in the solution would 

aggregate together forming an unnatural synthetic liposome structure with multiple 

azide handles on the surface.  Further details on this concept will be discussed later 

in the chapter (See Section 2.5).   

 

There were multiple aspects of the synthesis to consider.  Firstly the order of 

synthesis, in particular whether the installation of the azide should occur before or 

after the glycosylation.  Secondly, once the C-1 halide is introduced onto the sugar 

the glycosylation must occur immediately, with degradation of the glycosyl halide 

possibly an issue.  Thirdly, by incorporating a large ‘greasy’ lipid-like chain the 

reaction intermediates become harder to use, developing ‘soap-like’ properties.  

After consulting the literature54,55 the proposed approach for this project is shown in 

Scheme 2.7.  

 
Scheme 2.7: The proposed scheme for the synthesis of the 1-octanyl derivative 204. 

The reducing form of galactose was used as a model synthesis due to the ready 

availability and convenience.  The desired anomer of the 1-octanyl derivative 204 

was the α-anomer, for the same reason as stated earlier in this chapter the final 

target in this project was the fucose residue.  However the change of conformation in 
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the sugar at the anomeric position (final 1-octanyl derivative 204 will be the β-

anomer, as for this initial study the β- anomer was easier to prepare) was not a 

concern at this stage, the attempt was to complete the synthesis and evaluate 

whether the 8 carbon lipophilic chain was long enough to induce micelle formation.  

The next stage of this project would go on to make the α-anomer of the 1-octanyl 

derivative 204.       

 

The bromo sugar 204b was synthesised from D-galactose via the peracetylated 

derivative 204a using 33% hydrogen bromide in acetic acid in 1,2-dichloroethane 

(1,2-DCE) for 24 hours at room temperature (Scheme 2.7).  The crude product was 

obtained in 90% yield, and was confirmed with spectroscopic data that correlated the 

literature55.  The MS data indicated the presence of bromide isotopes [M-] observed 

m/z 411.0 and m/z 413.0 supporting the formation of the α-bromo galactose 

derivative 204b.  

 

Using a bromine-leaving group for glycosylation is a standard method in 

carbohydrate chemistry.  The Koenigs-Knorr reaction is a substitution reaction of 

glycosyl halide with an alcohol to the corresponding opposite conformational 

glycoside56.  It is one of the simplest glycosylation reactions treating an α-

halocarbohydrate with an alcohol in the presence of silver carbonate54.  Using the 

heavy metal salt promoter (silver carbonate) to give the equatorial β-anomer 

galactoside, from the axial α-anomer starting material through an oxonium ion56.      

 

The crude α-bromo galactose product 204b was then used immediately in the 

glycosylation reaction.  Under nitrogen, octanol (1 mol equivalent) was added to a 

mixture of α-bromo galactose 204b (1 mol equivalent) and silver carbonate (1.2 mol 

equivalent) in DCM and allowed to react in the dark for 20 hours (Scheme 2.7).  The 

TLC indicated that a product had been produced and the product was then purified 

and analysed using spectroscopic methods.  The 1H NMR, COSY and MS spectrum 

indicated that the β-anomer had been produced since H-1 appeared at δ 4.47 ppm 

with a coupling J1,2= 8.0 Hz, consistent with a β-anomer.  Unfortunately, the 

spectroscopic data also showed that the product was not pure, and perhaps that it 

was contaminated with excess octanol.  Despite repeated attempts at 

chromatographic purification of 204c, the contaminate was unable to be completely 

removed.  Due to time constraints, this aspect of the project was unable to be 

pursued further.     
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2.3 Synthesis of boroxole-alkynes 

The second derivative required for the cycloaddition is the alkyne containing boronic 

acid.  Within this project the benzoboroxole is a building block that was used in many 

different ways.  The benzoboroxole structure shown in Figure 2.3 was chosen for its 

stability once synthesised.  The benzene ring also supplied the possibility of multiple 

modifiable positions for the attachment of fluorophores, and other groups of interest 

such as iminosugars to be attached.  Thus, the benzoboroxole (Figure 2.3) could be 

used for the purposes of generating sensing systems and drug targeting systems as 

shown earlier in this chapter in the Scheme 2.2, (See Section 2.1). 

 
Figure 2.3: The benzoboroxole structure that was used as the foundation for the 

development of the boroxole-alkyne library. 

However, the main reason the benzoboroxole was also chosen was that the 

benzoboroxole moiety is known to have an increase in binding affinity with hexoses 

in comparison to the free boronic acid57.  As detailed in Chapter 1, benzoboroxoles 

have been shown to bind to the pyranose form of sugars, making its application in 

biological systems more feasible as most carbohydrate complexes are in the 

pyranose form.  The carbohydrate-binding behaviour of the benzoboroxole 

(hemiboronic acid, Figure 2.3), developed by Hall and co-workers58, can be 

explained by many factors.  Primarily, it was suggested that the relatively high Lewis 

acidity of the hemiboronic acid is likely to be a main contributor, along with the 

hydroxyl groups that form in the resulting anionic complex when bound to a diol58,59.   

 

2.3.1 Synthesis of ethynylbenzoboroxole (205) 

The ethynylbenzoboroxole (205) synthesis is summarised in Scheme 2.8, producing 

the benzoboroxole derivative 205 in three steps via a propargylic alcohol 205b 

intermediate.  Using organometallic reagents to make carbon–carbon bonds is a 

commonly used synthetic strategy in organic chemistry60.  Herold described the first 

efficient and completely diastereoselective addition of a lithiated acetylene route to 

produce enatiomerically pure shinaosines by the addition of pentadec-1-ynyllithium61 

as shown in Figure 2.4.   

OB
HO
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Figure 2.4: The Herold61 method of selective Lithiation, in using ‘aminoaldehydes as 

intermediates for the synthesis of nitrogen containing natural products’61. 

Our approach in this project was to use the strong base n-butyl lithium (nBuLi) to 

produce a lithiated acetylide species, which then nucleophilically attacks the 

aldehyde starting material, to give the desired terminal alkyne 205b (Scheme 2.8).  

An important point to note is that the lithiated acetylide species produced in situ is 

also basic, so the initial step of the synthesis was to protect the boronic acid 

functionality giving 205a (Scheme 2.8), due to the reactivity of the acid in the 

presence of such a strong base.   

 
Scheme 2.8: The synthesis of the alkyne derivative ethynylbenzoboroxole (205) for the 

[3+2] cycloaddition. 

Accordingly, the 2-formylphenylboronic acid (2-FPBA) starting material was 

protected in THF and pinacol (1 mol equivalent) at room temperature for 3 hours to 

produce the pinacol boronate ester 205a in a 78% after purification via flash 

chromatography.  The pinacol protecting group was easy to employ and purify; 

however, there were difficulties later in the synthesis for complete removal.  This 

issue is discussed later in the chapter.   

 

The pinacol protected derivative 205a was then re-dissolved in THF and added to a 
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nBuLi (1.1 mol equivalent) that had been stirring for 10 minutes at 273 K.  The 

reaction mixture was allowed to react at 273 K for 2 – 3 hours before being 

quenched and concentrated to produce the crude propargylic alcohol derivative 

205b.  The 1H NMR, COSY and MS spectrum indicated that derivative 205b had 

been produced since the aldehyde proton of the 2-FPBA starting material had 

disappeared from δ ~10.0 ppm and the new methine peak of 205b appeared at δ 

5.63 ppm, consistent with the literature15.   

 

The final step of the synthesis was deprotection of the pinacol protecting group on 

the boronic acid moiety and the TMS protecting group on the acetylene.  The 

deprotection of both functional groups was done in one pot with the propargylic 

alcohol derivative 205b dissolved in a THF:H2O (1:1) solvent system with LiOH (2.2 

mol equivalents, 1 M) at room temperature for 24 hours.  The reaction mixture was 

monitored via TLC analysis in EtOAc:Hex (3:2) and showed the appearance of two 

spots; one running very high in the solvent system which was the protected pinacol 

derivative 205c (Scheme 2.8) and the other being the product 205 with an Rf of 0.31.  

The reaction was concentrated and purified to give the ethynylbenzoboroxole (205) 

in ~40% yield.  The 1H NMR, COSY and MS spectrum indicated that the derivative 

205 had been produced with the methine peak of 205 at δ 5.86 ppm with a coupling 

J = 2.4 Hz to the terminal alkyne proton at δ 2.62 ppm, consistent with the literature15 

(see Appendix 1).    

 

The overall yield of the three steps was between 48-52%.  The limiting step of the 

synthesis was the formation of the benzoboroxole 205 from the corresponding 

propargylic alcohol 205b.  However, monitoring the reaction via TLC and 

spectroscopic data did indicate that the product (205) had formed.  However, when 

attempting the deprotection of both the pinacol protecting group and the TMS group, 

the TLC analysis became complicated.  As mentioned previously the TLC analysis 

showed the presence of the protected pinacol derivative 205c within the reaction 

mixture of 205.  Unfortunately, after multiple attempts at the deprotection step of 

205b, the derivative 205c was never fully deprotected to produce 205.    

 

2.3.1.1 New deprotection approach 

In developing a second generation of benzoboroxole derivatives the original 

synthesis of ethynylbenzoboroxole (205) shown in Scheme 2.8 (See Section 2.3.1) 
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had to be improved.  The major problem with the synthesis was the deprotection 

step of the pinacol ester to liberate the free boronic acid in the desired product 205.  

As seen in the earlier work within this chapter the pinacol ester was easy and simple 

to install, but difficult to remove efficiently.  As shown in Scheme 2.8, the method to 

remove the pinacol ester required the use of LiOH in a 2.2 mol equivalent (1 M) in a 

THF:H2O (1:1) solvent for 24 hours at room temperature.  In this one pot 

deprotection step the LiOH also removed the TMS protecting group on the terminal 

alkyne simultaneously.  Even with extended reaction times and increased 

equivalents of LiOH (in some cases doubled to 4.4 mol equivalents), the reaction 

product always contained a mixture of the pinacol protected 205c and 205 (Scheme 

2.8).  Fortunately, and as expected, the TMS group however was always removed.   

 

Literature precedent15 reported a modest ~34% yield in the conversion of 205a to 

205, which was comparable to the yields within this project (~31%).  The conversion 

from the pinacol boronate ester back into boronic acids is notoriously difficult, as 

stated in the literature1.  There was a benefit to this robustness, as during reaction 

and purification processes pinacol boronate esters are stable during aqueous 

workups and purification via silica gel1.  Although the pinacol protecting group was 

useful for purification purposes due to its stability, it became a liability in the 

deprotection process and therefore alternative protecting groups were explored.     

 

Another protecting group used in boronic acid chemistry is diethanolamine, which 

also converts (like pinacol) the free boronic acid into the corresponding boronate 

ester called N-methyl-O,O-diethanolamine boronate ester, or “MDEA boronate ester” 

for short, which is the term used throughout the rest of this chapter.  This MDEA 

boronate ester is (Figure 2.5) is also similar to the N-methyliminodiacetic boronate 

ester, also known as MIDA boronate ester that has been developed by Burke for a 

range of uses62,63.  These nitrogen based protecting groups create a tetravalent 

boron protecting group, through an internal co-ordination between the nitrogen’s lone 

pair and the boron’s vacant p-orbital1 via a Lewis acid-base co-ordination.   
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Figure 2.5: The MDEA boronate ester of phenylboronic acid. 

Based on a report by Claes et al.64, it was decided that for simplicity the pinacol 

protected alcohol derivative 205b would be converted into the MDEA protected 

alcohol 205d after the deprotection of the TMS group to give 205.  A pinacol 

protected derivative can be converted into the MDEA protected derivative via a 

simple displacement step using diethanolamine.  This new deprotection approach to 

the synthesis shown in Scheme 2.9 would allow for immediate conversion of the 

pinacol protected alcohol derivative 205b to the MDEA protected alcohol 205d to 

avoid problems with the pinacol deprotection and to simplify the purification of the 

final product 205.   

 
Scheme 2.9: New deprotection approach for the synthesis of ethynylbenzoboroxole 

(205). 

The pinacol protected progargylic alcohol 205b was synthesised and characterised 

by the previously established protocol (Scheme 2.9), the crude material was 

dissolved in a THF:H2O (1:1) solvent system and 1.1 mol equivalents of LiOH was 

added.  This was allowed to react for 24 hours at room temperature, to remove the 

TMS group.  After the removal of the TMS group off the alkyne, the crude reaction 

product was then dissolved in Et2O and diethanolamine (1.4 mol equivalent) was 
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added.  This was allowed to stir at room temperature for approximately an hour 

before the MDEA protected ethynylbenzoboroxole (205d) precipitated out of the 

reaction mixture and was vacuum filtered to obtain the MDEA protected 

benzoboroxole derivative 205d.  The crude precipitated product 205d was then 

partitioned between distilled EtOAc:HCl (1 M) in a (1:1) mixture and was allowed to 

stir at room temperature for 12 hours, before being washed and concentrated down 

to produce the ethynylbenzoborxole (205) in a yield of ~45 – 49%.  The 1H NMR and 

MS analysis correlates with the previous spectra obtained for the benzoboroxole 205 

in Scheme 2.8, with the chiral centre of 205 at δ 5.86 ppm with a coupling J = 2.4 Hz 

to the terminal alkyne proton at δ 2.62 ppm, consistent with the literature64.    

 

As shown in both Schemes 2.8 and 2.9 for the synthesis of the ethynyl-boroxole 

derivative 205, the final product ethynylbenzoboroxole (205) is illustrated in an 

equilibrium between the cyclic dehydrated form of 205 and the hydrated open form of 

205’, as illustrated in Figure 2.6.  The presence of this equilibrium is due to the 

reactivity of the boronic acid moiety within different chemical environments, causing 

the boron species to covalently interact with the hydroxyl on the chiral centre as 

shown in Figure 2.6.  

 
Figure 2.6: The equilibrium that may exist between the hydrated form and cyclic form of 

the alkynyl boronic acid 205. 

From the 1H and 13C NMR spectral data the equilibrium was unable to be identified, 

showing no difference between the two forms 205 and 205’.  The MS analysis 

however, supported the presence of the cyclic dehydrated form 205 with the peak 

(M-) at m/z 157, 205” was also seen in the MS as the di-methyl adduct at m/z 203.  It 

must be taken into consideration that in a negative ionisation that boronic acid would 

prefer the cyclic form (as seen in 205), as this pushes the formation of the anionic 

charged tetrahedral species as shown in Chapter 1 (See Section 1.1).  It is also 

important to note that the equilibrium that exists between the two forms 205 and 205’ 

does not affect the synthesis and was just an artefact of the boronic acid moiety.  

 

B
HO OH

OH

–H2O

OB
HO

205'205

–H2O

OB
HO

205"

OH



 54 

2.4 Second generation of alkyne containing boronic acids 

In developing a second generation of alkyne containing boronic acid derivatives, a 

variety of characteristics needed to be incorporated, including: 

1. An increased binding affinity to hexoses. 

2. Water solubility. 

3. Increased reactivity of the alkyne (electronics).  

4. The distance of the ‘alkyne arm’. 

5. Simple syntheses.   

All these various aspects are summarised in the following Figure 2.7, which 

illustrates the structural variation this project attempted to incorporate into the 

boroxole-alkyne key intermediate.   

 

2.4.1 Different methods of incorporating alkyne 

With the previous synthesis as shown in Schemes 2.8 and 2.9 of the ethynyl-

boroxole derivative 205 providing yields of only ~50%, another method of 

synthesising boroxole or boronic acid containing alkynes was investigated.  In the 

established synthesis of the alkyne derivative 205 shown in Scheme 2.9, the 

chemistry to install the alkyne moiety (Lithiation reaction) was via the formation of a 

new carbon-carbon bond.  With the lithiation reaction on 205 proving to be slightly 

inefficient, both with respect to optimising the yield and keeping the synthesis steps 

to a minimum, the project re-examined potential alternative approaches in the 

literature. 

 

Alternative approaches were considered and it was evident that with the use of more 

heterocyclic chemistry a wider array of boronic acid alkyne containing molecules 

could be developed.  As shown in Figure 2.7 there are multiple sites illustrated in 

different colours within the general boroxole-alkyne molecule that could be either a 

carbon, nitrogen and/or oxygen.   
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Figure 2.7: A diagrammatic representation of the multiple areas that were manipulated to 

produce a second generation of boroxole-alkynes. 

By incorporating more sites of diversity it increased the range of ways to produce the 

desired molecule.  It was also proposed for this project that these next generation 

heterocyclic alkyne-containing boronic acids would provide multiple benefits in terms 

of reactivity.  For example, installing a carbonyl group at site Z the dipole produces 

electron-withdrawing effects and may overall produce increased reactivity of the 

alkyne.  The Y-C(=Z)- group may also produce a slight increase in the flexibility of 

the terminal alkyne as well as increasing the length of the arm the terminal alkyne is 

attached too.  The Y-C(=Z)- functionality at site Z also creates molecules that contain 

no chiral centre like that present in the benzoboroxole 205, thus removing the 

formation of isomers.  Installing an oxygen or nitrogen at site Y may provide an 

easier synthetic approach to attach an alkyne piece.  For example, propiolic acid 

could be added with an amide coupling reaction if the site Y was a nitrogen.  

Following on from this and with an attempt to incorporate as many of the five aspects 

listed (See Section 2.4), a second generation of boronic acid alkynes was developed 

and are summarised in Figure 2.8.    
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Figure 2.8: The multiple second generation pathways followed to synthesise boronic acid 

with a more reactive alkyne.  Those compounds discussed in other chapters are included 

here for completeness.   

2.4.1.1 Trimethylsilane Boroxole-alkyne (206) 

The first alteration with the benzoboroxole structure was the addition of a different 

reactive group on the terminal alkyne from derivative 205.  The TMS protecting 

group was employed to alter the reactivity of the boronic acid moiety of the 

benzoboroxole molecule in synthesising the boroxole-alkyne 206 (Scheme 2.10).  

This in turn would benefit the alkyne’s reactivity towards the azide.  To synthesise 

the TMS derivative 206, the pinacol protected propargylic alcohol 205b was 

converted into the MDEA protected propargylic alcohol 206a.  The crude MDEA 

protected derivative 206a was then deprotected in a HCl:EtOAc (1:1) solvent system 

at room temperature for 12 hours and concentrated to produce the TMS containing 

benzoboroxole-alkyne 206 in a poor yield of ~9%.     

 

B
OHHO

N

B
HO OH

N

B
HO OH

OB

R

HO

R = H (205) 
R = TMS (206)

Chapter 5

Chapter 4

B
HO

NH

N

OB
HO

OH

B
HO

N

O

207

208

210

209

N

B
HO OH

Ortho-isomer

Chapter 2

Chapter 3

211



 57 

 
Scheme 2.10: The synthesis of the TMS containing benzoboroxole-alkyne 206. 

The poor yield of the TMS containing benzoboroxole-alkyne 206 may have been due 

to the acidic conditions employed in the MDEA deprotection step, which removed the 

TMS group.  This was confirmed by MS analysis and comparison with authentic 

compound 205.  The TMS derivative 206 was still used in a model cycloaddition 

reaction discussed later in the chapter.  Other derivatives in future work that would 

be interesting to synthesise include installing a nitro group on the benzene ring of the 

TMS derivative 206.  The electron withdrawing effects from the NO2 functionality, 

may benefit the boronic acid in a similar way as the TMS group, however could also 

increase water solubility.  

 

2.4.1.2 Ring strained Boroxole-alkyne (207) 

The next derivative attempted to incorporate a ring strained alkyne, a cyclooctyne 

benzoboroxole similar to work done by the Bertozzi group48.  The ring-strained 

alkyne in Scheme 2.11 was synthesised via the propargyl alcohol derivative 207, 

starting from the pinacol boronate ester derivative 205a.  To construct the ring 

strained alkyne structure of 207, propargyl alcohol (1 mol equivalent) and 2 molar 

equivalents of nBuLi were used in the reaction to generate the lithiated species of the 

propargyl alcohol 207a (Scheme 2.11).  Aqueous quenching of the reaction would 

regenerate the hydroxyl. Protecting group transfer with the diethanolamine would 

give the MDEA derivative 207b.  The primary hydroxyl group in the MDEA derivative 

207b would then cyclise with the boronic acid to form the cyclooctyne functionality of 

the ring stained boroxole-alkyne 207 (Scheme 2.11).   
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Scheme 2.11: Proposes the formation of the cyclooctyne 207 via a lithiated species. 

The lithiated species 207a was synthesised from the pinacol boronate ester 

derivative 205a with nBuLi (2 mol equivalents) and propargyl alcohol (1 mol 

equivalent) in THF at 273 K for approximately 3 hours.  The 1H NMR analysis 

showed only a small amount of conversion had occurred from the aldehyde 205a to 

the pinacol protected propargylic alcohol 207a.  The crude partially converted pinacol 

protected propargylic alcohol 207a was then converted to the corresponding MDEA 

ester derivative 207b. The 1H NMR and MS of the 207b reaction mixture indicated 

that the compound had been reduced into the simple benzoboroxole after aqueous 

workup (as shown earlier in Figure 2.3) and was not the desired MDEA protected 

propargylic alcohol 207b.  The work into the synthesis was not continued due to time 

constraints and the compound was never further investigated.  It is worth noting that 

the formation and use of propargyl alcohol lithium dianion has little literature 

precedent.  Instead it was decided to explore the synthesis of an alkyne containing 

boroxole like derivative 208 that contained an electron withdrawing group to increase 

the reactivity of the alkyne.     

 

2.4.1.3 Amide Boroxole-alkyne (208) 

Derivative 208 as an interesting boroxole-alkyne as the amide functionality was 

suggested to increase the reactivity of the terminal alkyne65.  With the proximity of 

the carbonyl to the boron it is likely that the boronic acid in derivative 208 may co-
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ordinate with the carbonyl oxygen.  Thus, this species may exhibit a more reactive 

alkyne and possibly activate the [3+2] cycloaddition65.  

 
Scheme 2.12: Synthesis of (2-propiolamidophenyl)boronic acid (208). 

The compound was synthesised using a standard dicyclohexylcarbodiimide (DCC) 

(1.2 mol equivalent) amide coupling reaction66 with 2-aminophenylboronic acid (2-

APBA) in DCM with propiolic acid (1 mol equivalent) at 273 K.  After the addition of 

propiolic acid the reaction mixture was slowly warmed to room temperature for 24 

hours (Scheme 2.12) and gave the desired amide product as a solid yellow powder 

in 77% yield.  The novel compound 208 was then analysed via 1H NMR and 13C 

NMR spectroscopy that showed a shift of around δ 1.0 ppm in the 1H NMR spectrum 

of the propiolic acid terminal alkyne resonance from δ ~3.0 ppm67 to δ 4.40 ppm.  It 

was suspected that this large shift downfield could indicate the propynoyl amide 

alkyne proton.  Meanwhile the 13C NMR spectra confirmed with the amide carbonyl 

observed at δ 157.1 ppm.  MS analysis showed the [M-] observed m/z 215.6 

corresponding to the di-methyl adduct of 208.  This compound was then tested in an 

attempted boron templated triazole formation, which is discussed later in the chapter 

(See Section 2.6).  The amidation of 2-APBA is discussed further in Chapter 4.     

 

2.4.1.4 Amidine Boroxole-alkyne (209) 

Another heteroatom boroxole-alkyne derivative produced was the amidine derivative 

209.  Details on the amidination of 2-APBA are discussed further in Chapter 5.  The 

synthesis of the novel amidine compound 3-phenylpropiolimidine 209 is shown in 

Scheme 2.13.   
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Scheme 2.13: The synthesis of the novel amidine compound 3-phenylpropiolimidine 209 

using salicylic acid. 

Multiple attempts were done to synthesise this amidine compound 3-

phenylpropiolimidine 209, and in the final attempt (Scheme 2.13) it was obtained in 

~10% yield from 2-APBA (1 mol equivalent) and salicylic acid (1 mol equivalent) with 

3-phenyl-2-propionitirile (neat) at 343 K for approximately 2 hours.  A slow 

evaporation process was attempted with the reaction mixture to see if it would 

crystallise out of EtOH.  However, the amidine derivative 209 could only be obtained 

as a crude yellow oil and IR and MS analysis of the reaction mixture indicated the 

presence of the novel 3-phenylpropiolimidine 209.  The crude reaction mixture was 

then concentrated and due to the proposed labile nature of the amidine compound it 

was immediately used in the attempted of boron templated triazole formation, as 

discussed in Chapter 5 (See Section 5.7.1).   

  

2.4.1.5  N-alkylated boronic acid-alkynes 

Another method in synthesising the alkyne containing boronic acids was to utilise the 

simple displacement of a halide (N-alkylation displacement), and this was used to 

synthesise N-ethynyl-3-pyridinylboronic acid (210) from propargyl bromide and 3-

pyridinylboronic acid as shown in Scheme 2.14.   

 
Scheme 2.14: The synthesis of N-ethynyl-3-pyridinylboronic acid (210). 

The substitution reaction was a convenient one step reaction and produced the N-

alkylated derivative 210 in relatively good yield (>50%), compound that contained an 

interesting positively charged nitrogen species.  The positive charge was designed to 
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have increased water solubility and increase alkyne reactivity.  The novel compound 

N-ethynyl-3-pyridinylboronic acid (210) was synthesised in CH3CN, Tol (4:1) mixture 

with 3-pyridinylboronic acid (1 mol equivalent) and propargyl bromide (1.5 mol 

equivalents) at 323 K.  The reaction was monitored via TLC analysis, after reacting 

at 323 K for approximately an hour the TLC indicated the formation of a new product, 

as well as consumption of the starting material 3-pyridinylboronic acid.  After 

approximately 2 hours the desired product 210 started to precipitate out of the 

reaction mixture, and was collected via filtration as a dark yellow solid in 56% yield.  

The 1H NMR and MS spectrum indicated that the novel compound 210 had been 

produced with the terminal alkyne proton appearing at δ 3.15 ppm with a coupling J = 

2.6 Hz, to the propargylic CH2 group at δ 5.37 ppm (2H).  MS analysis showed the 

[M+] observed m/z 162.0 and the boron isotopes at 10B 25% and 11B 75% 

approximately.    This compound was then tested in a boron templated triazole 

formation, which is discussed later in this chapter (See Section 2.6).   

 

The isoquinoline analogue 211 was also synthesised in a similar synthesis using 

propargyl bromide (1.5 mol equivalent) and 4-isoquinolineboronic acid (4-IQBA) (1 

mol equivalent) in DMF that precipitated as a yellow crude solid.  This novel 

compound 4-borono-2-ethynylisoquinolin-2-ium (211) was however not used in the 

boron templated triazole formation due to the instability of the N-CH2 bond which 

prevented its isolation.  

 
The next step of this project was to evaluate the binding affinity of these synthesised 

boroxole-alkyne derivatives to hexoses, particularly pyranose sugars.  

   

2.4.2 Binding to hexoses 

After synthesising the second generation of alkyne-containing boronic acid 

derivatives some preliminary binding studies were done using a variety of sugars.  

The analysis was performed via MS to identify the presence of the sugar-boronic 

acid complex and other adducts.  Although MS is obviously not quantitative, we felt 

that using MS analysis via direct injection was the best method for these studies, as 

it was a mild process within a charged environment, allowing us to identify the 
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complexes.  These experiments were done to evaluate the potential of using these 

boron-based molecules in targeting different monosaccharides of biological 

relevance, such as sialic acid and fucosides.     

 

In the binding studies, the derivatives 209 and 210 were evaluated.  As shown in 

Scheme 2.13, salicylic acid and in some cases catechol was bound to 209.  This was 

done deliberately to see if an exchange would occur with boron-catechol complex to 

form the boron-sugar complex.  There were solubility problems with the amidines not 

being soluble in water, so a mixture of H2O and MeOH (2:1) was used to increase 

solubility.  Initially, both the simplest amidine derivative 5011 (shown in Scheme 2.15) 

and the salicylate protected 209 were evaluated in a boron binding affinity analysis 

with a variety of hexoses including methyl α- and β-D-galactoside.     

 
Scheme 2.15: The general proposed binding assessments performed using MS analysis 

with the formamidine 501 and 3-phenylpropiolimidine 209 for hexoses. 

The MS analysis showed no presence of the amidine-sugar complex in both cases, 

only the unreacted starting materials of 209 and 501 indicating that no exchange had 

occurred.  Unfortunately, the immiscibility in H2O is a limiting factor for the final 

purpose of these amidine-alkyne derivatives like 209.  In future work the next 

generation of derivatives need to be more diversified and water soluble.   

 

Another alkyne-containing derivative N-ethynyl-3-pyridinylboronic acid (210) was 

also evaluated in the MS binding study with methyl α-D-galactopyranoside (Scheme 

2.16).  The N-alkylated species 210 was water-soluble and the MS analysis was 

tested in deionised H2O with equimolar amounts of each component.  The MS 
																																																								
1 Compound 501 is prepared and described in Chapter 5, Section 5.2.  
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analysis as summarised in Scheme 2.16, indicated a mixture of products, with a 

peak at m/z 124.0 in the positive mode.  The molecular ion peak at m/z 124 indicates 

the N-ethynyl-3-pyridinylboronic acid (210) had been hydrolysed in the water to give 

3-pyridinylboronic acid starting material or possibly cleaved in the MS.  This was 

confirmed with an observed peak at m/z 279.8 as shown in Scheme 2.16, which was 

identified as the 3-pyridinylboronic acid – methyl α-D-galactopyranoside complex 

sodium adduct.  

 
Scheme 2.16: Summary of the MS analysis of N-ethynyl-3-pyridinylboronic acid (210) 

binding with methyl α-D-galactopyranoside.   

Although the N-alkylated-alkyne derivative 210 was cleaved to give the 3-

pyridinylboronic acid starting material it was still binding with a strong affinity for the 

galactopyranoside.  
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2.5 Boron templated triazole formation - cycloadditions 

Ultimately, the purpose of these experiments was to determine if a compound like 

the ethynylbenzoboroxole (205) could be used in a bio-orthogonal reaction with an 

azido-sugar on a cell surface.  The theory was to incorporate an unnatural azido-

sugar onto the surface of a cell by highjacking biosynthetic machinery to express the 

azido-sugar on cell-surface glycoconjugates.  This creates a unique point of contact 

for the binding of probes and drugs species.  This project’s approach follows on from 

work of Bertozzi and others in incorporating unnatural sugars into mammalian 

cells20,21,27,32-34,59,68-72.  This section of the project aimed to evaluate the copper-free 

[3+2] cycloaddition reaction using the synthesised boronic acid and sugar derivatives 

discussed in this chapter.         

 

The boron templated triazole formation that was developed in this project was to 

occur through a series of ‘templated’ events.  The boronic acid molecule with a 

terminal alkyne functionality as discussed earlier in this chapter was proposed for the 

templated cycloaddition due to the high affinity that boron displays for cis-1,2-diols.  

It was anticipated in this templated cycloaddition as shown in the reproduced Figure 

2.9 that the boron would bind to the cis-3,4-diol present on the incorporated azido-

galactoside, thus bringing the alkyne group on the boronic acid into close proximity 

to the azide group on the methyl galactoside (Figure 2.9, step 1).  This would result 

in an ‘induced intramolecular’ cycloaddition reaction, producing the triazole group at 

lower temperature (Figure 2.9, step 2).  This bio-orthogonal reaction has the 

potential of fluorescent sensing as well as drug delivery applications. 
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Figure 2.9: A diagrammatic representation (Reproduced from earlier in the chapter, see 

Section 2.1) of the boron templated triazole formation on the surface of a living cell.  

Shows the two important steps for the templated event that must occur for the [3+2] 

cycloaddition to be induced.     

2.5.1 Initial attempts at the boron templated triazole formation 

The initial attempts within this project to combine the sugar-azide 201 and the 

boroxole-alkyne 205 in a catalyst-free [3+2] cycloaddition reaction (Scheme 2.17) 

provided some exciting preliminary results, with possible formation of the triazole 212 

observed.  The ESI-MS spectrum in negative-ion mode of this reaction confirmed the 

presence of the product 212 within the reaction mixture with a molecular ion at m/z 

358.  The boron isotopes were present indicating the particular ion contained boron 

with 10B 18% and 11B 82%.  It was assumed that as the MS spectrum was in 

negative-ion mode it indicated the triazole product is in the cyclic boronate ester form 

212, due to the net negative charge on this species.  
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Scheme 2.17: Proposed alkyne derivative 205 and azide derivative 201, in the boron 

templated triazole formation to give 212. 

The preliminary 1H NMR spectrum of the product from the reaction between 201 and 

205 was also supportive of the formation of the desired “click” product 212.  Although 

the product had not been purified, the 1H NMR spectrum showed several overlapping 

peaks and complexity, consistent with the reaction product having either a dynamic 

nature or several components.  Some notable changes in the 1H NMR spectrum 

included the loss of coupling between the benzylic proton and the acetylenic proton 

in 205, which would be consistent with loss of an acetylene group.  However there 

was no appearance of the characteristic triazole proton and this was also confirmed 

with IR analysis.  Despite the apparent presence of 212 in the crude reaction 

mixture, the desired triazole product 212 was not obtained during attempted isolation 

and purification.  

 

Clearly further refinement of our initial reaction was required.  It was our view that 

once the triazole formed within the complex, it would become a stable species and 

hold together, whether or not the boronic acid moiety was interacting with the cis-diol 

on the sugar.  To evaluate this theory, a boronate oxidation reaction was done on the 

click product 213 from a previous model reaction to demonstrate not only the stability 

of the triazole group itself, but also to verify it actually had formed.  
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Scheme 2.18: The proposed triazole product 214 to be produced from the boronate 

oxidation reaction using click product 213. 

This approach is summarised in Scheme 2.18, wherein triazole product 213 was 

exposed to sodium hydroxide and hydrogen peroxide.  The reaction was monitored 

via TLC after approximately 3 hours, which indicated nothing had happened.  Whilst 

a little surprised that no change had taken place, it was possible that the boron in the 

triazole complex 213 was quite hindered, and that this would slow the reaction.  The 

reaction was left 24 hours and 1H NMR and MS analysis was performed on the crude 

reaction mixture.  Unfortunately the results were inconclusive, with possible 

degradation of the crude triazole product over the extended reaction period. 

 

With the initial attempts of the boron templated triazole formation reaction failing to 

isolate the triazole product 212 and 212’, an alternative attempt was made this time 

using a more biologically relevant solvent system.  Equimolar amounts of the azido-

sugar 201 and the boroxole-alkyne 205 were dissolved in deionised H2O.  

Unfortunately, 205 had solubility issues and so methanol (1:1) was added to the 

reaction mixture.  The reaction was left for 2 hours at 313 K, after which time TLC 

analysis showed nothing had occurred.  So the temperature was increased to 333 K 

and left another 3 hours before the reaction mixture was concentrated, obtaining a 

crude 1H NMR and MS data and separated using flash chromatography.  The TLC 

and 1H NMR were not conclusive, however the MS data in negative-ion mode again 
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showed the presence of the peak m/z 358.1, as well as a new peak of m/z 390.1 with 

a much higher intensity than that of m/z 358.1 peak.  This m/z 390.1 peak also 

illustrated the presence of boron isotopes 10B 26% and 11B 74%.  This m/z 390.1 

peak was hypothesised to be the methanol adduct of the semi-cyclic hydrated 

triazole product 212” (Figure 2.10).  It was proposed that this product 212” would 

only be possible if the triazole was present after the initial reaction, as a precursor 

would not be capable of detection in the MS.   

 
Figure 2.10: The triazole complex producing the m/z 390.1 and m/z 358.1 peaks present 

in the MS spectra. 

Column chromatography on the crude reaction mixture of 212 gave 5 main fractions, 

all of which showed no sign of the triazole derivative 212 or 212” being present. It 

was possible that the triazole product observed in the MS was stuck on the silica gel; 

unfortunately, the baseline material was unrecoverable from the column.  This was 

not unexpected, since boronic acids and the corresponding protected boronate 

esters are known to associate and disassociate from their protecting groups due to 

the acidity of the silica.  This phenomenon can be seen in particular when visualising 

the TLC of the pinacol boronate ester 205a, as shown below in Figure 2.11.  This 

type of equilibria could happen to the triazole product 212 whilst on the silica.    
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Figure 2.11: TLC representation of the pinacol boronate ester 205a, stained with 

anisaldehyde.  Two spots appear: one that runs quite high, which is the pinacol boronate 

ester 205a; and a small lower spot that is the starting material 2-FPBA. 

Due to the inconclusive 1H NMR data that had been obtained from the attempted 

coupling between 201 and 205, it was decided to perform a 1H NMR experiment on 

the boron templated triazole formation reaction itself.  This was conducted to 

determine whether the peaks present in the MS spectra from previous experiments 

were real and not an artefact from the conditions within the MS.  

 

Three NMR samples were made: one containing the alkyne 205 (s1); the second 

one containing the alkynylbenzoboroxole 215 (s2) in dimethyl sulfoxide (DMSO) with 

a molar concentration of 0.03 mol/L; and the third sample containing gal-azide 201 

(s3) taken up in DMSO with a molar concentration of 0.3 mol/L.  Once the standards 

were run, aliquots of 100 µL were taken from standard s3 and added to each of the 

samples s1 and s2 as shown in Figure 2.13.  NMR spectra were then obtained on 

these solutions to get samples containing the starting materials at time = zero.   

 
Figure 2.12: The alkynyl-boroxole 215 derivative that was synthesised from previous 

work73. 

Samples s1 and s2 were then heated to 333 K for 3 hours before another 1H NMR 

was run.  After the first 3 hours, the 1H NMR spectra showed no sign of triazole 

formation, so the temperature was increased to 348 K for another 2 hours before 

another 1H NMR analysis was performed on the samples. Unfortunately, the 1H NMR 

spectra of each of these samples again showed that no triazole product had been 
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formed; instead showing only the unreacted starting materials in each of the NMR 

tubes.    

 
Figure 2.13: Showing the components used in the NMR experiment of samples s1 and 

s2, using alkyne derivatives 205 and 215 with azido-sugar 201. 

It was proposed that the choice of solvent might play a large part in failing to produce 

the desired triazole product.  DMSO, which was used for the NMR experiment, is a 

polar aprotic solvent, while the solvent systems used in previous model boron 

templated triazole reactions were methanol and water, which are polar protic 

solvents.  The lack of a potential proton source with DMSO may have hindered the 

reaction, as the solvent would not have supported the formation of the boroxole to be 

in its anionic tetrahedral configuration (for example, 212 and 213).   

 

2.5.2 Investigation into the triazole formation 

Given the problems encountered with the boron templated ‘click’ reaction thus far, 

we needed to determine if the boroxole-sugar intermediate 212a was bringing the 

alkyne and azide close enough together for the spontaneous triazole formation.  
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Figure 2.14: The key intermediate 212a (boroxole-sugar complex) that needs to form in 

order for the templated cycloaddition to occur. 

With the position of the azide on the galactoside limited to position-6 for synthetic 

simplicity, the boroxole-alkyne derivative 205 was investigated.  As mentioned earlier 

in this chapter the boroxole-alkyne derivative 205 contained a chiral centre, which 

was synthesised as a racemic mixture.  Upon looking at the three-dimensional model 

of 212a, clearly indicated that one enantiomer would be preferred due to the 

positioning of the terminal alkyne relative to the azide.   

 

With the hypothesis that kinetic resolution could be occurring, one enantiomer of the 

boroxole-alkyne derivative 205 reacting faster than the other, a proof of concept 

reaction was performed.  The boroxole-alkyne derivative 205 and the azido-sugar 

201 were dissolved in deionised H2O and MeOH (1:1) mixture, the reaction was run 

at 313 K for 24 hours and monitored via TLC at 1 hour, 16 hours, 20 hours and 24 

hours.  A small aliquot was taken out of the reaction mixture at 16 hours and an MS 

analysis was performed.  As before, the spectrum showed the m/z 358.1 and m/z 

390.1 peaks.  The TLC at 16 hours showed the presence of a new compound that 

increased in intensity over the remaining 8 hours.  The crude reaction material was 

then concentrated down and 1H NMR and MS spectra data was gathered.  The 

crude 1H NMR spectrum showed some interesting signals with the loss of the 

acetylene proton, and the MS still contained the peaks of interest.   

 

Learning from previous attempts, the crude product was purified through preparative 

thin layer chromatography to avoid the loss of product and to visualise the reaction 

mixture.  The preparative TLC was developed in a DCM:MeOH (10:0.5) solvent 

system and good separation was obtained collecting 7 fractions in total including the 

baseline (Figure 2.15).  A 1H NMR spectrum was obtained for each fraction.  As 

shown in Figure 2.15, fractions 1 and 2 were unreacted 205 starting material.  

Fractions 3 and 4 were inconclusive by 1H NMR, showing a mixture of the two 
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starting materials and no triazole, this was indicated from the MS spectra observing 

no relative peaks.  Fractions 5 and 6 were unreacted 201 starting material.   

 
Figure 2.15: Diagrammatic representation of the preparative TLC performed on the 

boron templated triazole formation reaction. 

The baseline product in fraction 7 showed the most encouraging data; the 1H NMR 

spectrum showed the possible presence of a triazole CH proton.  Literature has 

illustrated that the CH proton on the triazole in a 1,5-isomer can depending on the 

aryl groups attached, appear anywhere between δ 7.86 - δ 8.51 ppm74.  A CH proton 

signal in fraction 7 appeared at δ 8.55 ppm as a strong singlet this is highly 

suggestive of triazole formation.  The 1H NMR spectrum of this baseline material in 

fraction 7 also showed the loss of the acetylene proton CΞC-H which usually 

appears at δ ~2.5 ppm, and couples J = 2.4 Hz to the benzylic CH2 group on the 

boroxole (see Appendix 1). 

 

The MS spectrum of fraction 7 also showed some encouraging data.  The m/z 390.1 

was the only peak observed in the negative-ion mode within the sample, exhibiting a 

boron isotope of 10B 19% and 11B 81%.  In the positive-ion mode there was also a 

peak at m/z 413.1.  This corresponds to the m/z 390.1 peak with sodium adduct, and 

was only observed in two of the triazole formation reactions.  The observed peak 

also displayed boron isotopes of 10B 23% and 11B 77% (see Appendix 1).   

 

Given the chiral centre present in the boroxole-alkyne 205, an optical rotation was 

performed on the recovered 205 (from the above reaction in fractions 1 and 2) and 

compared with the racemic ethynynlbenzoboroxole (205) starting material mixture.  

As expected, the synthetic starting material 205 was racemic with an optical rotation 

[α]25
589 ± 0.00°, CHCl 3.  Interestingly, compound 205 recovered from the reaction in 
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fractions 1 and 2 gave an optical rotation of [α]25
589 -0.79°, in CHCl 3, which indeed 

suggests that one enantiomer preferentially reacted with 201.   

 

Considering these results and a simple direct comparison between the two 

ethynylbenzoboroxole (205) enantiomers bound to the glycoside complexes (Figure 

2.16), we proposed that the (S)-enantiomer was the preferred enantiomer for the 

triazole formation.  The (R)-enantiomer showed a distance of 4.82 Å, while the (S)-

enantiomer showed a distance of 3.92 Å.  The average bond length between a 

carbon and nitrogen is an arrangement as R-C-N=N is approximately 1.443 Å75.  

Although the difference in distance between the two is only 0.9 Å, the (S)-enantiomer 

maybe considered more likely to produce the new bond than the (R)-enantiomer.  

Possibly predicting preference for the cycloaddition to occur with the (S)-enantiomer 

over the (R)-enantiomer.  The optical rotation data indicating an optical enrichment of 

one enantiomer in the recovered starting material of boroxole-alkyne 205, supporting 

the hypothesis that this is a stereoselective reaction.          

 
(R)-ethynylbenzoboroxole     (S)-ethynylbenzoboroxole 

Figure 2.16: The preliminary 3D modelling of both ethynylbenzoboroxole (205) 

enantiomers covalently bound to methyl 6-azido-6-deoxy-β-D-galactopyranoside (201).  

Boron is shown in pink. 

Whilst the results above are encouraging, further refinement and optimisation was 

necessary.  In theory, click or cycloaddition reactions such as copper catalysed 

alkyne azide cycloaddition (CuAAC) would occur at room temperature, reach 

completion within a few minutes, and products would be relatively simple to isolate76.  

The reality however, is somewhat variable in some instances.  ‘Synthetically relevant 

click processes require an elevated temperature regime in order to proceed within a 

reasonable timeframe76’.  Temperatures can range from between 343 - 393 K.  Our 

model boron templated ‘copper-free’ [3+2] cycloaddition reactions were performed in 
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an open flask using polar protic solvent at 313 K with no metal catalyst.  The high 

temperatures are usually required to shorten the timeframe of the cycloaddition 

reactions from 4 days at room temperature to 8 hours at 343 K.  Our use of a 

templated cycloaddition has lowered the activation energy of triazole formation by 

about 60 - 65 degrees with temperatures usually between 80-125°C and without the 

use of metal catalysis.   

 

The idea of ‘induced intramolecularity’ as described earlier (See Section 1.2), was 

the driving force behind this templated reaction.  The triazole formation relies on the 

boroxole 205 having the initial covalent interaction with the unnatural sugar 201.  

Upon further analysis of the MS data, it was possible that the peaks being observed 

were too insignificant to prove the triazole was being formed.  As shown in Figure 

2.17, products corresponding to the observed m/z peaks could possibly be due to 

the intermediate product 212a formed from the boroxole binding with the unnatural 

sugar.   

 

It was hypothesised that the m/z 390 would not withstand the charged environment 

of the MS without the presence of the triazole to hold the complex together (Figure 

2.17), as 212a” would likely be too unstable to be observed in ESI-MS.  The ring 

strain on the newly formed nine membered ring in the triazole complex 212 and 212” 

would be quite large and impose rigidity on the molecule.    
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Figure 2.17: All the possible products from the model reaction with 205 (2 mmol eq) and 

201 (1 mmol eq) and the comparison with the mass spectrum equivalences from the 

control reaction with β-methyl galactopyranoside with and without the presence of the 

triazole. 

The above hypothesis required testing and a control MS experiment was performed 

by mixing the sugar starting material methyl β-D-galactopyranoside and 205, to see if 

the peaks of interest were observed.  The two compounds 205 and the β-methyl 

galactoside were dissolved in MeOH and allowed to stir at 313 K for an hour before 

being concentrated and analysed by MS.  If the m/z 333 peak (216, in control 

reaction) were observed, then it potentially suggests that the m/z 358 is also initial 

covalent binding of the boroxole with the unnatural sugar (212a).  However, if the 

m/z 365 (216’, in control reaction) was present in the sample then this might indicate 

that the original hypothesis of ‘the methyl adduct 212” not being stable in the MS 

without the triazole’, was inaccurate.  Thus it does not support the molecular of m/z 

390.1 being the triazole product 212”.  These species are drawn in Figure 2.17 for 

direct comparison.    

 

The preliminary results of the control MS experiment illustrate that in negative-ion 

mode the only observed peak was at m/z 333 and displayed a boron isotope of 10B 

19% and 11B 81%.  In positive mode only the 201 starting material with an observed 

peak at m/z 216.9 was seen.  This result was encouraging as the MeOH adduct was 

not observed at m/z 365 and it was encouraging the peak m/z 390 was only 
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observed in the baseline material with the disappearance of the m/z 358 peak.  

These preliminary results show promise; it was evident from the data that the boron 

templated azide alkyne [3+2] cycloaddition can be ‘induced intramolecularly’ for 

triazole formation without catalysis.  However, other systems were explored in 

attempts to improve conversion at biologically relevant temperatures. 

 

2.6 Attempted cycloadditions using second generation boroxole-

alkynes 

After the initial attempts of the boron templated triazole formation as discussed 

earlier (See Section 2.5) and with the success of producing the triazole product 212, 

the next stage of the project was to firstly attempt the [3+2] cycloaddition with the 

second generation of the key intermediates.  Secondly, the project would attempt to 

perform the boron templated triazole formation reaction on a more biologically 

applicable platform.   

 

The initial attempt with the α-anomer 202 was to use comparable reaction conditions 

as to those described previously.  Thus, the 6-azido galactoside 202 was mixed with 

ethynyl-boroxole 205 in a 1:2 molar ratio, in aqueous MeOH at 313 K (Scheme 2.19). 

The reaction was monitored via TLC analysis and after 8 hours no product had 

formed.  A potential limitation of the reaction was the low concentration (~0.05 M).  

This may have affected the triazole formation, as the formation of the product relies 

on the fact that the two reactive molecules (alkyne and azide) must come within 

close proximity of each other.   

 
Scheme 2.19: Attempted boron templated triazole formation with the α-anomer 202 and 

boroxole-alkyne 205, to produce the triazole product 216. 

The reaction was therefore repeated at a higher concentration of (~0.1 M), and the 

components 202 and 205 were allowed to react for approximately 96 hours at 313 K, 

with regular monitoring via TLC.  At this time an aliquot was removed from the 
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reaction mixture and analysed via MS, which indicated that no product was present.  

The temperature of the reaction was then increased to 333 K and allowed to react for 

a further 2 hours, after which time TLC analysis indicated there was the appearance 

of a new compound.  The reaction mixture was concentrated and MS analysis of the 

reaction mixture indicated the presence of the desired triazole product 216 with a 

peak at m/z 390.1 in negative ion mode.  However, the 1H NMR spectrum of the 

reaction mixture proved to be confusing and interesting with the disappearance of 

the benzylic proton at δ ~5.5 ppm, but no appearance of the expected triazole proton 

at δ ~8.5 ppm.  

 

2.6.1 TMS-capped alkyne 

In order to further explore the scope of this reaction, we investigated various 

alternatives to assess if we could drive the reaction forward towards the triazole 

product.  As discussed earlier (See Section 2.4.1.1) the use of the TMS-group on the 

ethynyl-boroxole 206 was designed to alter the reactivity of the alkyne.  Two 

cycloadditions were performed simultaneously in different solvent systems, the 6-

azido galactopyranoside 202 (1 mol equivalent) and TMS-ethynylboroxole 206 (2 

mol equivalents) were mixed in CH3CN or MeOH at 313 K for 24 hours at 0.1 M in an 

open flask as shown in Scheme 2.20.   

 
Scheme 2.20: Attempted boron templated triazole formations in CH3CN or MeOH with 

TMS-derivative 206 and 6-azido galactoside 202. 

Unfortunately, the reagents did not dissolve in CH3CN, thus after 2 hours the 

reaction was stopped.  The TLC analysis of the reaction in MeOH indicated that 

nothing had happened after 2 hours.  However, the reaction was allowed to continue 

overnight to see if a longer reaction time would produce the desired triazole product 

217.  The crude mixture was then analysed via 1H NMR, 13C NMR and MS.  The 1H 

NMR spectrum did not provide conclusive evidence for the formation of the triazole 

217, considering the characteristic triazole proton would be replaced with a TMS-

group in 206 instead.  The 13C NMR spectrum of the reaction mixture showed 
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multiple peaks, indicating a mixture of products with no presence of the triazole 

product.  Although it was postulated that the TMS-group might increase the reactivity 

of the boroxole in 206, in this cycloaddition attempt the formation of the desired 

triazole was not observed.  One explanation for this inactivity, may be the increased 

steric bulk of the TMS-group on the boroxole causing steric hinderance.   

 

2.6.2 Water-soluble cycloaddition 

Due to the water solubility of the N-ethynylpyridinylboronic acid derivative 210 a 

simple MS experiment of the boron templated triazole formation was attempted in 

deionised water at room temperature.  The alkyne derivative N-

ethynylpyridinylboronic acid 210 was mixed with the 6-azido galactoside 202 in a 1:1 

molar ratio in deionised H2O at room temperature and at 3.0 M concentration 

(Scheme 2.21).  It was felt that this increased concentration would optimise the 

ability of the reacting partners to come together, and thus promote the formation of 

the desired triazole product.  The reaction mixture was compared with the two 

starting materials via TLC analysis, which indicated after 15 minutes that both 

unreacted starting materials were still present.  The reaction was allowed to react for 

48 hrs.  Based on earlier experiments in this project it was possible that the triazole 

product may not be visible on TLC due to stability of the covalent binding and so a 

MS analysis was done on the reaction mixture.  The MS analysis indicated the 

presence of a peak at m/z 345.1 within the sample.  The peak corresponding to 218 

had no methyl adduct of the complex present in accordance with the previous 

observation (See Section 2.5.2).  The IR analysis of the reaction mixture indicated 

the presence of an azide functionality, suggesting no triazole formation.  The 1H 

NMR was also inconclusive with an abundant of signals.   

 
Scheme 2.21: The boron templated triazole formation with N-alkylated derivative 210 

and the 6-azido galactopyranoside 202. 

Considering all of these results, it was clear that the boron templated triazole 

formation required further investigation.   
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2.6.3 Trifluoroborate mediated cycloaddition 

In considering the many difficulties we had encountered with the boron templated 

triazole formation so far in this project, it was appropriate to look at other methods.  

Recently Churches et al.77 suggested a general method for the interconversion of 

boronic acid protecting groups (Scheme 2.22), they reported a general procedure 

which converted one protected boronate ester species to another protected boronate 

ester species through the formation of trifluoroborates as a common intermediate.  

The synthesis Hutton reported77 is shown in Scheme 2.22, where the MIDA boronate 

ester is converted into the common trifluoroborate intermediate using potassium 

bifluoride in MeOH.  This common intermediate could then be used to synthesise an 

array of other different protected boronate esters77 (Scheme 2.22).  

 
Scheme 2.22: The interconversion of boronic acid protecting groups: trifluoroborates as 

common intermediates as done by Churches et al.77. 

Organotrifluoroborate salts have been widely investigated by Molander78 as a useful 

protecting groups for boronic acids in organic synthesis, as free boronic acids are 

unstable and prone to dehydration to give the corresponding boroxine anhydride1.  

The trifluoroborates are also known to be more reactive than the boronate ester, as 

the boron species has more Lewis acidity when compared with the simple 

benzoboroxole, this is discussed further in Chapter 5.   

 

All the boron species in the boroxole-alkyne derivatives synthesised in this project 

are attached to hydroxyls already and are relatively stable.  It was a concern that the 

boron species may not be efficiently exchanging with the hydroxyls on the 6-azido 

galactoside, to form the boronate ester intermediate.  Thus, the project went on to 

investigate the idea of using the trifluoroborate species as reported by Churches77 in 

our boron templated triazole formation in an attempt to facilitate boron activation, that 

is forcing the boron to interact with the diols on the sugar.  Using the experimental 

method reported77, involving a mixture of reagents including chlorotrimethylsilane 

(TMS-Cl) and K2CO3 is summarised in Scheme 2.23.  This solvolysis reaction in 

Scheme 2.23 occurs through the fluorolysis of the trifluoroborate 219 using TMS-Cl 

and then a subsequent reaction with the nucleophilic hydroxyls on the galactoside 
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202.  In choosing the alkyne species the shorter length of the potassium 

propynyltrifluoroborate (219) was used to possibly facilitate the [3+2] cycloaddition 

with the alkyne being brought closer to the azide in comparison to the other 

attempted cycloadditions with the benzoboroxole (205).  This brings the two reactive 

components within 7 atoms of each other, as shown in Scheme 2.23.     

 
Scheme 2.23: The summarised approach in utilising the work done by Churches77 to 

facilitate the boron templated triazole formation.   

The fluoride mediated cycloaddition was initially attempted (Scheme 2.23) in a one 

pot synthesis between the 6-azido galactoside 202 and potassium 

propynyltrifluoroborate (219) in CH3CN with TMS-Cl (3 mol equivalents), K2CO3 (3 

mol equivalents) at room temperature77.  The reaction was allowed to stir for 2 hours 

with the reaction mixture changing colour from yellow to white over time.  The 

reaction mixture was then filtered and washed with Et2O.  TLC analysis of the crude 

reaction mixture indicated the presence of a new spot that stained for both sugar and 

boron, suggesting the possible formation of the triazole product 220.  Unfortunately, 

due to experimental procedures, the crude reaction mixture was in contact with 

MeOH and after MS and TLC analysis it was evident that the reaction mixture no 

longer contained boron.  It was thought that the boron species 220a may have 

formed trimethylborate when it came into contact with MeOH and then evaporated 

when concentrated under vacuum.  This suggests that the new spot seen in the TLC 

analysis may have only been the bound boronate ester 220a and not the triazole 

product 220.  The 1H NMR, 13C NMR and IR analysis of the reaction product 

confirmed this hypothesis, with no evidence that the desired triazole product 220 had 

formed, although the NMR spectrum showed a complex mixture of compounds.  The 

same procedure (Scheme 2.23) was repeated for consistency and a similar result 

obtained.   

 

With the fluoride mediated cycloaddition shown in Scheme 2.23 being unable to yield 

any triazole product 220, the literature was reviewed.  Others78-80 had shown similar 

methods of interconverting the boronic acid protecting groups to work done by 
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Hutton77.  However, instead of adding the TMS-Cl into the reaction, the subsequent 

nucleophile was TMS-protected and produced first prior to the addition of the 

trifluoroborate species (Scheme 2.24).  It was decided in this project to follow on 

from this and produce the TMS-protected intermediate 220b first in situ as shown in 

Scheme 2.24. 

 
Scheme 2.24: The proposed synthesis for the boron templated triazole formation with 

potassium propynyltrifluoroborate and 6-azido galactoside 202, via the intermediate 

220b. 

In an attempt to produce the TMS-protected intermediate 220b, the 6-azido 

galactoside 202 was dissolved in CH3CN with TMS-Cl (3 mol equivalents) and 

K2CO3 (4 mol equivalents) under nitrogen at room temperature (Scheme 2.24).  The 

reaction was monitored via TLC to assess how many hydroxyl groups had been 

protected.  After approximately three hours, the TLC had not changed and it was 

decided to add the potassium trifluoroboroate 219 (1.2 mol equivalents) and another 

aliquot of TMS-Cl (2 mol equivalents) to the reaction mixture (Scheme 2.24).   

 

After 2.5 hours the reaction mixture was collected and filtered under nitrogen, but 

unfortunately the initial MS analysis indicated a mixture of products had been 

produced with no evidence of the triazole product 220 or boron isotopes present 

within the reaction mixture.  Using an Alizarin stain (See General Experimental 2.8) 

the TLC analysis indicated that boron was still present within the sample, it was 

postulated that the desired triazole product might not ionise efficiently and thus not 

be detected in the initial MS.  The MS analysis was repeated with a higher voltage to 

force the ionisation of the molecule, and this did indeed show evidence of boron 

isotopes present within the reaction mixture.  However, the observed m/z peaks 

were unable to be assigned to a specific boron-containing species.   

 

Analysis of the reaction product by 1H NMR and 13C NMR spectra was also 

inconclusive.  The 11B NMR analysis (See Section 4.4.3) however indicated the 

presence of two different boron resonances, one in a trigonal conformation at δ -
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20.06 ppm and the other in a tetrahedral anionic conformation at δ -1.21 ppm relative 

to BF3·Et2O.  This 11B NMR data was investigated further, it was postulated that the 

up-field species at δ -1.21 ppm observed in the 11B NMR spectrum was in fact the 

starting material potassium trifluoroborate 219, and this was confirmed by 

comparison with literature data77,79.   A 19F NMR experiment was performed to 

determine if any fluorine was present within the sample.  The 19F NMR experiment 

(Figure 2.18) indicated the presence of two fluoride resonances, confirming the 

presence of unreacted potassium trifluoroborate starting material 219 and possibly 

the reacted fluoride as byproduct from triazole formation.      

 
Figure 2.18: Shows the 19F NMR experiment, indicating the presence of two fluoride 

resonances, evident with the sample still containing unreacted starting material; 

potassium trifluoroborate. 

The reaction mixture did show evidence of two boron species in the 11B NMR 

analysis, one in trigonal configuration at δ -20.06 ppm and the 219 starting material 

in the tetrahedral configuration at δ -1.21 ppm.  This does suggest that the desired 

intermediate 220a may have been produced, as it was hypothesised to exist in a 

trigonal configuration, however the 220a product was unable to be isolated.  The 

cycloaddition between galactose 202 and trifluoroborate 219 in the presence of 
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TMS-Cl showed promise, however the reaction conditions need to be investigated 

further to evaluate the potential of this reaction.   

 

2.6.4 Bi-phasic cycloaddition 

The ability to conduct organic reactions in water is an ever-growing interest, 

especially in the area of ‘green’ chemistry.  It was discovered that water insoluble 

organic compounds could also be induced to undergo reactions in a water medium.  

This phenomenon is called “on-water catalysis”81.  Sharpless and others81-83 

presented several examples of cycloadditions, where it was known that the 

insolubility of reactants was problematic and also involved harsh reaction conditions.  

They reported when the cycloadditions were stirred in an aqueous suspension the 

rate of the reaction was dramatically increased under these “on-water“ conditions81.  

The phenomenon is not yet fully understood, although it has been suggested that the 

catalytic step may occur on the organic-water interface83.  

 

Our first attempt in re-creating this bi-phase environment was using EtOAc and 

deionised water.  These two immiscible solvents would create a surface between the 

two solvents to facilitate the reaction.  The 6-azido galactopyranoside 202 (1 mol 

equivalent) was dissolved in the H2O layer and the TMS-ethynylbenzoboroxole 206 

(2 mol equivalents) (Scheme 2.25) was dissolved in the EtOAc layer, both solvents 

were combined in a pear shaped reaction vessel.   

  
Scheme 2.25: The bi-phasic boron templated triazole formation with TMS-

ethynylbenzoboroxole 206 and 6-azido galactopyranoside 202. 

The reaction was allowed to react at 313 K for approximately 24 hours at 0.1 M, 

stirring slowly to ensure that the two components come within contact of each other 

at the interface.  The reaction was monitored via TLC analysis and after 24 hours the 

reaction showed no signs of producing the desired triazole product 217.  An aliquot 

that was removed from the crude reaction mixture, was then analysed via MS 

(Figure 2.19).  Multiple peaks were seen in both the positive and negative mode of 
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the analysis.  The negative ion mode indicated the presence of the highly cyclic 

sugar-boronic acid complex A (Figure 2.19) at m/z 430.1 and the MeOH adduct of 

this species, where the boronic acid species has formed a methoxy ester 

functionality B (Figure 2.19) at m/z 462.1.  In both of these triazole products the 

boron species obtained a negative charge.  The positive ion mode displayed a peak 

at m/z 472.1 which was the trigonal boron species C (Figure 2.19) with a hydroxyl 

functionality, in this case the boron species was neutral to give an overall positive 

charge as a sodium adduct.     

 
Figure 2.19: The bi-phasic boron templated triazole formation products present in the MS 

analysis (ESI – both negative and positive mode) and the corresponding adducts. 

The crude reaction mixture was then analysed using 1H NMR and 13C NMR analysis.  

Unfortunately the 1H NMR and 13C NMR analysis proved to be inconclusive, with no 

indication of triazole formation.  

 

2.6.5 Micelle development 

Our second attempt at re-creating this same interface was to use a common biphasic 

solvent system, octanol and H2O.  By stirring the two layers vigorously the interface 

would be broken up into many smaller interfaces in the formation of micelles.  It was 

postulated that the formation of these micelles would bring the key reactive 

components close together.   

 

In a preliminary experiment the amide alkyne derivative 208 was used in the reaction 

with the 6-azido galactoside 202 (Scheme 2.26).  The boroxole-alkyne derivative 208 

(2 mol equivalents) was dissolved in the octanol layer and the azido-sugar 202 (1 

mol equivalent) was dissolved in the H2O layer.  Both layers were then combined 

and mixed vigorously at 310 K for 24 hours.  TLC analysis of this reaction was 

difficult due to the octanol, so the reaction was stopped and the octanol layer was 
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washed with EtOAc and the two layers were analysed via spectroscopic methods.  

Unfortunately, the MS analysis of both of these layers showed no presence of the 

final desired triazole product 221 (Scheme 2.26). 

 
Scheme 2.26: The second bi-phasic attempted boron templated triazole formation with 

(2-propiolamidophenyl)boronic acid (208) and the 6-azido galactopyranoside 202. 

Following on from this model reaction, in future work the micelles would be 

developed at the molecular level instead of being created in situ in the bilayer 

system.  As discussed earlier (See Section 2.2.2.4), the octanyl glycoside 204 was 

specifically designed for this particular aspect of the project.  Unfortunately, due to 

time constraints the synthesis was unable to be completed as there were 

complications with the yield and isolation of the desired product 204 as discussed 

previously.  As shown in the Figure 2.20 the micelle would be developed from the 

sugar azide derivative with the installment of a simple octanyl side chain to the 

anomeric position on the galactopyranoside.   

 
Figure 2.20: The proposed octanyl glycoside 204 micelle formation and the benefits 

proposed for the formation of the triazole product 221. 

It was known in the literature that simple polyglycol side chains can form micelles in 

particular solvent systems26.  The octanol was lipophilic enough to force the octanol 

side chain into the centre of the micelle, allowing the micelle’s surface to be covered 
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in the azido-galactopyranoside.  With multiple micelles present in the system the 

reaction surface area would increase pushing the azide functionality up like an 

antenna.  This would increase the reactivity with the terminal alkyne after the boronic 

acid moiety had become bound to the 3,4-position on the galactopyranoside moiety 

to form 221a.  The synthesis of this octanyl-azido-sugar derivative (204) requires 

further investigation and analysis to develop a more effective approach.    
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2.7 Conclusion and Future directions 

2.7.1 Conclusion 

In conclusion this aspect of the project involved a preliminary attempt at developing a 

bio-orthogonal reaction.  In this chapter we explored and confirmed that using boron 

could induce the intramolecular “click reaction” to occur in some examples.  Through 

the course of this work we have synthesised some novel alkyne-containing boronic 

acids, and have explored their use in copper-free “click” reactions.  These 

cycloaddition reactions require further refinement and optimisation to push the 

formation of the desired triazole product to occur in more biological conditions, such 

as water at 310 K.   

 

2.7.2 Future directions 

The boron templated triazole formation project has multiple concepts that require 

further refinement.  In particular the cycloaddition reaction needs optimisation to 

push the formation of the desired triazole product to occur in more biological 

conditions, as a bio-orthogonal reaction would.  There are multiple limitations as 

described in Chapter 2, involving alkyne-containing boronic acid derivative used, 

solubility issues and concentration.  These issues are crucial to understand and 

require further investigation to develop the reaction.   

 

As discussed throughout Chapter 2, the reactivity for the triazole cycloaddition to 

occur, is determined on the proximity of the two reactive groups (alkyne and azide).  

If the two reactive groups are not close enough together, the cycloaddition will not 

occur, thus the position of both the alkyne and azide is very important.  Due to the 

limitations with the azide component (i.e. it has to be on the 6-position of the 

galactopyranoside to allow for 3,4-diol binding), the reactive group to manipulate is 

the alkyne component.  With multiple failed attempts at the cycloaddition as 

documented in Chapter 2, it is evident that the correct orientation of the alkyne 

component is yet to be discovered.  It can be suggested that the boronic acid of the 

alkyne species is binding to the galactopyranoside, however the cycloaddition is 

unable to form efficiently. 

 

As a future direction for this project it would be highly valuable to obtain X-ray 

crystallography data of an alkyne boronic acid derivative bound to the azido-sugar, 
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for example the ethynylbenzoboroxole derivative (205) bound to the methyl 6-azido-

6-deoxy-α-D-galactopyranoside (202).  Although X-ray crystallography data is limited 

in terms of determining the amount of confirmation flexibility that may exist within the 

molecule, this data would provide a snapshot of the distance that exists between the 

two reactive species and the reactive potentials when bound.  This data could be 

used as a tool to develop a more precise and specific boronic acid alkyne receptor 

for the carbohydrate ligand. 

 

Although it was not investigated in this thesis, it would be useful to attempt these 

cycloaddition reactions with copper(I) in future work.  We did consider adding 

copper(I) as a control for the cycloaddition to see if it works.  However it was decided 

it would be better for the project to pursue the copper-free cycloaddition thoroughly.   
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2.8 General experimental 

1H and 13C NMR spectra were obtained using Bruker spectrometers (300, 400 or 600 

MHz) as indicated.  Signals are reported in terms of their chemical shift (δ in ppm) 

relative to CDCl3 (1H, 7.26 and 13C, 77.0), D2O (1H, 4.78 and 13C, external reference 

used), MeOD (1H, 3.30 and 13C, 49.0) and DMSO (1H, 2.50 and 13C, 39.5).  For 1H 

spectra, multiplicity, integration, intensity, coupling constants and assignment values 

are reported, two dimensional COSY and HMBC spectra were used to aid 

assignment.  Multiplicities are indicated using standard notation; singlet (s), doublet 

(d), doublet of doublets (dd), triplet (t) and multiplet (m).  Chemical shifts are reported 

to the two decimal place in parts per millions (ppm) relative to tetramethylsilane (0 

ppm) and J coupling constants are in hertz (Hz).   

 
11B NMR experiments were conducted using Bruker 300 MHz and 400 MHz 

spectrometers using a standard Bruker 5mm BBO BB-1H with Z-gradient probe.  

The probe parameters were set for Ruthenium when using the 300 MHz 

spectrometer.  Samples were analysed in DMSO in quartz NMR tubes.    

 

Mass spectral analysis (MS) was performed using a Bruker Esquire 3000 

electrospray ionisation mass spectrometer.  High resolution mass spectrometry 

(HRMS) was performed in either positive or negative ionisation mode (as indicated) 

using an Agilent 1290 HPLC coupled to an Agilent 6530 QTOF fitted with a Jet 

Stream ESI source, at the Smart Water Research Centre, Griffith University.  

Standard MS conditions were used for all experiments conducted unless otherwise 

stated.  Solvents used included MeOH, H2O and CH3CN.  Trap drive and Stability of 

ion voltage was kept between 100 – 120% and samples were analsyed with a 

concentration approximately 0.5 M.     

 

Infrared analysis (IR) was performed using the ALPHA FT-IR Spectrometer with 

OPUS/Mentor software, as a solid directly onto the plate or in a solution of distilled 

MeOH.    

 

Preparative thin layer chromatography plates used were a 20cm X 20cm with 

UV254, 1000microns. Analtech cat. 02013.  Reaction products were purified using 

flash chromatography with silica gel 60.  Thin Layer Chromatography (TLC) (Merck 

pre-coated aluminium silica plates) was used to monitor reactions, by visualizing 
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under UV light and charring using H2SO4 for saccharides and Alizarin84 for boron 

containing compounds, unless stated otherwise.   

 

All solvents were distilled prior to use.  All chemicals were purchased as reagent 

grade and used without further purification, unless stated otherwise.  Commercially 

available 2-FPBA (Sigma Aldrich) and 2-APBA (Alfa Aesar) were recrystallised from 

toluene and MeOH/H2O, respectively before use.  Recrystallisations were performed 

for X-ray crystallography and purification purposes.  Crystals were produced via a 

slow evaporation method at room temperature or 273 K from a solvent or solvent 

system.     

 

The Glycan array was used in collaboration with Dr. Lauren Hartley-Tassell at the 

Institute for Glycomics.  The glycans were spotted 102/ mm2 – 500 µm/per spot of 

glycan onto the glass slide. The plate was then scanned at 488 nm by an argon 

laser, using Perkin Elmer ProScan Micro Array scanner.   

 

The X-ray crystallography data was collected and analysed by Prof. Peter Healy at 

Griffith University, School of Natural Sciences.  Unique data sets for compounds 1 – 

5 (see Appendix 4) were measured on an Oxford-Diffraction GEMINI S Ultra CCD 

diffractometer with Mo-Kα radiation utilising CrysAlis software85.  The structure was 

solved by the direct methods package SIR9286 and refined by full matrix least 

squares refinement on F2 using the WinGX software package87 incorporating 

SHELXL-201388.  Anisotropic thermal parameters were refined for non-hydrogen 

atoms; (x, y, z, Uiso)H were included and constrained at estimated values. 

Conventional residuals at convergence are quoted; statistical weights were 

employed. ORTEP-387 and PLATON software89 was utilised to prepare material for 

publication.  Full .cif deposition resides with the Cambridge Crystallographic Data 

Centre (CCDC Nos. xxxxx).  Copies can be obtained free of charge on application at 

the following address: http://www.ccdc.cam.ac.uk/cgi-bin/catreq.cgi). 
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2.9 Experimental  

2.9.1 Synthesis of modified carbohydrates 

Synthesis of methyl 2,3,4-tri-O-acetyl-6-p-toluenesulfonyl-β-D-galactopyranoside49 

(201a) 

 
To a stirring solution of methyl β-D-galactopyranoside (500.0 mg, 2.6 mmol) in 6 mL 

of anhydrous pyridine at 273 K was added recrystallised p-toluenesulfonyl chloride 

(1.5 g, 7.7 mmol) in aliquots over 15 minutes.  The mixture was allowed to stir under 

argon until completely consumed and then allowed to warm up to room temperature 

overnight.  Acetic anhydride (7.5 mL) was added to the reaction mixture, which was 

then allowed to stir for an additional 12 hours.  The reaction mixture was then 

concentrated via co-evaporation in vacuo with Tol to produce a brown oil.  The 

compound was then redissolved in DCM and washed with 1 M HCl and NaHCO3, 

dried over Na2SO4 and concentrated in vacuo to produce a pale yellow oil.  The 

crude product was then purified by flash chromatography (EtOAc:Hex, 20:3) to give 

an inseparable mixture of methyl 2,3,4-tri-O-acetyl-6-p-toluenesulfonyl-β-D-

galactopyranoside and methyl 2,4-tri-O-acetyl-di(3,6-p-toluenesulfonyl)- β-D-

galactopyranoside in a white powder in (846.0 mg, ~70%). 
1H matches known49.  ESMS (m/z) [M+Na+] observed 496.9, calculated 

[C20H26O11S+Na+] 497.5.  (m/z) [M+Na+] observed 606.8, calculated 

[C25H30O12S2+Na+] 609.6.   

 

Synthesis of methyl 2,3,4-tri-O-acetyl-6-2,4,6-triisopropylbenzenesulfonyl-β-D-

galactopyranoside (201c) 

 
To a solution of methyl β-D-galactopyranoside (1.0 g, 5.5 mmol) in dry pyridine (30 

mL) was added 2,4,6-triisopropylbenzenesulfonyl chloride (3.9 mg, 12.9 mmol), and 
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the mixture stirred for 24 hours at room temperature. The mixture was then treated 

with acetic anhydride (2 mL) and stirred for 24 hours at room temperature.  The dried 

product was dissolved in EtOAc, partitioned with HCl (1 M, 30 mL) and NaHCO3 (1 

M, 30 mL) before concentrated in vacuo.  The product was then chromatographed 

on a column of silica gel (Hex:EtOAc, 3:1, Rf 0.31) to give the methyl 2,3,4-tri-O-

acetyl-6-2,4,6-triisopropylbenzenesulfonyl-β-D-galactopyranoside product as a white 

powder (3.1 g, 95%). 
1H NMR (300 MHz, CDCl3): δ:  1.29 (m, 18H, TPS-(CH3)6), 1.99 (m, 3H, (COCH3)), 

2.08 (s, 3H, (COCH3)), 2.15 (s, 3H, (COCH3)), 2.93 (m, 3H, TPS-(CH)3), 3.45 (s, 3H, 

OCH3), 3.90-4.22 (m, 3H, H-5, H-6, H-6’) 4.40 (d, J1,2= 8.1 Hz, 1H, H-1), 5.03 (dd, 

J3,2= 10.2 Hz, J3,4= 3.3 Hz, 1H, H-3), 5.20 (dd, J2,1= 7.8 Hz, J2,3= 10.5 Hz, 1H, H-2), 

5.44 (d, J4,3= 3.3 Hz, 1H, H-4), 7.21 (s, 2H, TPS-ArH).  ESMS (m/z) [M+Na+] 

observed 609.8, calculated [C28H42NaO11S] 609.7.  

 

Synthesis of methyl 6-azido-6-deoxy-β-D-galactopyranoside49  (201) 

 
To methyl 2,3,4-tri-O-acetyl-6-2,4,6-triisopropylbenzenesulfonyl-β-D-

galactopyranoside product (3.1 g, 5.2 mmol) in DMF (30 mL), sodium azide (1.0 g, 

15.7 mmol) was added.  The mixture was stirred for 24 hours at 373 K.  The product 

was then dissolved with EtOAc, partitioned with deionised water and concentrated in 

vacuo.  The product was then chromatographed on a column of silica gel 

(Hex:EtOAc, 3:1; Rf 0.23) to give the methyl 2,3,4-tri-o-acetyl-6-azido-6-deoxy-β-D-

galactopyranoside 17 (702.5 mg, 39%).  The azide functionality was confirmed via IR 

νmax (liquid film): 2099 cm-1 and the methyl 2,3,4-tri-O-acetyl-6-azido-6-deoxy-β-D-

galactopyranoside product (702.5 mg, 2.0 mmol) in MeOH (15 mL), LiOH (1 M) was 

added dropwise to bring to pH 11.  The mixture was stirred for 24 hours at room 

temperature, adding more drops if the pH dropped.  The mixture was quenched with 

a protonated resin (Dowex), filtered and concentrated in vacuo to give the desired 

product methyl 6-azido-6-deoxy-β-D-galactopyranoside as a white powder 

(quantitatively, 505.3 mg).    

IR νmax (liquid film): 2100 cm-1. 1H NMR (300 MHz, D2O solution): δ: 3.31 (dd, J6,5= 

3.9 Hz,  J6,6’= 12.9 Hz, 1H, H-6), 3.42 (dd, J2,1= 8.1 Hz, J2,3= 9.9 Hz, 1H, H-2), 3.52 

(s, 3H, OCH3), 3.52 (dd, J6,6’= 12.3 Hz, J6’,5= 8.1 Hz, 1H, H-6’), 3.59 (dd, J3,2= 9.6 Hz, 

O
HO

HO
HO

OMe

N
N
N



 93 

J3,4= 3.3 Hz, J3,6’=13.2 Hz, 1H, H-3), 3.80 (dd, J5,6= 3.3 Hz, J5,6’=8.7 Hz, 1H, H-5), 

3.83 (d, J4,3=3.3 Hz, 1H, H-4), 4.29 (d, J1,2 = 8.1 Hz, 1H, H-1).  COSY confirmed 

visualised J couplings.  13C NMR (75 MHz, D2O solution): δ: 50.7 (C-6), 57.2 (OMe), 

69.0, 70.6, 72.6 and 74.0 (C-2, C-3, C-4, C-5), 103.7 (C-1).  ESMS (m/z) [M+Na+] 

observed 242.2, calculated [C7H13N3O5+Na+] 242.2. 

 

Synthesis of methyl 2,3,4-tri-O-acetyl-6-2,4,6-triisopropylbenzenesulfonyl-α-D-

galactopyranoside (202b)  

 
To a solution of methyl α-D-galactopyranoside (1.0 g, 5.2 mmol) in dry pyridine (25 

mL) was added 2,4,6-triisopropylbenzenesulfonyl chloride (3.9 mg, 12.8 mmol), and 

the mixture stirred for 24 hours at room temperature. The mixture was then treated 

with acetic anhydrous (10 mL) and stirred from 24 hours at room temperature, 

monitored via TLC (Hex:EtOAc, 2:1, Rf 0.31).  The reaction mixture was then 

concentrated down and redissolved in EtOAc, partitioned with HCl (1 M, 30 mL) and 

NaHCO3 (1 M, 30 mL) before concentrated in vacuo.  The product was then 

chromatographed on a column of silica gel (Hex:EtOAc, 2:1; Rf 0.31) to give the 

methyl 2,3,4-tri-O-acetyl-6-2,4,6-triisopropylbenzenesulfonyl-α-D-galactopyranoside 

product as a white powder (618.8 mg, 21%). 
1H NMR (300 MHz, CDCl3 solution): δ:  1H NMR (300 MHz, CDCl3): δ:  1.29 (m, 18H, 

TPS-(CH3)6), 2.10 (m, 3H, (COCH3)), 2.17 (s, 3H, (COCH3)), 2.21 (s, 3H, (COCH3)), 

2.93 (m, 3H, TPS-(CH)3), 3.45 (s, 3H, OCH3), 3.14 (dd, J6’,5= 4.4 Hz,  J6’,6= 12.8 Hz, 

1H, H-6’), 3.45 (dd, J6,6’= 12.8 Hz, J6,5= 8.8 Hz, 1H, H-6), 4.29 (m, 1H, H-5), 5.05 (d, 

J1,2= 3.6 Hz, 1H, H-1), 5.11 (dd, J3,2= 10.4 Hz, J3,4= 3.6 Hz, 1H, H-3), 5.31 (dd, J2,1= 

3.6 Hz, J2,3= 10.4 Hz, 1H, H-2), 5.41 (d, J4,3= 3.2 Hz, 1H, H-4), 7.19 (s, 2H, TPS-

ArH).  ESMS (m/z) [M+Na+] observed 609.8, calculated [C28H42NaO11S] 609.7.  
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Synthesis of methyl 6-azido-6-deoxy-α-D-galactopyranoside49  (202) 

 
To methyl 2,3,4-tri-O-acetyl-6-2,4,6-triisopropylbenzenesulfonyl-α-D-

galactopyranoside product (618.8 mg, 1.1 mmol) in DMF (5 mL), sodium azide 

(205.7 mg, 3.2 mmol), was added.  The mixture was stirred for 24 hours at 373 K 

monitored via TLC (Hex:EtOAc, 2:1, Rf 0.30).  After 24 hours another aliquot of 

sodium azide (205.7 mg, 3.2 mmol), was added to the reaction mixture and allowed 

to stir for another 24 hours.  The product was then dissolved with EtOAc, partitioned 

with deionised water, dried with Na2(SO4) and concentrated in vacuo.  The product 

was then chromatographed on a column of silica gel (Hex:EtOAc, 2:1; Rf 0.30) to 

give the methyl 2,3,4-tri-O-acetyl-6-azido-6-deoxy-α-D-galactopyranoside (298.7 mg, 

82%).   The azide functionality was confirmed via IR νmax (liquid film): 2102 cm-1 and 

the methyl 2,3,4-tri-O-acetyl-6-azido-6-deoxy-α-D-galactopyranoside product (598.7 

mg, 1.7 mmol) in MeOH (10 mL), LiOH (1 M) was added drop wise to bring to pH 11.  

The mixture was stirred for 24 hours at room temperature, adding more drops if the 

pH dropped after 30 minutes.  The mixture was quenched with a protonated resin 

(Dowex), filtered and concentrated in vacuo to give the desired product methyl 6-

azido-6-deoxy-α-D-galactopyranoside as a white powder (quantitatively, 399.5 mg).    

IR νmax (liquid film): 2094 cm-1.  1H NMR (300 MHz, D2O solution): δ: 3.46 (s, 3H, 

OCH3), 3.48 (d, J6’,5= 4.4 Hz,  J6’,6= 12.8 Hz, 1H, H-6’), 3.58 (dd, J6,6’= 12.8 Hz, J6,5= 

8.8 Hz, 1H, H-6), 3.83 (t, J2,1= 2.0 Hz, J3,4= 2.8 Hz, 2H, H2/ H3), 3.83 (d, J5,6= 8.8 Hz, 

J5,6’= 4.4 Hz, J4,5 = 9.2 Hz, 1H, H-5), 4.03 (dd, J4,3= 4.0 Hz, J4,5 = 9.2 Hz 1H, H-4), 

4.86 (d, J1,2 = 2.0 Hz, 1H, H-1).  COSY confirmed visualised J couplings. ESMS (m/z) 

[M+Na+] observed 242.2, calculated [C7H13N3O5+Na+] 242.2. 
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Synthesis of methyl 6-deoxy-2,4,6-triisopropylbenzenesulfonyl-α-D-

galactopyranoside (202d) 

 
To a solution of methyl α-D-galactopyranoside (500.0 mg, 2.6 mmol) in dry pyridine 

(25 mL) was added 2,4,6-triisopropylbenzenesulfonyl chloride (2.3 mg, 7.7 mmol), 

and the mixture stirred for 72 hours at room temperature and monitored via TLC 

(DCM:MeOH, 10:1, Rf 0.31).  The reaction mixture was then concentrated down, 

removing the excess pyridine by adding Tol (3 x 5 mL).  The product was then 

chromatographed on a column of silica gel  (DCM:MeOH, 10:1; Rf 0.31) to give the 

methyl 6-deoxy-2,4,6-triisopropylbenzenesulfonyl-α-D-galactopyranoside product as 

a white powder (180.8 mg, 15%).  
1H NMR (300 MHz, CDCl3 solution): δ: 1.32 (m, 18H, TPS-(CH3)6), 2.97 (m, 3H, 

(CH)3), 3.38 (s, 3H, OCH3), 3.48 (s, J6’,5= 4.4 Hz,  J6’,6= 12.8 Hz, 1H, H-6’), 3.93 (s, 

J6,6’= 12.8 Hz, J6,5= 8.8 Hz, 1H, H-6), 4.01 (s, 1H, H-5), 4.09 (m, J1,2= 3.6 Hz, 1H, H-

1), 4.30 (m, J3,2= 10.4 Hz, J3,4= 3.6 Hz, 1H, H-3), 4.46 (m, J2,1= 3.6 Hz, J2,3= 10.4 Hz, 

1H, H-2), 4.80 (d, J4,3= 2.1 Hz, 1H, H-4), 7.15 (s, 2H, TPS-ArH).  COSY confirmed 

visualised J couplings. 

 

Synthesis of methyl 6-deoxy-6-iodo-α-D-galactopyranoside51 (203) 

 
To a solution of methyl α-D-galactopyranoside (100.0 mg, 0.5 mmol) in anhydrous 

THF (7.5 mL), imidazole (87.7mg, 1.3 mmol), triphenylphosphine (337.7 mg, 1.3 

mmol) and solid iodine crystal (326.8 mg, 1.3 mmol) was added.  The reaction 

mixture was refluxed under argon for 2 hours and was monitored via TLC 

(EtOAc:Hex:MeOH, 4:1:0.5, Rf 0.5), then allowed to cool to room temperature.  The 

reaction mixture was then vacuum filtered to remove the excess triphenylphosphine 

oxide before being concentrated in vacuo to produce yellowy white solid.  The crude 

product was then purified by reversed phase chromatography, via an elution method 

of (H2O:MeOH, 9:1, Rf 0.69) to give an inseparable mixture of the methyl 6-deoxy-6-
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iodo-α-D-galactopyranoside and the starting material methyl α-D-galactopyranoside 

in a white powder (122.8 mg, 78%).    

 1H NMR (400 MHz, D2O solution): δ: 3.35 (dd, J5,6’ = 4.8, J6,6’ = 12.0 Hz, 1H, H-6’), 

3.48 (s, 3H, OCH3), 3.50 (d, J5,6 = 10.1, J6,6’ = 12.0 Hz, 1H, H-6), 3.76 (d, J2,3 = 6.4, 

J3,4 = 4.8 Hz, 1H, H-3), 3.82 (m, J1,2 = 2.4 Hz, 1H, H-2), 3.91 (t, J4,5 = 8.8 Hz, J5,6 = 

10.1, J5,6’ = 4.8 Hz 1H, H-5), 4.06 (dd, J3,4 = 4.8, J4,5 = 8.8 Hz, 1H, H-4), 4.85 (d, J1,2 = 

2.4 Hz, 1H, H-1). COSY confirmed visualised J couplings.  ESMS (m/z) [M+Na+] 

observed 326.9, calculated [C7H13INaO5] 327.07.  

 

Synthesis of peracetylated 1-bromo-1-deoxy-α-D-galactose55 (204b) 

 
To a solution of D-galactose (5.0 g, 30 mmol) in anhydrous pyridine (50 mL), acetic 

anhydride (25 mL) was added at room temperature.  The reaction mixture allowed to 

react under argon for 24 hours and was monitored via TLC until complete 

consumption of starting material.  The reaction mixture was then concentrated in 

vacuo, redissolved in EtOAc and washed with HCl (1 M), saturated NaHCO3 and 

dried over Na2(SO4) to produce yellowy oil (10.99 g, quantitative).  The crude product 

(11.0 g, 30 mmol) was then redissolved in anhydrous 1,2-DCE (50 mL) and a 

solution of HBr in acetic acid (15 mL, 33%) was added at room temperature under 

nitrogen over 5 minutes and the reaction mixture was allowed to stir at room 

temperature for 24 hours.  The reaction mixture was then concentrated down in 

vacuo to produce the peracetylated 1-bromo-1-deoxy-α-D-galactose as a dark brown 

oil. 
1H NMR (400 MHz, CDCl3 solution): δ: 2.04, 2.09, 2.14, 2.18 (s, 12H, (COCH3)3), 

4.15 (dd, J6’,5= 5.2 Hz,  J6’,6= 10.0 Hz, 1H, H-6’), 4.22 (dd, J6,6’= 10.0 Hz, J6,5= 6.4 Hz, 

1H, H-6), 4.52 (ddd, 1H, J5,4  = 6.8 Hz, J5,6 = 6.4 Hz, J5,6’ = 5.2Hz, H-5), 5.07 (dd, J3,2= 

10.8 Hz, J3,4= 4.0 Hz, 1H, H-3), 5.44 (dd, J2,1= 3.2Hz, J2,3= 10.4 Hz, 1H, H-2), 5.55 

(dd, J4,3= 4.4 Hz, J4,5  = 6.8 Hz, 1H, H-4), 6.72 (d, J1,2= 4.0 Hz, 1H, H-1). ESMS (m/z) 

[M-] observed 411.0 and 413.0, calculated [C14H19BrO9] 411.2.  
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Synthesis of tetra-O-acetyl-1-octanyl-galactopyranoside90 (204c) 

 
To a solution of peracetylated 1-bromo-1-deoxy-α-D-galactose (1.5 g, 3.6 mmol) in 

anhydrous DCM (5 mL), silver carbonate (1.1 g, 3.8 mmol) and octanol (475.0 mg, 

3.6 mmol) was added at room temperature under nitrogen in the dark.  The reaction 

mixture allowed to react under nitrogen for 24 hours and was monitored via TLC 

(Hex:EtOAc, 2:1, Rf 0.34).  The reaction mixture was then passed through a plug of 

celite and concentrated down in vacuo to produce a crude oil.  The crude product 

was then purified by flash chromatography (Hex:EtOAc, 2:1, Rf 0.34) and then a 

second column (MeOH:Hex:EtOAc, 0.5:4:2, Rf 0.51) in an attempt to remove the 

excess octanol to produce the pure peracetylated 1-octanyl-β-D-galactose as a clear 

oil (138.0 mg, 9%).    1H NMR (400 MHz, CDCl3 solution): δ: 2.01, 2.09, 2.07, 2.17 (s, 

12H, (COCH3)3), 3.92 (m, 2H, H-6/ H-6’), 4.11 (m, 1H, H-5), 4.47 (d, J1,2= 8.0 Hz, 1H, 

H-1), 5.04 (dd, J3,2= 10.4 Hz, J3,4= 3.6 Hz, 1H, H-3), 5.22 (dd, J2,1= 2.4 Hz, J2,3= 10.4 

Hz, 1H, H-2), 5.39 (d, J4,3= 6.0 Hz, 1H, H-4). ESMS (m/z) [M+Na+] observed 483.2, 

calculated [C22H36NaO10] 483.51. 

  

2.9.2 Synthesis of ethynylbenzoboroxole derivatives 

Synthesis of pinacol boronate ester91 (205a) 

 
To pinacol (508.2 mg, 4.3 mmol) in THF (10 mL), 2-formylphenylboronic acid (644.7 

mg, 4.3 mmol) was added at room temperature and stirred for three hours before 

being concentrated in vacuo to produce a thick waxy yellow product (quantitative).  

The product was then chromatographed on a column of silica gel (Hex:EtOAc, 2:1, 

Rf 0.73) to give the pinacol boronate ester (763.6 mg, 78%) as a yellow oil.    
1H NMR (300 MHz, CDCl3 solution): δ: 1.42 (s, 12H, 4 x CH3 (pinacol)), 7.57-7.62 (m, 

2H, ArH), 7.87-7.89 (m, 1H, ArH), 7.96-7.99 (m, 1H, ArH), 10.56 (s, 1H, CHO).  

Correlates with literature91.   
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Synthesis of ethynyl progarylic alcohol15 (205b) 

 
To a solution of ethynyltrimethylsilane (235.0 mg, 2.4 mmol) and dried THF (7 mL) n-

butyl lithium (150 µL, 1.6 M, 2.2 mmol) was added and stirred for 10 minutes at 273 

K.  The boronate pinacol ester (462.0 mg, 2.0 mmol) was dissolved in dried THF and 

then added to the stirring mixture and reacted for 2.5 – 3 hours.  The reaction was 

then quenched with concentrated NaHCO3 (1 M, 10 mL) and the product was then 

extracted into EtOAc.  The organic layer was washed with NaCl (1 M, 25 mL) and 

dried over Na2SO4 before being concentrated in vacuo to produce a thick waxy 

orange product (quantitative).   
1H NMR (300 MHz, MeOD solution): δ: 0.13 (m, 9H, (CH3)3), 1.20 (m, 12H, (CH3)4), 

5.63 (s, 1H, CH), 7.20 (m, 3H, ArH), 7.43 (m, 1H, ArH).  ESMS (m/z) [M-] observed 

274.9, calculated [C14H21BO3Si] 276.21, Boron Isotopes: B10 23.4% and B11 76.6%. 

 

Synthesis of ethynylbenzoboroxole15 (205)  (method 1) 

 
To a solution of the solid propargylic alcohol (205b) (543.0 mg, 1.7 mmol) in solvent 

(THF, deionised water, 1:1) (10 mL) LiOH was added (151.8 mg, 3.6 mmol) and then 

stirred at room temperature for 24 hours.  The mixture was concentrated in vacuo, 

dissolved in DCM, partitioned between HCl (1 M, 25 mL) and NaCl (1 M, 25 mL).  

The mixture was then dried over Na2(SO4) and concentrated in vacuo.  The product 

was then purified via column chromatography on silica gel (Hex:EtOAc, 3:2, Rf 0.31) 

to give the ethynylbenzoboroxole as pale yellow oil (151.9 mg, 40%). 
1H NMR (300 MHz, CDCl3 solution): δ: 2.62 (s, J1’,3’=2.4 Hz,  1H, CΞH), 5.86 (s, 

J3’,1’=2.4 Hz, 1H, CH (on ring)), 7.48 (m, 3H, ArH), 7.73 (m, 1H, ArH).  COSY 

confirmed visualised J couplings.  13C NMR (75 MHz, CDCl3 solution): δ: 24.87, 

70.81, 74.53, 80.88, 121.82, 128.29, 130.56, 131.84, 153.66.  ESMS (m/z) [M-] 

observed 157.3, calculated [C9H7BO2] 157.96, Boron Isotopes: B10 22% and B11 

78%.   
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Synthesis of ethynylbenzoboroxole64 (205) (method 2 with MDEA) 

 
To a solution of the solid propargylic alcohol (205b) (543.0 mg, 1.7 mmol) in solvent 

THF:deionised H2O (1:1) (10 mL) LiOH was added (151.8 mg, 3.6 mmol) and then 

stirred at room temperature for 24 hours.  The mixture was concentrated in vacuo, 

dissolved in DCM, partitioned between HCl (1 M, 25 mL) and NaCl (1 M, 25 mL).  

The mixture was then dried over Na2SO4 and concentrated in vacuo.  To a crude 

solution of the pinacol protected propargylic alcohol (297.0 mg, 0.9 mmol) diethyl 

ether (6 mL), diethanolamine was added (147.0 µL, 1.4 mmol) and then stirred at 

room temperature for 1 hour.  The MDEA protected ethynylbenzoboroxole 

precipitates out of the reaction mixture and the precipitate is collected via vacuum 

filtration.  The crude precipitated product is then partitioned between distilled EtOAc 

(5 mL) and HCl (5 mL, 1 M) and allowed to stir at room temperature for 12 hours.  

The reaction mixture is then separated and the aqueous phase is washed three 

times with EtOAc, dried with Na2SO4 and concentrated down in vacuo to produce a 

yellow oil.  The product was then purified via column chromatography on silica gel 

(EtOAc:Hex, 2:1, Rf 0.76) to give the ethynylbenzoboroxole as a yellow oil (145.5 

mg, 44%).  
1H NMR, 13C NMR and MS data correlated with the spectra data observed for the 

synthesis of the ethynylbenzoboroxole (205) from (method 1) and correlated with the 

literature64.   

 

Synthesis of TMS-ethynylbenzoboroxole64 (206) 

 
The synthesis of the ethynyl progarylic alcohol is followed as stated above. To a 

solution of the solid propargylic alcohol (205b) (295.9 mg, 0.9 mmol) diethyl ether (6 

mL) diethanolamine was added (87.0 µL, 0.9 mmol) and then stirred at room 

temperature for 1 hour.  The mixture was concentrated in vacuo, dissolved in DCM, 

partitioned between HCl (1 M, 25 mL) and NaCl (1 M, 25 mL).  The MDEA protected 

ethynylbenzoboroxole precipitates out of the reaction mixture and the precipitate is 

collected via vacuum filtration.  The crude precipitated product is then partitioned 

between distilled EtOAc (5 mL) and HCl (5 mL, 1 M), and is allowed to stir at room 
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temperature for 12 hours.  The reaction mixture is then separated and the aqueous 

phase is washed three times with EtOAc, dried with Na2SO4 and concentrated in 

vacuo to produce TMS-ethynylbenzoboroxole as a yellow oil (17.6 mg, 9%).  
1H NMR (300 MHz, MeOD solution): δ: 0.16 (m, 9H, (CH3)3), 5.86 (s, 1H, CH), 7.40 

(m, 2H, ArH), 7.51 (ddd, J = 7.7, 7.1, 1.3 Hz, 1H, ArH), 7.64 (m, 1H, ArH).  ESMS 

(m/z) [M-] observed 274.9, calculated [C14H20BO3Si] 275.2, Boron Isotopes: B10 

23.4% and B11 76.6%. 

 

Synthesis of (2-propiolamidophenyl)boronic acid (208) 

 
To a solution of 2-aminophenylboronic acid (50.0 mg, 0.4 mmol) in anhydrous DCM 

(1.5 mL), propiolic acid (25.6 mg, 0.4 mmol) was added and allowed to stir at 273 K 

before adding dicyclohexylcarbodiimide (94.1 mg, 0.5 mmol).  The reaction mixture 

was allowed to stir at 273 K for approximately 30 minutes before slowly warming the 

reaction mixture to room temperature and left overnight, the reaction was monitored 

via TLC (DCM:MeOH, 5:1, Rf 0.29).  The reaction mixture was then pushed through 

a plug of celite with MeOH and concentrated down in vacuo to produce (2-

propiolamidophenyl)boronic acid as a yellow solid (52.8 mg, 77%).    
1H NMR (400 MHz, DMSO solution): δ: 4.40 (s, 1H, CΞH), 7.40 (t, J = 7.9 Hz, 1H, 

ArH), 7.77 (d, J = 7.5 Hz, 1H, ArH), 8.11 (d, J = 8.2 Hz, 1H, ArH), 9.05 (s, 2H, 

B(OH)2), 10.90 (s, 1H, NH).  13C NMR (100 MHz, DMSO solution): δ: 24.92, 25.79, 

33.81, 47.97, 119.93, 123.94, 131.46, 135.96, 157.08.  ESMS (m/z) [M- - di-methyl 

adduct] observed 215.6, calculated [C11H11BNO3] 216.02, Boron Isotopes: B10 23.3% 

and B11 76.7%.  HRMS (m/z) [M+H] observed 172.0563 calculated [C9H7BNO2] 

172.0570.     

 

The synthesis of N-ethynyl-3-pyridinylboronic acid (210) 

 
To 3-pyridinylboronic acid (50.0 mg, 0.5 mmol) dissolved in CH3CN:Tol (4:1) (4 mL) 

solvent system and stirred until completely dissolved at 323 K, before propargyl 
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bromide (55.7 µL, 0.7 mmol) was slowly added.  The reaction mixture was allowed to 

react for 2 hours at 323 K and monitored via TLC (DCM:MeOH, 10:1, Rf 0.18) before 

being allowed to cool down to room temperature where the desired product 

precipitated out of the reaction mixture.  The precipitate was then collect via vacuum 

filtration to produce a dark yellow solid (41.3 mg, 56%).  
1H NMR (400 MHz, D2O solution): δ: 3.15 (t, J = 2.7 Hz, 1H, CΞH), 5.37 (d, J = 2.6 

Hz, 2H, CH2), 7.84 (m, 1H, ArH), 8.61 (m, 3H, ArH).  ESMS (m/z) [M+] observed 

161.98, calculated [C8H9BNO2
+] 161.97, Boron Isotopes: B10 24.8% and B11 75.2%.  

HRMS (m/z) [M+] observed 161.0750 calculated [C8H9BNO2
+] 161.0757. 

 

Synthesis of 4-borono-2-ethynylisoquinolin-2-ium (211) 

 
To 4-isoquinolineboronic acid (50.0 mg, 0.5 mmol) was dissolved in DMF (6 mL) and 

stirred until completely dissolved at 353 K, before propargyl bromide (39.5 µL, 0.4 

mmol) was added.  The reaction mixture was allowed to react for 48 hours at 353 K 

and monitored via TLC (DCM:MeOH, 10:1, Rf 0.18) before being allowed to cool to 

room temperature and concentrated in vacuo to produce the crude 4-borono-2-

ethynylisoquinolin-2-ium as a dark yellow crude solid (51.2 mg, quantitative).   

ESMS (m/z) [M+] observed 240.09, calculated [C14H15BNO2
+] 240.09, Boron 

Isotopes: B10 22% and B11 78%.  
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3 Pyridinium boronates as carbohydrate receptors 

 

Lectins are carbohydrate-binding proteins that play an important role in biological 

systems.  Lectins have the ability to chemoselectively bind to specific carbohydrate 

structures, so the development of boronolectins as lectin mimics is a potentially 

promising technique to target specific carbohydrate ligands within biological and 

chemical systems.  Herein we discuss the use of boron in a template-driven 

approach (Figure 3.1), where the substrate induces an intramolecular reaction to 

occur between the two boron components as shown in Figure 3.1.     

 
Figure 3.1: (Resourced from Figure 1.8) A diagrammatic representation of the 

Intramolecular reaction to be used in Chapter 3. 

3.1 Boronolectins 

The term ‘boronolectin’15,17,23,24,92-95 refers to a synthetic lectin that contains one or 

more organoboron acids as binding sites for diols, polyols and α-hydroxycarboxylic 

acids-like structures, including the types found on simple monosaccharides.  This 

area of research is growing quite rapidly due to improvements in sensitivity and 

chemoselectivity for the carbohydrate ligands.  However, there is still a need for 

more specific boronic acid receptors in an attempt to design potential enzyme 

inhibition receptors, antibacterial agents and fluorescence detectors in aiding the 

sensing of relevant carbohydrate levels in a clinical setting.  The purpose of this 

aspect of the project was to develop boronolectins that could have the potential to be 

used in the sensing of surface bound carbohydrates in order to evaluate disease 

states95.   

 

There has been considerable work done in the field of boronolectin development 

most notably by Shinkai19,96-100 and Wang groups23,24,93,101-105.  Wang reported the 

unique binding and fluorescent properties of a series of isoquinolinylboronic acids 

(IQBA), which showed extraordinarily high binding affinities for carbohydrates105.  In 

particular they discovered that 4-IQBA and 6-IQBA (Figure 3.2) showed detectable 
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binding to methyl α-D-glucopyranoside, with a large fluorescence emission increase 

upon binding.   

 
Figure 3.2: Structures 4-IQBA and 6-IQBA that have shown detectable binding to methyl 

α-D-glucopyranoside, with a fluorescence change. 

As mentioned in Chapter 1 (See Section 1.4) Singaram’s group developed a two-

component sensing system involving a di-boronic acid-containing molecule dually 

acting as a fluorescence quencher and a saccharide receptor with a fluorescent dye 

that served as the receptor 301 (Scheme 3.1)47.  They reported that by manipulating 

the spacing between the di-boronic acid units within the receptor 301 (Scheme 3.1), 

it could be synthetically tuned to provide an enhanced glucose selectivity and 

sensitivity47.  The group used the fluorescence sensing mechanism, whereby the 

formation of a ground-state charge-transfer complex occurs between the dye (HPTS) 

and the bipyridinium boronic acid species47.   

 
Scheme 3.1: The proposed glucose-sensing mechanism of the two component sensing 

system, the fluorescent dye (HPTS) and the di-boronic acid molecule 301 (4,4’-m-

BBV)47. 

3.2 Carbohydrate ligands 

To be a carbohydrate ligand for boronic acids the compound must process a diol 

binding site.  The sialic acid, N-acetylneuraminic acid (302) has multiple hydroxyl 

groups to which a boronolectin may bind (Figure 3.3).   
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diboronic acid-containing scaffold, the spacing between the
boronic acids could be adjusted through synthetic modifications
in order to create a glucose-specific binding pocket. However,
in many systems, the boronic acids are covalently linked to a
reporter (a fluorophore or chromophore),2 and such modifica-
tions to the receptor can prove difficult or impossible to achieve
without altering the photophysical properties of the reporter as
well.
This problem can be avoided by employing a modular

approach to sensor design, where the receptor and the reporter
moieties exist as covalently discrete entities. To this end, our
laboratory has developed a two-component sensing system
comprising a fluorescent dye that serves as the reporter unit
and a diboronic acid-containing molecule that acts dually as a
fluorescence quencher and a saccharide receptor.9 We report
herein that tuning the receptor unit by synthetically manipulating
the spacing between the diboronic acids provides greatly

enhanced glucose selectivity and sensitivity. The different
receptors were studied in terms of analyte selectivity (monosac-
charides and R-hydroxycarboxylates), quenching strengths, and
reduction potentials.

Results and Discussion

The sensing ensemble is composed of the anionic fluorescent
dye, 8-hydroxypyrene-1,3,6-trisulfonic acid trisodium salt (HPTS,

(9) (a) Camara, J. N.; Suri, J. T.; Cappuccio, F. E.; Wessling, R. A.; Singaram,
B. Tetrahedron Lett. 2002, 43, 1139-1141. (b) Suri, J. T.; Cordes, D. B.;
Cappuccio, F. E.; Wessling, R. A.; Singaram, B. Langmuir 2003, 19, 5145-
5152. (c) Suri, J. T.; Cordes, D. B.; Cappuccio, F. E.; Wessling, R. A.;
Singaram, B. Angew. Chem., Int. Ed. 2003, 42, 5857-5859. (d) Cappuccio,
F. E.; Suri, J. T.; Cordes, D. B.; Wessling, R. A.; Singaram, B. J. Fluoresc.
2004, 14, 521-533. (e) Cordes, D. B.; Gamsey, S.; Sharrett, Z.; Miller,
A.; Thoniyot, P.; Wessling, R. A.; Singaram, B. Langmuir 2005, 21, 6540-
6547. (f) Cordes, D. B.; Miller, A.; Gamsey, S.; Sharrett, Z.; Thoniyot, P.;
Wessling, R.; Singaram, B. Org. Biomol. Chem. 2005, 3, 1708-1713. (g)
Gamsey, S.; Baxter, N. A.; Sharrett, Z.; Cordes, D. B.; Olmstead, M. M.;
Wessling, R. A.; Singaram, B. Tetrahedron 2006, 62, 6321-6331.

Scheme 1. Proposed Glucose-Sensing Mechanism

Scheme 2. Boronic Acid-Based Bipyridinium Salts for Analyte Recognitiona

a Reagents and conditions: (i) Pd(OAc)2, PPh3, Na2CO3, p-dioxane, 95 °C, 4 h, 64% (2), 70% (3); (ii) 2- or 3-bromomethylphenylboronic acid (2.5
equiv), DMF, 70 °C, 48 h, 80% (3,3!-o-), 76% (3,3!-m-), 77% (3,4!-o-), 76% (3,4!-m-).

Boronic Acid-Based Glucose Sensors A R T I C L E S

J. AM. CHEM. SOC. 9 VOL. 129, NO. 5, 2007 1279
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Figure 3.3: Sialic acid (302) and KDO (303) with the multiple hydroxyls that would 

possibly bind with boronic acids shown in red. 

The glycerol tail comprised of C7, C8 and C9 of 302 could potentially bind to a 

boronic acid moiety in four different ways.  The C8, C9 and C7, C8 hydroxyl groups 

in 302 could bind as 1,2-diols (Figure 3.3).  Also the C7, C9 hydroxyl groups in 302 

could bind in a 1,3-diol or all three hydroxyl groups on the glycerol tail could bind to 

the boronic acid producing the anionic charged tetrahedral boronate species.  The α-

hydroxycarboxylic acid moiety would also exhibit a binding affinity for the boronic 

acid particularly at a lower pH.  Another carbohydrate ligand targeted in this project 

was 3-deoxy-D-manno-oct-2-ulosonic acid (KDO, 303), which also contains multiple 

boronic acid binding sites (Figure 3.3).  The C4, C5 and C7, C8 hydroxyl groups in 

303 could participate in binding to a boronic acid and again so would the α-

hydroxycarboxylic acid moiety.     
 

The hydroxyl groups present in sialic acid (302) and KDO (303), and the potential 

interactions they could have with boronic acid, was a specific goal of this project.  

Could we design a boronolectin that could detect these carbohydrates in solution 

with a high degree of selectivity? In doing so, we wanted to produce a measureable 

change in fluorescence output upon binding of the carbohydrate to the synthetic 

boronolectin.   

 

3.3 Developing boronolectins for sugar acids 

The Houston group has previously described the significance of this area in 

fluorescence sensing with the development a fluorescent bis(boronate) receptor 

(304), which demonstrated a unique response to free sialic acid17 (Figure 3.4).  The 

bis(boronate) receptor (304) binds selectively to 302, when one boronic acid of 304 

is bound, the fluorescence emission is observed as the ‘on switch’ (Figure 3.4).  

Upon binding to 302 with both of the boronic acid moieties, the 304 receptor was 

designed to respond via fluorescence quenching ‘off switch’17 (Figure 3.4).  From the 

perspective of this project it was thought that this divergent response system might 
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find use in designing other fluorophores to discriminate between structurally similar 

analytes17.      

 
Figure 3.4: The fluorescent bis(boronate) receptor 304 with a unique response to free 

sialic acid 30217. 

Functionalised boronic acids have shown great potential in building synthetic 

carbohydrate receptors due to their versatility23,24,92.  It is desirable to make 

carbohydrate receptors that display similar characteristics to a ‘boronolectin’ in 

binding to a specific monosaccharide.  The aim of this project was to explore the 

potential of templating the synthesis of a boronolectin by interactions with specific 

carbohydrate ligands.  

 

3.3.1 Sialic acid Selectivity 

Attempting to incorporate the idea of ‘intramolecularity’, as mentioned in Chapter 1 

(see Section 1.2), this chapter describes the efforts to develop novel fluorescence 

boronolectins specific for free or unbound sialic acid and KDO.  The proposed 

bis(boronate) receptor 305 for sialic acid sensing planned to utilise a N-alkylated 

pyridinyl ring with two boronic acid substituents (Figure 3.5).  The design of the 

receptor 305 incorporated pyridinium based salts similar to that used by Gamsey 

work47 as shown in Scheme 3.1.  The components were to be joined via a modular 

approach exploiting the free cis-diols on sialic acid 302. The two boronic acid 

functionalities covalently interact with the diol functionality on 302 forcing the reactive 

components to come within close proximity of each other.  This ‘template-driven’ 

approach allows two relatively unreactive compounds in their own right to join 

together through the N-alkylation reaction (Figure 3.5).  Whereby the lone pair on the 

nitrogen nucleophilicly displaces the bromide joining the two molecules.  The 
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covalent interaction could then be monitored via fluorescence and would allow for 

potential fluorescent detection and quantification of free sialic acids 302 (Figure 3.5). 

 
Figure 3.5: Our proposed ‘template-driven’ N-alkylation between 3-PyBA, 4-IQBA and 

302.  Firstly, both individual boronic acid moieties covalently interact with 302; then 

secondly, both components will react via nucleophilic displacement, to give 305. 

It was proposed that by performing the ‘template-driven’ N-alkylation in situ on the 

carbohydrate residue, it would synthesise a modular carbohydrate receptor through 

an intramolecular reaction, which would increase selectivity towards sialic acid (302). 

 

3.3.2 Geometric placement  

The proposed 4-borono-2-(3-boronobenzyl)isoquinolin-2-ium receptor (305) for 302 

is based on a similar isoquinolinyl ring used in Wang’s research106 with two boronic 

acid substituents.  There were two main reasons why 4-IQBA was used in the initial 

attempts of the project.  Firstly, based on the literature105 it was known that 4-IQBA 

could both bind to non-reducing carbohydrates and also produce an increase of 

fluorescence.  Secondly, after some preliminary molecular modelling it was 

postulated that the meta-relationship between the nitrogen and the boronic acid 

moiety was required in order to produce the optimal distance between both boronic 

acids in the final desired receptor molecule 305 to selectivity bind to sialic acid 302.   

 

Gamsey et al. 47 called this process ‘geometric tuning’ of the receptor to ensure the 

receptor is selective for the carbohydrate ligand.  Simple 3D and computational 

modelling was performed on the receptor to decide which configuration would fit the 

sialic acid residue best.  It was proposed that the di-boronic acid moieties in 305 

would be binding to the C7, C9 hydroxyl groups in 302, due to the stereochemistry at 

C8 (causing unfavourable erythro configuration18) and the α-hydroxycarboxylic acid 

moiety.  Therefore it was crucial to get the distance between the two boronic acid 
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moieties in the 305 receptor to match the distance between the two binding sites on 

the sialic acid 302.   

 
Figure 3.6: Diagram shows the different possible orientations of the boronic acids 

possible in the receptor 305. 

Although 4-IQBA displayed fluorescence activity, it is worth noting that the boronic 

acids have a meta-conformation.  From the diagrammatic representation of the 

receptor 305 (Figure 3.6) it could be predicted that the ortho-position on the 4-IQBA 

when N-alkylated would have positioned the two boronic acids very close together, 

possibly too close in comparison to the length of 302 (Figure 3.6, ortho-meta, ortho-

ortho).  The next step in the design was to evaluate the second boronic acid 306 

and whether it too would be ortho- or meta-positioned (Figure 3.6).  It was decided 

after a preliminary discussion with molecular modelling that the receptor would have 

a meta-meta conformation (Figure 3.6).  The analysis showed that the meta-meta 

derivative would provide better structural complementary for sialic acid (302).  This 

same meta-meta configuration was also used in the synthesis of another 

boronolectin derivative 309 synthesised with 3-pyridinylboronic acid (3-PyBA) 

discussed later in the chapter.   

 

3.3.3 Isoquinolinylboronic acid derivative 

The boronolectin 305 illustrated in Scheme 3.2, the hypothesis was through a N-

alkylation reaction between the 4-IQBA and 3-(bromomethyl)boronic acid (306) the 

desired receptor 305 would be produced in situ with 302 to form the sugar-receptor 

complex (307) (Scheme 3.2).  Once both 4-IQBA and 306 are bound to 302 to give 

the reactive intermediate 307a, the nucleophilic displacement would occur within the 

complex to give the desired receptor 305.  However, with the presence of 302 still in 
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the reaction mixture after the formation of 305 the appearance of 307 was 

anticipated (Scheme 3.2).  

 
Scheme 3.2: The hypothesised order in which the reactive components should be added 

to ensure binding of the boronic acids.  Once both boronic acid components are bound to 

302, to give intermediate 307a the nucleophilic displacement will occur to give the 

receptor 305 and possibly the receptor-sugar complex 307. 

It was postulated that the efficiency of this reaction could be significantly increased 

when the sugar substrate was present in the reaction, since the sugar should act as 

a platform for each component to attach too, bringing the components within close 

proximity for a templated approach.  

 

The initial attempt at the N-alkylation coupling between 4-IQBA and 306 was 

modelled from work done by Singaram47, three reactions were run simultaneously, 

as summarised in Table 3.1.  First, the control reaction containing only the two 

boronic acid constituents 4-IQBA and 306 (Table 3.1, entry 1); second, the model 

reaction containing all three components of the reaction (Table 3.1, entry 2); and 

finally, the third reaction which was also another control reaction containing only the 

4-IQBA and 302 (Table 3.1, entry 3).  The purpose of running the reactions 

simultaneously was to allow for a preliminary UV analysis via a direct comparison of 
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each reaction under short and long wavelength light in a TLC light box.  Three 

reactions were run in parallel with 1 molar equivalent of 4-IQBA, these are 

summarised in Table 3.1.  To these reactions either 302 or 306 was added in a 1 

molar equivalent.    

 
Table 3.1: Details the three simultaneous N-alkylation reactions completed with 4-IQBA, 

306 and 302. 

We opted to use water as the reaction solvent, since this would not only push the 

boronic acid to be in the anionic tetrahedral species but also solubilise the sialic acid 

302.  The order of addition of the reaction components was crucial to the outcome of 

the reaction.  The results from Table 3.1 indicated that the order of addition would be 

critical for the templated reaction to occur, and therefore the 4-IQBA species was 

added first with 302, to allow for covalently binding, before the second boronic acid 

derivative 306 species was added.  The solubility of the 4-IQBA was a problem in 

H2O, however it we speculated that if 302 was added to the suspension could it bring 

both of the reaction components into the one phase allowing them to react with each 

other.  This was demonstrated in the addition of the components in the second and 

third reaction (Table 3.1, entry 2-3) where 4-IQBA was not soluble in the solvent 

system forming a suspension, however once the 302 was added the reaction mixture 

went clear, suggesting that the 4-IQBA had bound to 302 and had been drawn into 

solution.  Derivative 306 was added, and an aliquot was taken from the reaction 

mixture after 24 hours which showed minimal receptor-sugar complex 307 had been 

formed via 1H NMR and MS analysis.  

  

The MS analysis of the third control reaction (Table 3.1, entry 3) illustrated that the 4-

IQBA was bound to the sugar 302.  The fluorescent response also changed in 

intensity when comparing the 4-IQBA to the 4-IQBA bound to 302 under UV 

wavelength of 375 nm.  The UV analysis identified an interesting result, the strongest 

fluorescence emission observed under long wavelength (375 nm) was the third 

Reaction	No. 4-IQBA	(1) 302	(2) 306	(3) Order	addition Outcome
1	-	Control ✓ x ✓ 1,	3 Weakest	Fluoroscence
2	-	Model ✓ ✓ ✓ 1,	2,	3 Fluoroscence
3	-	Control ✓ ✓ x 1,	2 Strongest	fluoroscence

N

B
HO OH

B
HO OH

+

Br
OHHOOHOH

O
O

OH

AcHN
HO

+

N

B B
OOOO

OH OH

O
O

OH

AcHN
HO

H2O : THF
(1:1)
Dark
r.t to 323 K

302

306

307



	 	 112 

control reaction containing 4-IQBA and 302.  In comparison to the second model 

reaction (Table 3.1, entry 2) the fluorescence intensity had decreased under short 

wavelength, indicating the possibility of a ‘quenching’ reaction.  These results were 

promising, however it was evident from the MS analysis of both reaction one and 

reaction two (Table 3.1, entry 1,2), that the receptor 307 may not be stable.  This 

was further investigated to ascertain why this degradation was occurring, whether it 

was the reaction conditions, the MS and 1H NMR analysis conditions or the instability 

of the positively charged nitrogen in receptor 307.  

 

If it was indeed the case that the quaternary nitrogen in receptor 305 was causing it 

to be unstable, we had to address this problem by deliberately synthesising the 

receptor 305 in isolation to any other reaction components.  This would allow us to 

evaluate the reproducibility and stability of the receptor 305 itself.  Even though the 

receptor 305 was synthesised in isolation from 302 it may still exhibit an increased 

binding to 302 if it was tuned structurally to specifically bind onto the sialic acid 

residue.  In the first attempt of synthesising the boronolectin 305, 4-IQBA (1 mol 

equivalent) were dissolved in CH3CN:Tol (1:2) at 323 K, however the 4-IQBA did not 

dissolve in the solvent system.  The second boronic acid derivative 306 was added 

to the reaction suspension and after 2 hours the suspension still had not 

disappeared.   

 
Scheme 3.3: Attempted synthesis of 4-borono-2-(3-boronobenzyl)isoquinolin-2-ium 

receptor (305) to produce the complex 307. 

Sialic acid (302) (1 mol equivalent) was added to the reaction mixture and after 20 

minutes the reaction solution went clumpy to form a precipitate, however after a 

further 2 minutes the reaction mixture shown in Scheme 3.3 went clear.  After an 

hour the reaction mixture was then concentrated in vacuo and analysed via 1H NMR 

and MS.  The 1H NMR spectrum was inconclusive and it was difficult to determine if 

the receptor had formed.  The MS analysis indicated that the reaction had not 
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produce any of the desired product, instead the MS analysis indicated the presence 

of only the 4-IQBA bound to 302 instead of the desired 4-borono-2-(3-

boronobenzyl)isoquinolin-2-ium (305) receptor bound to the sugar (307).    

 

With the previous attempt not producing the receptor 307, the conditions used in 

Table 3.1 were repeated, knowing that the 4-IQBA would dissolve in these 

conditions.  4-IQBA was dissolved in H2O:THF (1:1) at 323 K, to which 306 was 

added, after 10 minutes the reaction suspension disappeared (Scheme 3.4).  The 

reaction mixture then turned yellow in colour and a precipitate was produced.  TLC 

analysis of the precipitate suggested that no product had formed and that the 

precipitate might be an artefact of the reaction, so the temperature of the reaction 

was increased to 333 K.  After 20 minutes at the higher temperature, the precipitate 

dissolved back into the reaction mixture.  After a further 30 minutes an aliquot was 

removed from the reaction mixture for 1H NMR analysis.  The TLC analysis of the 

reaction mixture illustrated the appearance of a new spot with an Rf 0.42, 

DCM:MeOH (10:1), possibly the receptor 305, however the conversion looked 

relatively low.  To our delight, the 1H NMR showed the desired receptor 305 in the 

reaction mixture, with the N-CH2 group that was present between the two aromatic 

rings resonating at δ ~5.9 ppm, which was comparable with the literature107.  

 
Scheme 3.4: The synthesis of 4-borono-2-(3-boronobenzyl)isoquinolin-2-ium receptor 

(305). 

It was decided to perform simple TLC analysis where the fluorescence could be 

observed and assessed under UV light (Figure 3.7).  Two 0.5 mL aliquots were 

removed from the reaction mixture seen in Scheme 3.4.  Each of these aliquots had 

a molar concentration of approximately 0.06 M and thus the one molar equivalent of 

302 was added to one of the two solutions, making up samples 3 and 4 (Figure 3.7, 

3 and 4).  The other two samples 1 and 2 (Figure 3.7, 1 and 2) were then prepared 

without 302 with identical molar concentration.  
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Figure 3.7: A diagrammatic representation of the simple fluorescence analysis performed 

on a TLC plate, using concentration and UV long wavelengths. 

The TLC plate was marked up and spotted as illustrated in Figure 3.7, the plate was 

then observed under long UV wavelengths in a TLC light box.  The fluorescence 

results were interesting: 1 was observed to have a greater UV fluorescence than 2 

(Figure 3.7).  However, 3 and 4 both had a greater UV fluorescence than 1 (Figure 

3.7).  Under these conditions used to observe the fluorescence it was unable to be 

determined whether 4 (Figure 3.7, 4) had a greater or smaller UV fluorescence than 

3 (Figure 3.7, 3).  This would have to be analysed further in a fluorescence 

spectroscopy instrument to obtain a more quantitative assessment of the 

fluorescence.  

  

3.3.4 Glycan array  

Due to the promising result seen in the preliminary UV fluorescence analysis, 

described above, we considered if the receptor 305 could be used as a glycan probe 

to bind to a mixture of hexoses in a glycan array analysis.  In experimenting with the 

glycan array, we would be able to determine at what concentration the receptor 305 

binds to the sugar ligand, testing it’s sensitivity.  The glycan array was limited to a 

certain range of wavelengths and so a fluorescein molecule, 5-(bromomethyl)-

fluorescein was attached to 4-IQBA to give 308 (Figure 3.8), which would be 

observed via UV fluorescence emission.  

 

To synthesise the fluorescein receptor 308, 4-IQBA was stirred with 5-

(bromomethyl)-fluorescein in deutrated DMF at 343 K for 48 hours under anhydrous 

conditions.  During this time the reaction mixture changed from a yellow solution to 
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orange, and then finally to a bright fluorescent pink.  It was proposed that the 

possible change in colour may be indicative of the fluorescein product 308 being 

producing.  The 1H NMR and MS analysis proved to be interesting, since the 1H 

NMR showed the indicative CH2 between the two aromatic systems resonating 

downfield at δ ~6.5 ppm, which had a chemical shift consistent with the N-CH2 of 

other N-alkylated derivatives like 305. This suggested the formation of the 

fluorescein receptor 308.  Unfortunately, the MS analysis was inconclusive, however 

the results did indicate no presence of the starting material 5-(bromomethyl)-

fluorescein within the sample.   

 
Figure 3.8: The fluorescein receptor molecule 308 used in the glycan array assay. 

The glycan array analysis was performed directly after the synthesis of 308, with the 

receptor still in the deutrated DMF solution to allow for minimum degradation.  The 

synthesised 4-IQBA-fluorescein molecule 308 could be used in the glycan array, as it 

still contains the isoquinoline boronic acid component (4-IQBA) found in 305.  

Therefore 308 could be used to assess the binding affinity profile of the isoquinoline 

component of 305.  The assay contained a mixture of random glycoproteins, 

peptides and carbohydrates both mono- and disaccharide, as a general assessment 

for the fluorescein receptor 308.  Using the glycan array a mixture of the random 

glycan components was printed onto a glass plate, the fluorescein receptor 308 

solution was then hybridised over the slide and allowed to dry.  The plate was then 

scanned at 488 nm by an argon laser.  Unfortunately, it was evident from the glycan 

array results that a large excess of the fluorescent receptor 308 was required to give 

a fluorescence response, which was observed as minimal fluorescence change.  
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3.3.5 Pyridinylboronic acid derivative 

As discussed throughout this chapter so far we had encountered problems with the 

stability of the 4-IQBA boronolectin 305.  It was decided that it would be more 

desirable to use a simpler pyridine-based boronic acid with less aromaticity.  It was 

postulated from previous literature17,23,24,92,94 that simpler nitrogen containing 

molecules (less aromaticity) could be used as carbohydrate receptors.  It was 

therefore proposed that 3-pyrinidylboronic acid (3-PyBA) would provide an excellent 

simpler substituent to 4-IQBA.   
 

It has been shown, as mentioned in Chapter 2 (See Section 2.4.2), that 3-PyBA can 

bind to hexoses, as demonstrated in a simple MS experiment with methyl α-D-

galactopyranoside in water.  The novel pyridinyl receptor 309 was synthesised in 

CH3CN:Tol (4:1) solvent system in a (1:1) molar equivalent of 3-PyBA to 306 at 323 

K until completely dissolved (Scheme 3.5).  The reaction was monitored via TLC 

analysis and the reaction mixture was allowed to cool to room temperature until a 

precipitate formed.  This reaction precipitate was collected via vacuum filtration to 

produce the novel 3-borono-1-(3-boronobenzyl)pyridin-1-ium receptor (309) in 42% 

yield as a yellowish solid (Scheme 3.5). 

 
Scheme 3.5: The scheme for the synthesis of the 3-borono-1-(3-boronobenzyl)pyridin-1-

ium receptor 309.  

Attempts at trying to template the receptor 309 on 302 were performed as 1H NMR 

and 13C NMR experiments in two different sequences run simultaneously (Scheme 

3.6).  Performing the reactions shown in Scheme 3.6 as 1H NMR and 13C NMR 

experiments allowed the reactions to be monitored as they proceeded.  By 

performing a 1H NMR and 13C NMR analysis after each step, we could directly 

compare the spectra of any intermediate with the final product.   
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Scheme 3.6: The two approaches in attempting to template the 3-borono-1-(3-

boronobenzyl)pyridin-1-ium receptor (309) on sialic acid 302. 

In sequence A (Scheme 3.6) the receptor 309 was expected to form prior to the 

addition of the sugar 302, while in sequence B (Scheme 3.6) the reaction to form 

309 was templated using sialic acid (302).  This type of analysis would provide the 

evidence to indicate which method was more efficient at achieving the final 

fluorescent response.  The reactions were run in MeOD and done at room 

temperature.  In sequence A (Scheme 3.6) after the addition of the second boronic 

acid derivative 306 to the reaction mixture, it was monitored via TLC analysis to 

assess whether or not the receptor had been formed.  After 15 minutes TLC analysis 

indicated receptor 309 had not formed, and therefore sialic acid (302) was added.  
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Figure 3.9: The immediate comparative analysis of the 1H NMR spectra of Scheme 3.6, 

reactions A and B.  Spectra 1 and 2 are reaction A before and after the final addition of 

302, respectively.  Spectra 3 and 4 are reaction B before and after the final addition of 

306, respectively.   

The comparative analysis as shown in Figure 3.9 includes the 1H NMR spectra of 

both reactions A and B from both time points where spectroscopic analysis was 

performed as shown in Scheme 3.6.  The analysis indicated that both of the 

reactions’ 1H NMR spectra showed decrease in sharpness of the chemical shifts; 

with the multiplicity of the aromatic and sialic acid regions becoming less defined and 

quite broad (Compare 2 to 1 and 4 to 3, Figure 3.9).  However, this was to be 

expected with the mixture of three different molecules.  It is also important to note 

that the boronic acid covalent binding to diols is reversible and so it could possibly 

exist as an equilibrium between bound 310 and unbound 310’ species (Figure 3.10).  

The bound/unbound phenomenon was an explanation for the complicated, broad 

and sometimes inconclusive nature of the 1H NMR and 13C NMR analyses in this 

project.       
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Figure 3.10: The equilibrium that possibly exists within the reaction mixtures of reaction 

A and B, from Scheme 3.6. 

It is also interesting to note that in spectrum 1 of reaction A (Figure 3.9) it was 

observed that a minor peak does appear at δ ~5.74 ppm which is indicative of the 

CH2 group between the two aromatic systems resonances, in the formation of the 

receptor 309.  However, once 302 is added (spectrum 2) the resonances at δ ~5.74 

ppm disappears.  This could be due to a number of reasons.  Firstly, it is possible 

that the frequency of the resonance is suppressed due to the large cyclic formation 

of the receptor-sugar complex 310.  Another possibility is due to the break down of 

the receptor 309 into starting materials.  In comparing the spectra of 1 and 2 (Figure 

3.9), it can be observed that the disappearance of the chemical shift at δ ~5.74 ppm 

(Figure 3.9, spectrum 1) and the appearance of a peak at chemical shift at δ ~4.45 

ppm (Figure 3.9, spectrum 2) could be evidence of the CH2 group in the methoxy 

ether derivative 311 from degradation of 309 (Figure 3.11).  

 
Figure 3.11: The corresponding methoxy ether 311 of 306 starting material that would 

form as the receptor 309 degrades in the MeOD. 

Another comparative analysis was conducted, after reaction A had stirred for a total 

of 48 hours at room temperature.  This degradation phenomenon can be seen in 

spectrum 1 (Figure 3.12, at 24 hours) with only a small peak at δ ~4.45 ppm and 

spectrum 2 (Figure 3.12, after 48 hours) with the complete disappearance of the 

peak at δ ~5.74 ppm and a large increase with the peak at δ ~4.45 ppm, as indicated 

by the arrow.  Although this was not the desired outcome of the experiment it does 

suggest that the templated approach for this reaction is not feasible.     
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Figure 3.12: The 48 hours comparative analysis of the 1H NMR spectra of Scheme 3.6, 

reaction A.  Spectrum 1 is before the 48 hours reaction time and spectrum 2 is after the 

48 hours reaction time.  The arrow indicates the degradation phenomenon.  

Due to the proposed future use of the receptor 309, as a fluorophore for the targeting 

specific carbohydrates in biological mixtures, it was necessary for the receptor to be 

tested in a more biologically relevant platform: H2O.  The receptor 309 (1 mol 

equivalent) was suspended in deionised H2O at room temperature (it was not fully 

soluble in this solvent), and then sialic acid (302) (1 mol equivalent) was added to 

the reaction mixture.  After 10 minutes the reaction mixture had become clear.  The 

reaction was monitored via TLC analysis over 2 hours and the TLC indicated that a 

new product had been formed.  The reaction mixture was concentrated and analysed 

via 1H NMR and 13C NMR spectroscopy.  Unfortunately, these spectra proved to be 

inconclusive, with no clear indication of the receptor-complex 310 being present in 

the reaction mixture.  Further studies in this area were not possible due to time 

constraints.   
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3.4  Fluorescence sensitivity  

The binding of the 3-borono-1-(3-boronobenzyl)pyridin-1-ium receptor (309), 4-IQBA, 

4-borono-2-(3-boronobenzyl)isoquinolin-2-ium receptor (305) and 3-PyBA with 302 

were evaluated on a fluorescence spectroscopy instrument.  The concentration of 

receptor to 302 was assessed on a (1:1) molar equivalent basis, with a concentration 

of 10-5 M in distilled MeOH or phosphate buffer.  An UV absorbance analysis was 

performed prior to analysing the sample in the fluorescence spectrometer, to obtain 

the excitation wavelength.  The preliminary results for 4-IQBA illustrated similar 

results to that of work done by Wang’s group105 with binding to the methyl α-D-

glucopyranoside.  Each sample was excited at approximately 310 nm, three samples 

were analysed; one containing 4-IQBA (dissolved in MeOH), the second containing 

4-IQBA (in PBS) and finally 4-IQBA with one molar equivalent of sialic acid 302 (in 

MeOH).  The strongest fluorescence (~7000 a.u) was observed for the sample 

containing one molar equivalent of sialic acid, as shown in Figure 3.13.        

 
Figure 3.13: The fluorescence emissions analysis of 4-IQBA binding to 302 at 310 nm, in 

MeOH unless stated otherwise. 

The receptor 305 in this preliminary fluorescence emission did give a fluorescent 

response of 5400 a.u at 376 nm that increased to 11600 a.u upon adding 302 in a 

phosphate buffer (Figure 3.14).  This preliminary analysis was conducted in 

collaboration with an Honours student within the Houston group (Taylor Garrett).  

However, after the receptor 305 was allowed to stand in the presence of 302 at room 
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temperature for 30 minutes and was reanalysed it was observed that a second 

fluorescence emission was being produced at 6100 a.u at 444 nm, indicating that the 

receptor 305 was either degrading or that a potential side reaction was producing a 

secondary fluorescent product.   

Wavelength (nm)

350 400 450 500 550 600

Fl
lu

or
es

ce
nt

 In
te

ns
ity

 (a
.u

)

0

5000

10000

15000

20000

4-Phos.Buffer 
4-Phos.Buffer +30 min. 
4-1mM Neu-5-Ac 
4-1mM Neu-5-Ac +20 min. 

 
Figure 3.14: The fluorescence emissions analysis of receptor 305 binding to 302 at 310 

nm, in MeOH unless stated otherwise. 

In analysing 309 via fluorescence emission spectroscopy, it was observed that the 

compound was unable to give any fluorescent response as well as an UV 

absorbance.  This could indicate the importance of the napthyl ring system that is 

present in the 4-IQBA.  This was a disappointing result, however research within the 

Houston group is already developing other derivatives for this aspect of the project.   

 

3.5 5-deoxy-KDO selectivity 

Previously the Houston group proposed an indolyl-based boronic acid 312 (Figure 

3.15) that would bind chemoselectively to KDO (303)95 and other KDO analogues 

including 5-deoxyKDO (5-dKDO, 314) in preference to other sugars including sialic 

acid (302).  It was observed that the indolyl sensor 312 was unable to bind to 302.  In 

previous studies95 an assay was conducted and it was observed that 5-dKDO (314) 

had a strong decrease in fluorescence compared to the decrease seen with KDO 
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(303).  This unexpected fluorescent response observed with 314 could be due to the 

removal of the other potential binding site 4,5-diol.  As illustrated in Figure 3.15, 

when both boronic acids in the 312 receptor are bound to the 5-dKDO it was 

suggested this was producing an ‘off response’ due to the rigidity introduced in the 

diol side chain of the 5-dKDO residue 31495, producing 313.  

 
Figure 3.15: Depiction of binding to 5-dKDO (314) producing an “off” response, the 312 

receptor synthesised by Dr. Steven Levonis95. 

The 1-(2-boronobenzyl)-1H-indole-6-boronic acid fluorescence sensor 312 was 

synthesised in a one step procedure, however the reaction conditions were relatively 

harsh with the use of saturated potassium hydroxide95.  Strong basic conditions are 

required for the removal of the N-1 proton in the indole functionality forming the 

indolyl anion (6-IBA) prior to the N-alkylation reaction (Scheme 3.7).   

 
Scheme 3.7: Mechanistic rationale for the N-alkylation of 6-IBA with 2-

bromomethylphenylboronic acid to give the 1-(2-boronobenzyl)-1H-indole-6-boronic acid 

fluorescence sensor 31295. 

A limitation of using these harsh conditions was the overall yield of the product was 

poor (~20%), and so we investigated whether the nitrogen could be made more 

reactive by binding the 6-indolylboronic acid (6-IBA) to the 5-dKDO residue prior to 
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the N-alkylation.  If the nitrogen was brought in close proximity to the benzylic 

bromide, then the N-alkylation reaction may occur without the use of the strong base.  

 

A couple of attempts were performed as NMR experiments on 314 that was 

synthesised in house by Monica Walsh (PhD Student).  To a mixture containing 

DMSO and 6-IBA (1.2 mol equivalent), 5-dKDO (1 mol equivalent) was added and 

stirred at room temperature for approximately 15 minutes until completely dissolved.  

At this point a portion was removed for 1H NMR analysis, in order to obtain a 

standard NMR spectrum showing the 6-IBA mixed with 314.  Then 2-

bromomethylphenylboronic acid (1.2 mol equivalent) was added to the reaction 

mixture and stirred continuously until completely dissolved at room temperature.  

This process is summarised in steps s1 and s2 of Scheme 3.8.  Unfortunately the 1H 

NMR and 13C NMR results were messy and inconclusive, and the experiment was to 

be repeated with a longer reaction time as summarised in Scheme 3.8 s3.  

 
Scheme 3.8: The NMR experiments completed in the attempted synthesis of the 

fluorescence sensor 312 with 314. 

1H NMR and 13C NMR analysis was completed after the reaction was allowed to heat 

for an hour at 318 K (Scheme 3.8, s3).  Multiple NMR experiments were performed 

on the sample including NOESY, in an attempt to detect any possible interactions or 

couplings between the components.  The 1H NMR analysis showed a small amount 

of change between the spectra obtained at s2 and s3 from Scheme 3.8.  However, 

there was not enough evidence to convince us beyond a reasonable doubt that it 

had formed the final desired product 313, where the 1-(2-boronobenzyl)-1H-indole-6-

boronic acid fluorescence sensor 313 bound to 314.  There was also no indication of 

the diagnostic CH2 resonance between the two aromatic components at δ ~6.5 ppm 

in the formation of the 1-(2-boronobenzyl)-1H-indole-6-boronic acid fluorescence 

sensor 313.  The MS analysis of the reaction product showed a mixture of products, 

including both the starting materials individually bound to 314 residues.  Further work 

needs to be conducted on this project, in order to determine if indeed it is possible to 

use this 5-dKDO-templated receptor formation.   
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3.6 Conclusion and Future directions 

This small investigative project has indicated the potential of using simple pyridinium 

boronates as specific carbohydrate receptors.  This chapter discussed the use of 

boron in a template-driven approach to synthesise boron-based receptors.  Whilst it 

was not possible to create an intramolecular approach as originally planned, the 

synthesis of the pyridinium boronate receptors 305 and 309 was achieved relatively 

easily in one step, with simple purification.  Overall this approach of using heteroaryl 

boronates appears to be quite promising.  

 

The preliminary fluorescence spectroscopy results discussed in this chapter provide 

evidence that a more aromatic system in comparison to the 3-PyBA acid needs to be 

used, to develop a molecule that would give a fluorescent response.  Work within the 

Houston group is already developing other di-boronic acid analogues to push this 

project forward.  Another di-boronic acid system that was proposed as a receptor 

also to target sialic acid is discussed in Chapter 4.    
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3.7 Experimental 

A general experimental has been detailed in Chapter 2. 

3.7.1 Pyridinium boronates as carbohydrate receptors 

Synthesis of 4-borono-2-(3-boronobenzyl)isoquinolin-2-ium (305) 

 
To 4-isoquinolineboronic acid (43.3 mg, 0.25 mmol) was partially dissolved in 

THF:H2O (1:1) at 323 K.  3-(Bromomethyl)phenylboronic acid (54.0 mg, 0.25 mmol) 

was added and the reaction mixture was then heated at 333 K for 1 hour monitoring 

via TLC (DCM:MeOH, 10:1, Rf 0.42).  The reaction mixture was then concentrated in 

vacuo to produce a yellowy crude oil.  
1H NMR (300 MHz, MeOD solution): δ: 2.88 (d, J = 0.7 Hz, 2H, ArH), 3.01 (s, 2H, 

ArH), 5.92 (s, 2H, ArH), 7.45 (t, J = 7.6 Hz, 1H, ArH), 7.57 (dt, J = 7.8, 1.5 Hz, 1H, 

ArH), 7.79 (s, 1H, ArH), 7.85 (s, 1H, ArH), 7.92 (m, 2H, ArH), 8.14 (ddd, J = 8.4, 6.9, 

1.3 Hz, 1H, ArH), 8.39 (d, J = 8.3 Hz, 1H, ArH), 8.58 (s, 1H, ArH), 8.89 (d, J = 8.6 

Hz, 1H, ArH), 9.80 (s, 1H, ArH).  ESMS (m/z) [M+Na++H] observed 364.2, calculated 

[C20H24B2NO4
+] 364.03.  Boron isotopes B10 46.4% and B11 53.6% and B10 5.0% and 

B11 95.0%.   

 

Synthesis of 4-IQBA fluorescein receptor for Glycan array (308) 

 
To a stirring solution of 4-isoquinolineboronic acid (3.5 mg, 0.02 mmols) in deutrated 

DMF (250.0 µL) at 343 K, 5-(bromomethyl)fluorescein (10.0 mg, 0.024 mmols) was 

added under anhydrous conditions using argon gas and stirred for 48 hours.  The 

reaction mixture changed from yellow to orange to pink before being analysed via 

NMR and MS and used immediately in Glycan array analysis.     
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1H NMR (600 MHz, DMF solution): δ: 6.50 (s, 2H, CH2-7), 6.65 (m, 4H, H-4, H-5), 

6.81 (d, J = 2.1 Hz, 4H, H-3, H-11, H-10), 7.51 (d, J = 8.0 Hz, 1H, H-12), 8.18 (m, 

1H, H-13), 8.29 (dd, J = 8.1, 1.7 Hz, 1H, H-9), 8.37 (ddd, J = 8.2, 6.9, 1.2 Hz, 1H, H-

6), 8.50 (m, 2H, H-2), 8.69 (d, J = 8.3 Hz, 1H, H-12), 8.78 (d, J = 6.8 Hz, 1H, H-8), 

9.22 (dd, J = 6.8, 1.5 Hz, 1H, H-13), 10.45 (s, 2H, H-1). 

 

Synthesis of 3-borono-1-(3-boronobenzyl)pyridin-1-ium (309) 

 
3-Pyridinylboronic acid (50.0 mg, 0.5 mmol) was dissolved in CH3CN:Tol (4:1) (4 mL) 

and stirred until completely dissolved at 323 K, before 3-bromomethylphenylboronic 

acid (107.4 mg, 0.5 mmol) was added.  The reaction mixture was allowed to react for 

2 hours and monitored via TLC (DCM:MeOH, 10:1, Rf 0.7) before being allowed to 

cool to room temperature where the desired product precipitated out of the reaction 

mixture.  The precipitate was then collected via vacuum filtration to produce a white 

powdered solid (53.4 mg, 41.4%). 1H NMR (400 MHz, MeOD solution): δ: 4.49 (s, 

2H, CH2), 7.40 (m, 2H, ArH), 7.49 (dd, J = 7.6, 5.3 Hz, 1H, ArH), 7.86 (t, J = 6.5 Hz, 

1H, ArH), 8.26 (d, J = 7.6 Hz, 1H, ArH), 8.58 (d, J = 5.3 Hz, 1H, ArH), 8.75 (d, J = 5.8 

Hz, 1H, ArH), 8.83 (s, 1H, ArH), 8.93 (s, 1H, ArH).  ESMS (m/z) [M-] observed 299.9, 

calculated [C15H19B2NO4
+] 298.94.  Boron isotopes: B10 46.3% and B11 53.7%.  

HRMS (m/z) [M+] observed 256.1178 calculated [C12H14B2NO4] 256.1178. 
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4 Study of facile amidations of 2-aminophenylboronic acid 

 

One limitation in the development of boron-based receptors is the ability to install 

boron into more complex systems in a facile manner.  In this chapter we explored 

using the boronic acid to facilitate amide bond formation (Figure 4.1).  

	
Figure 4.1: (Resourced from Figure 1.8) A diagrammatic representation of the 

Intramolecular reaction to be used in Chapter 4. 

4.1 Boron mediated reactions 

Chemical reactions that form amide bonds are incredibly useful in many organic 

syntheses due to the abundance of amides in biology.  The use of boron acids in 

organic syntheses is primarily as catalysts or participating agents in stoichiometric 

amounts.  Boron acids’ catalytic properties have been utilised by many in the 

formation of amide bonds39,108,109.  As described in Chapter 1, the interactions that a 

B–N bond exhibits can be very useful in the synthesis of fluorescent sensors71,82,110-

113 and in the development of boronolectins15.  Boronolectins utilise an interesting 

chemistry based on building either large peptide structures or simpler organic 

molecules by linking amides with arylboronic acids92.   

 

There are two major boron catalysed bond forming reactions, namely ester and 

amide formations, and both of these reactions occur via a covalent intermediate.  

Esterification is usually catalysed by boric acid, with the first use of boric acid 

catalysis described in 1971 by Lawrence114 on phenols, but this reaction required 

high temperatures and an additional protic acid114.  Following on from this, work done 

within the Houston group more recently demonstrated a simple chemoselective 

esterification of α-hydroxycarboxylic acids in high-yielding and milder conditions than 

previously reported115.   

 

Ishihara and Yamamoto116 demonstrated that the boron-catalysed esterification 

could be accelerated by reducing the alcohol to stoichiometric levels relative to the 
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α-hydroxycarboxylic acid.  When compared to classic Fisher esterification conditions 

involving the reflux of boric acid and α-hydroxycarboxylic acid in an excess of 

alcohol, Yamamoto’s esterification is a more rapid reaction.  The rate-limiting step of 

this esterification is the formation of the bis(hydroxycarboxylate)boronate ester from 

the monohydroxycarboxylate ester intermediate in the presence of an excess of 

alcohol (Scheme 4.1).  By forming the bis(hydroxycarboxylate)boronate ester 

species the rate-limiting step is minimised and the excess of alcohol is not required 

making the pathway more productive and a more efficient catalytic pathway. 

 
Scheme 4.1: The two possible pathways of esterification via boric acid catalysis. 

More recently we have been able to take advantage of this catalytic pathway to do 

chemoselective esterification on more complex systems, such as sugar acids117.   
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Boric acid catalyzes methyl esterification of certain sugar acids (sialic acid, deaminated neuraminic acid) and related
natural products (quinic acid) quite cleanly in some cases. However, closely related sugar acids (glucuronic acid, 3-deoxy-
D-manno-oct-2-ulosonic acid) failed to esterify under the same conditions. Factors governing this dichotomy are
discussed.
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Boron is abundant in nature as boric acid in seawater or within
vast borate mineral deposits in Turkey and the USA.[1] It is an
important trace element required for healthy plant growth and
an ultra-trace element supporting brain and bone development
in humans. Boric acid has much lower toxicity in mammals than
either alkyl- or aryl-boronic acids and thus has great potential
in the development of green chemistry. Boron acids have been
widely developed over half a century as catalysts for amide bond
formation[2] and less extensively for catalysis of esterifica-
tion.[3] In 2004 we reported the use of boric acid for the che-
moselective esterification of a-hydroxycarboxylates using an
alcohol as solvent.[4] Following this, Maki, Ishihara, and
Yamamoto showed such reactions could be accelerated by
reducing the alcohol to stoichiometric levels relative to the
a-hydroxycarboxylic acid.[5] The observed acceleration is
attributed to higher levels of bis(a-hydroxycarboxylate)borate

complex, a more reactive species than that of a single
a-hydroxycarboxylate ligand on the boron (Scheme 1).We have
taken advantage of such a pathway in the selective mono-
esterification of malonic acid.[6]

Many natural carbohydrates contain carboxylic acids proxi-
mal to hydroxyl groups as part of their structures. These systems
offer an additional level of complexity to test the broad applica-
bility of boric acid as a chemoselective esterification catalyst.
Initially, the free hydroxyl groups of the monosaccharide can
compete, either in an inter- or intramolecular sense, towards
esterification of the activated carboxylate. Once ester product is
formed, this compound may still contain diols capable of
sequestering the boric acid with high affinity thus slowing
catalytic turnover. Herein, we report examples of clean methyl
esterification of sugar acids catalyzed by boric acid in methanol
and cases involving closely related systems where ester forma-
tion is not observed.

First, reaction with the canonical sialic acid, N-acetyl-
neuraminic acid (Neu5Ac), was sluggish at room temperature
using 20mol-% boric acid in dry methanol (Fig. 1). However,
gentle heating (508C) resulted in smooth conversion to the
methyl ester (,90%) with no significant by-products detected
by HPLC. Reaction with the closely relatedmember of the sialic
acid family, deaminated neuraminic acid (KDN), resulted in
methyl ester formation (,30–50%) at ambient temperature but
gave a mixture upon heating.[7]

It is to be expected that boric acid converts to a high degree
to trimethylborate in solution and activates Neu5Ac by the
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‘slower’ pathway as defined in Scheme 1. The chemoselective
nature of a-hydroxycarboxylate activation we observed previ-
ously[4] discounts a mixed anhydride between the carboxylate
and the boric acid as the primary method of activation.

Quinic acid also transformed smoothly to its methyl ester at
room temperature in high conversion (.90%) with only
10mol-% boric acid (Fig. 2). Attempts to esterify quinic acid
with one equivalent of either 2-phenylethanol or benzyl alcohol
using 10mol-% boric acid in MeCN were unsuccessful (0–5%
conversion after 24 h). It is likely that the presence of a
competing ligation site for the boron ie the cis-vicinal diol
transannular to the a-hydroxycarboxylate reduces the ability
of the catalyst to activate the latter. The low boiling point of
methanol and the low solubility of sugar acids in toluene prevent
the use of this solvent mixture, under azeotropic conditions, to
drive methyl esterification under boric acid catalysis.[5]

Surprisingly, several sugar acids failed to esterify under boric
acid catalysis over a range of reaction conditions (Fig. 3).
Glucuronic acid contains a b-hydroxycarboxylate motif but
failed to esterify under boric acid catalysis in methanol. Previ-
ous work has shown that b-hydroxycarboxylates such as sal-
icylic acid can be readily esterified under similar conditions,
although relative to aliphatic alcohols, phenolic hydroxyl
groups tend to exchange more readily with boron acids.[8] The
lack of reactivity of glucuronate may be due to the competing
binding sites, specifically the C1/2-diol, available for the
borate. The bacterial monosaccharide, 3-deoxy-D-manno-oct-2-
ulosonic acid (KDO), also failed to esterify over a range of
conditions including microwave irradiation and excess boric
acid (1.1–3.0 equivalents). This hexose is both acid- and base-
labile and is difficult to esterify other than by reaction with
diazomethane. As there are three competing boron binding sites
on KDO, esterification was attempted on 5-deoxy KDO,[9] but
elimination of the cis-vicinal diol failed to facilitate methyl ester
production. Finally, open chain glucose derivatives such as
gluconic acid lack sufficient solubility in methanol for efficient
esterification under boric acid catalysis.

Boric acid catalyzed methyl esterification of sugar acids
proceeds with high efficiency in certain systems but is highly
substrate dependent. The differences in conversion are
quite striking: approaching quantitative yields in some cases
with no detectable ester formation in others. Since the reaction
involves an overall dehydration, the presence of water retards

esterification and anhydrous methanol is preferable as solvent.
This fact is important to our research using fluorescent boro-
nates as sensors for sugar acids.[10] As we generally use metha-
nol/aqueous buffer systems for these experiments, we have
taken care to ensure that esterification does not occur in these
cases. However, under anhydrous conditions certain sugar acids
and many a-hydroxycarboxylates are readily esterified by boric
acid catalysis. As boric acid is an abundant, environmentally
benign resource, it should find further application to a wide
range of reactions.We have recently developed a simplemethod
to extract boron from seawater for use in catalysis andwill report
on this in due course.

Experimental

Sialic Acid Methyl Ester

To a stirred solution of sialic acid (200mg, 0.68mmol) in
anhydrous methanol (2mL) was added boric acid (8–20mg,
0.13–0.33mmol). The solution was stirred under nitrogen at
508C. After 24 h, this mixture was concentrated under vacuum
and the residue was redissolved in methanol and again con-
centrated under vacuum. Ester formation was confirmed by
1H NMR spectroscopy as compared with literature values[11]

(,90% yield or greater in all cases). dH (D2O, 300MHz) 1.88
(dd, 1H, H3ax, J 12.3, 10.8), 2.03 (s, 3H, NHAc), 2.28 (dd, 1H,
H3eq, J 12.9, 4.5), 3.50 (dd, 1H, H7, J 9.0, 1.8), 3.58 (dd, 1H, H9,
J 11.7, 6), 3.70 (ddd, 1H, H8, J 9.0, 6.3, 2.4), 3.80 (m, 1H, H9),
3.81 (s, 3H, OCH3), 3.91 (m, 1H, H5), 4.01–4.10 (m, 2H).
m/z (ES) 346.1 [M þ Na]þ.

Quinic Acid Methyl Ester

To a stirred solution of quinic acid (200mg, 1.04mmol) in
anhydrous methanol (2mL) was added boric acid (7mg,
0.11mmol). The solution was stirred at room temperature for
24 h and concentrated under vacuum as described above. NMR
spectroscopy confirmed product as compared with literature
values[12] (.90% yield). dH ([D4]methanol, 300MHz) 1.86
(dd, 1H, H3ax, J 8.2, 7.6), 1.96–2.15 (m, 3H), 3.41 (dd, 1H,
H5, J 8.7, 3.3), 3.72 (s, 3H, OMe), 3.99 (ddd, 1H, H4, J 13.5,
8.2, 4.2), 4.07 (m, 1H, H6). m/z (ES) 228.9 [M þ Na]þ.

Supplementary Material
1H and 13C NMR spectra of sialic acid (Neu5Ac) methyl ester
and quinic acid methyl ester are available on the Journal’s
website.
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The second major reaction produced via the formation of a covalent boron 

intermediate is amidation.  Esterification requires the catalytic boron species to go 

through a boronate ester activation pathway (Scheme 4.2).  However for amidations, 

the activation pathway of boron acids differs from the esterification pathway with the 

first proposal of the catalytic species by Yamamoto’s group118 suggesting the 

formation of a mixed anhydride species as shown in Scheme 4.2.  It is postulated an 

intermolecular hydrogen bond activates the carbonyl toward nucleophilic attack by 

the amine118. 

 
Scheme 4.2: The two activation species for the formation of esters and amides. 

The importance of amides as a component of biomolecules such as peptides and 

synthetic drugs, acts as a driving force for the development of catalytic and direct 

amidation reactions that exploit free carboxylic acids and amines118-121.  Both the 

simple boric acid and substituted phenylboronic acids have been used as catalysts 

for direct intermolecular amide bond formation on free carboxylic acids115,121-123.   

 

Until the 1990’s, most boron mediated amidations used a stoichiometric amount of 

boron catalysts.  The problem however with these amidations is that a chemical 

reaction was required firstly to activate the boron species as a ‘catalyst’ via a 

dehydration or deprotection reaction.  As shown in reaction 2 Scheme 4.3, the 

cathecolborane substrate is transformed into the ‘reactive 

acyloxybenzodiaoxaborolane’, which then reacts with the amine to give the 

corresponding amide product124.  Thus, the reactive boron species is being 

consumed as the reaction proceeds with the activation of the boron species only 

occurring once124-126.   
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Scheme 4.3: First examples of boron-catalysed amidations. Reaction 1125,126 and 2124. 

In 1996 Yamamoto showed the first boron species that behaved as a “catalyst”118 in 

an amidation reaction (Scheme 4.4).  Yamamoto’s reactive boron species was 

recycled throughout the reaction and used as little as 2 mol% boron catalyst to give 

the corresponding amide118.  However, Yamamoto also indicated that by adding 

more of the catalytic boron species, up to 5 mol%, the reaction proceeded to 

completion faster (Scheme 4.4) and the role of the catalyst did not change118.  

 
Scheme 4.4: Catalytic amidation of Yamamoto118 catalytic boron species 

Another more recent boron catalysed amidation of note is from Hall’s group where 

they developed a mild and direct amidation reaction using ortho-iodoarylboronic 

acids as stable and recyclable catalysts for free carboxylic acids and amines119,120.  

The discovery of substituted-phenylboronic acids as catalysts has triggered a 

renaissance for amide reactions.  The use of these particular catalysts allows the 

direct condensation of an amine with a carboxylic acid to occur at lower temperature 

and relatively quickly127.  These benefits have allowed the reaction to be utilised in a 

wider array of synthetic applications.    

 

4.2 Intramolecular Amidation 

Intramolecular amidation is the formation of an amide bond via a spontaneous 

chemical reaction that has occurred between the two reactive species, carboxylic 

acid and amine, without the use of an external catalyst.  For this spontaneous 
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reaction to occur the reactive species must be participating in an interaction that 

brings the components close enough in proximity.   

 

It was shown by Groziak in 1994108 that 2-aminophenylboronic acid (2-APBA) could 

form amides by refluxing in formic acid.  This work from Groziak’s group is the first 

known example where 2-APBA is used in an amidation in the formation of the final 

product (Scheme 4.5). 

 
Scheme 4.5: The thermal amidation of 2-APBA by Groziak108. 

By using an intramolecular approach it was proposed that the activation energy of 

the reaction shown in the Scheme 4.5108 could be decreased to allow the formation 

of an amide bond without the use of excess heat.  Herein we report a novel type of 

amidation reaction that occurred as an intramolecular spontaneous mechanism 

without external catalysis using 2-APBA (Figure 4.6).  It was suggested95 that the 

reaction between 2-APBA and an α-hydroxycarboxylic acid or β-hydroxycarboxylic 

acid would occur spontaneously due to the initial binding of the boronic acid to the α- 

or β-hydroxycarboxylic acid95, as shown in Scheme 4.6.   

 
Scheme 4.6: The general reaction between 2-APBA a α- hydroxycarboxylic acid in the 

direct and rapid amide bond formation – Intermediate shows the initial binding between 

the α- hydroxycarboxylic acid and 2-APBA. 

The ortho-position of the amine is crucial for the intramolecular amidation to occur as 

discovered fairly early on in this project.  This was observed after several control 

reactions on the para- and meta-substituted aminophenylboronic acids failed to 

produce the desired amide product.  This was indicative of the reaction mechanism 

for the intramolecular amidation proceeding through a covalently bound boronic acid 

intermediate.   

B
HO OH

NH2
H OH

O

reflux 13h
35%

B
H
N

HO OH

H

O

B
HO OH

NH2

OH

O

B
H
N

HO OH

O

OH

R
OH

R

B
NH2

OO

R O

OH



 140 

 

Research within the Houston group95 had suggested that the intramolecular 

amidation could occur between 2-APBA and an α- and β- hydroxycarboxylic acid in 

CH3CN at 323 K (Scheme 4.7).  The precipitated amide product would form within 30 

minutes and could be obtained via filtration, washed with CH3CN to give a whitish 

powder between 30-99% yield depending on the acid used as shown in Table 4.1.  

 
Scheme 4.7: The possible mechanism of synthesis in forming the amide bond including 

transition states. 

The purpose of the project was to utilise the intramolecular amidation to synthesise a 

di-boronic acid intramolecular template (Scheme 4.8), a boron-based carbohydrate 

receptor for the purposes of targeting free sialic acid.  

 
Scheme 4.8: Proposed synthesis of the bis-boronic acid intramolecular template. 

In synthesising the first key intermediate the iodo-derivative (Scheme 4.8), it was 

observed that there were inconsistences with the characterisation and reproducibility 

of the amide product in both the literature and the previous work done within the 

Houston group.  In many attempts to reproduce other α- and β-hydroxycarboxylic 

acid derivatives as stated in previous work95 it was observed that there was minimum 

reproducibility and it required further investigation.       
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4.3 Initial Investigation 

In the process of investigating the reproducibility of the reaction it was discovered 

that the consistency of the commercially available 2-APBA was unusual.  It appeared 

to be different in colour to the previously purchased starting material and its physical 

consistency was observed to be clumpy in comparison.  The chemical properties of 

this commercially available starting material also varied; solubility was inconsistent, 

with the starting material appearing insoluble in the CH3CN.  Anhydrides forming 

intermolecularly are common with many boronic acid compounds and so the 

commercially purchased 2-ABPA was recrystallised from methanol (MeOH) and 

deionised water to give dark brown crystals that proved to be more reactive than the 

previous form.  

 

 A 1H NMR and MS spectra analysis was performed on the commercially available 2-

APBA to determine if the material was pure.  The 1H NMR spectrum of 2-APBA was 

obtained in DMSO to observe the compound to be pure however in a dimer 

conformation (see Appendix 2).  This was confirmed by Groziak and Soloway’s work 

with precedence to suggest that the 2-APBA exists in the free monomeric form as 

well as the asymmetric didehydro dimer108,128 (Figure 4.2).  The asymmetric 

dehydrated dimer could be hydrated back into the monomeric form from the addition 

of D2O to the DMSO 1H NMR sample.  The 1H NMR spectrum of 2-APBA and the 

deuterium oxide exchange of the 1H NMR spectrum of 2-APBA can both be seen in 

Appendix 2. 

 
Figure 4.2: Illustrates the hydrated monomer and didehydro dimer of 2-APBA108. 

In consideration of this observation, it was proposed that a ‘wet’ CH3CN solvent 

system would promote the 2-APBA to exist in the monomeric form in solution.  

 

The general method of amidation of 2-APBA synthesis was repeated multiple times 

in an attempt to obtain the amide product and assess the reproducibility of the 

amidation as shown in the Table 4.1.  To a stirring solution of 2-APBA (30.0 mg, 0.22 

mmols) in CH3CN (1.2 mL) at 323 K, α- and β-hydroxycarboxylic acid (0.22 mmols) 
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was added.  The reaction was allowed to occur at 323 K for 1 hour from which the 

precipitated product was then collected via vacuum filtration.  Changes to these 

amidation reaction conditions are shown in Table 4.1. These attempts involved 

varying the source of 2-APBA starting material, the reaction time, molecular 

equivalences of reagents, anhydrous or wet conditions and testing these factors with 

an array of different α- and β-hydroxycarboxylic acids.   
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Entry Carboxylic acid (R) Source of Amine Conc. (M) Moles (2-APBA : R) (mmols) Volume of CH3CN (mL) Temp. (K) Time (mins) Outcome
5-Iodosalicylic acid

1 2-APBA (R) 0.2 0.22 : 0.22 1.2 323 60 Boronate ester formation 
2 2-APBA (R) 0.2 0.22 : 0.22 1.2 323 60 Boronate ester formation 
3 2-APBA (Y) 0.2 0.22 : 0.22 1.2 323 60 Boronate ester formation 
4 2-APBA (Y) 1.2 0.22 : 0.23 1.2 323 60 Boronate ester formation 
5 2-APBA (LB) 0.2 0.22 : 0.22 1.2 338 60 Boronate ester formation 

5-Nitrosalicylic acid
6 2-APBA (B) 0.1 0.365 : 0.365 3.65 323 30 Boronate ester formation 
7 2-APBA (B) 0.1 0.365 : 0.365 3.65 323 30 Boronate ester formation 
8 2-APBA (B) 0.1 0.365 : 0.365 3.65 298 30 Boronate ester formation 
9 2-APBA (B) 0.1 0.365 : 0.365 3.65 323 30 Boronate ester formation 

10 2-APBA (B) 0.1 0.365 : 0.365 3.65 323 60 Boronate ester formation 
11 2-APBA (B) 0.1 0.365 : 0.365 3.65 323 30 Boronate ester formation 
12 2-APBA (B) 0.1 0.365 : 0.365 3.65 323 30 Boronate ester formation 
13 2-APBA (Y) 0.1 0.365 : 0.365 3.65 323 60 Boronate ester formation 
14 2-APBA (Y) 0.1 0.365 : 0.365 3.65 298 60 Boronate ester formation 
15 2-APBA (R) 0.1 0.365 : 0.365 3.65 323 60 Boronate ester formation 
16 2-APBA-HCl 0.1 0.365 : 0.365 3.65 298 60 No reaction
17 3-APBA 0.1 0.365 : 0.365 3.65 323 60 No reaction
18 2-APBA (LB) 0.2 0.22 : 0.22 1.2 338 60 Boronate ester formation 

Citric acid
19 2-APBA (B) 0.15 0.365 : 0.365 2.4 323 60 Boronate ester formation 
20 2-APBA (B) 0.1 0.365 : 0.365 3.65 323 30 Boronate ester formation 
21 2-APBA (B) 0.1 0.365 : 0.365 3.65 323 30 Boronate ester formation 
22 2-APBA (B) 0.1 0.365 : 0.365 3.65 323 30 Boronate ester formation 
23 2-APBA (B) 0.1 0.365 : 0.365 3.65 323 30 Boronate ester formation 
24 2-APBA (B) 0.1 0.365 : 0.365 3.65 323 30 Boronate ester formation 
25 2-APBA (B) 0.1 0.365 : 0.365 3.65 323 30 Boronate ester formation 
26 2-APBA (B) 0.1 0.365 : 0.365 3.65 323 30 Boronate ester formation 
27 2-APBA (Y) 0.1 0.365 : 0.365 3.65 323 60 Boronate ester formation 
28 2-APBA (R) 0.2 0.22 : 0.22 1.2 323 60 Boronate ester formation 
29 2-APBA (R) 0.1 0.365 : 0.365 3.65 323 60 Boronate ester formation 
30 2-APBA (R) 0.13 0.15 : 0.15 1.2 323 60 Boronate ester formation 
31 2-APBA-HCl 0.1 0.365 : 0.365 3.65 323 60 No reaction
32 2-APBA (LB) 0.1 0.365 : 0.365 3.65 323 60 Boronate ester formation 
33 2-APBA (LB) 0.1 0.365 : 0.365 3.65 298 60 Boronate ester formation 
34 2-APBA (LB) 0.1 0.365 : 0.365 3.65 338 60 Boronate ester formation 
35 2-APBA (LB) 0.2 0.22 : 0.44 1.2 323 60 No reaction
36 3-APBA 0.1 0.365 : 0.365 3.65 323 60 No reaction

Salicylic acid
37 2-APBA (B) 0.2 0.22 : 0.22 1.2 298 60 Boronate ester formation 
38 2-APBA (B) 0.2 0.22 : 0.22 1.2 323 60 Boronate ester formation 
39 2-APBA (Y) 0.1 0.365 : 0.365 3.65 323 60 Boronate ester formation 
40 2-APBA (R) 0.2 0.22 : 0.22 1.2 323 60 Boronate ester formation 
41 2-APBA (R) 0.15 0.15 : 0.15 1.2 298 300 Boronate ester formation 
42 2-APBA (R) 0.2 0.22 : 0.22 1.2 323 60 Boronate ester formation 
43 2-APBA (R) 0.2 0.22 : 0.22 1.2 323 60 Boronate ester formation 

Malic acid
44 2-APBA (B) 0.2 0.22 : 0.22 1.2 323 60 Boronate ester formation 
45 2-APBA (Y) 0.1 0.365 : 0.365 3.65 323 60 No reaction
46 2-APBA (Y)* 0.2 0.22 : 0.22 1.2 323 60 No reaction
47 2-APBA (Y)* 0.2 0.22 : 0.22 1.2 323 60 No reaction
48 2-APBA (Y)* 0.2 0.22 : 0.22 1.2 323 60 No reaction
48 2-APBA (Y)* 0.2 0.22 : 0.22 1.2 323 60 No reaction
49 2-APBA (R) 0.2 0.22 : 0.22 1.2 323 60 Boronate ester formation 
50 2-APBA (R) 0.15 0.15 : 0.15 1.0 323 60 Boronate ester formation 
51 2-APBA (R) 0.1 0.365 : 0.365 1.2 323 60 Boronate ester formation 
52 2-APBA (R) 0.2 0.22 : 0.22 1.2 323 60 Boronate ester formation 
53 2-APBA (R) 0.2 0.22 : 0.22 1.2 323 60 Boronate ester formation 
54 2-APBA (R) 0.2 0.22 : 0.22 1.2 323 60 Boronate ester formation 
55 2-APBA (R) 0.2 0.22 : 0.22 1.2 323 60 Boronate ester formation 
56 2-APBA (R) 0.2 0.22 : 0.22 1.2 323 60 Boronate ester formation 
57 2-APBA (R) 0.2 0.22 : 0.22 1.2 323 60 Boronate ester formation 
58 2-APBA (R) 0.2 0.22 : 0.22 1.2 323 60 Boronate ester formation 
59 2-APBA (LB) 0.2 0.22 : 0.22 1.2 323 120 Boronate ester formation 
60 2-APBA (LB) 0.2 0.22 : 0.22 1.2 338 300 Boronate ester formation 

Tartaric acid
61 2-APBA (B) 0.1 0.365 : 0.365 3.65 323 30 Boronate ester formation 
62 2-APBA (B) 0.1 0.365 : 0.365 3.65 323 30 Boronate ester formation 
63 2-APBA (B) 0.1 0.365 : 0.365 3.65 323 30 Boronate ester formation 
64 2-APBA (R) 0.2 0.2 : 0.2 1 323 60 Boronate ester formation 
65 2-APBA (Y) 0.2 0.22 : 0.22 1.2 323 60 Boronate ester formation 
66 2-APBA (LB) 0.2 0.22 : 0.44 1.2 338 300 No reaction

Lactic acid
67 2-APBA (LB) 0.1 0.365 : 0.365 3.65 323 30 Boronate ester formation 
68 2-APBA (LB) 0.1 0.2 : 0.2 1 323 60 Boronate ester formation 
69 2-APBA (LB) 0.2 0.22 : 0.28 1.2 338 60 Boronate ester formation 

Mandelic acid
70 2-APBA (LB) 0.2 0.22 : 0.28 1.2 338 60 No reaction

Sodium citrate
71 2-APBA-HCl 0.2 0.22 : 0.22 1.2 323 60 No reaction
72 2-APBA (LB) 0.2 0.22 : 0.22 1.2 338 60 No reaction

Sodium Lactate
73 2-APBA-HCl 0.2 0.22 : 0.22 1.2 323 120 No reaction
74 2-APBA (LB) 0.2 0.22 : 0.22 1.2 338 60 No reaction

2-APBA (R) 2-aminophenylboronic acid (recrystallised from MeOH : H2O)
2-APBA (Y) 2-aminophenylboronic acid (yellow as purchased from Alfa Aesar)
2-APBA-HCl 2-aminophenylboronic acid hydrochloride
2-APBA (B) 2-aminophenylboronic acid (brown as previously purchased from Alfa Aesar)
2-APBA (LB) 2-aminophenylboronic acid (pale brown as purchased from Alfa Aesar)
3-APBA 3-aminophenylboronic acid 

*Altered the sources of the acid, amine and solvent.
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Table 4.1: Shows the multiple replicates of the general method of amidation of 2-APBA 

synthesis. 

The product produced from the reactions shown in Table 4.1 was the corresponding 

boronate ester intermediate of 2-APBA (401), this was characterised via 

spectroscopic methods in comparison with commercially available 2-APBA. 

 
This project set out to investigate the reaction mechanism, the intramolecular 

interactions occurring and the versatility of this intramolecular amidation.  This was 

attempted through a variety of chemical derivatisations, the use of Boron-11 NMR 

analysis, computational analysis and X-ray crystallography.  It was also proposed to 

synthesise a second generation of derivatives such as the iodo-derivative as 

previously mentioned for the purposes of novel bis(boronate)amide boronolectins. 

 

As described in Chapter 1 boronic acids have an interesting chemical property due 

to the vacant p-orbital on the boron atom, which is that they can bind covalently and 

reversibly with alcohols.  This chemical property causes a change in the 

hybridisation of the boron atom, from sp2 to sp3, resulting in a conformational change 

from the neutral trigonal species into the anionic tetrahedral species, as shown in 
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Entry Carboxylic acid (R) Source of Amine Conc. (M) Moles (2-APBA : R) (mmols) Volume of CH3CN (mL) Temp. (K) Time (mins) Outcome
5-Iodosalicylic acid

1 2-APBA (R) 0.2 0.22 : 0.22 1.2 323 60 Boronate ester formation 
2 2-APBA (R) 0.2 0.22 : 0.22 1.2 323 60 Boronate ester formation 
3 2-APBA (Y) 0.2 0.22 : 0.22 1.2 323 60 Boronate ester formation 
4 2-APBA (Y) 1.2 0.22 : 0.23 1.2 323 60 Boronate ester formation 
5 2-APBA (LB) 0.2 0.22 : 0.22 1.2 338 60 Boronate ester formation 

5-Nitrosalicylic acid
6 2-APBA (B) 0.1 0.365 : 0.365 3.65 323 30 Boronate ester formation 
7 2-APBA (B) 0.1 0.365 : 0.365 3.65 323 30 Boronate ester formation 
8 2-APBA (B) 0.1 0.365 : 0.365 3.65 298 30 Boronate ester formation 
9 2-APBA (B) 0.1 0.365 : 0.365 3.65 323 30 Boronate ester formation 

10 2-APBA (B) 0.1 0.365 : 0.365 3.65 323 60 Boronate ester formation 
11 2-APBA (B) 0.1 0.365 : 0.365 3.65 323 30 Boronate ester formation 
12 2-APBA (B) 0.1 0.365 : 0.365 3.65 323 30 Boronate ester formation 
13 2-APBA (Y) 0.1 0.365 : 0.365 3.65 323 60 Boronate ester formation 
14 2-APBA (Y) 0.1 0.365 : 0.365 3.65 298 60 Boronate ester formation 
15 2-APBA (R) 0.1 0.365 : 0.365 3.65 323 60 Boronate ester formation 
16 2-APBA-HCl 0.1 0.365 : 0.365 3.65 298 60 No reaction
17 3-APBA 0.1 0.365 : 0.365 3.65 323 60 No reaction
18 2-APBA (LB) 0.2 0.22 : 0.22 1.2 338 60 Boronate ester formation 

Citric acid
19 2-APBA (B) 0.15 0.365 : 0.365 2.4 323 60 Boronate ester formation 
20 2-APBA (B) 0.1 0.365 : 0.365 3.65 323 30 Boronate ester formation 
21 2-APBA (B) 0.1 0.365 : 0.365 3.65 323 30 Boronate ester formation 
22 2-APBA (B) 0.1 0.365 : 0.365 3.65 323 30 Boronate ester formation 
23 2-APBA (B) 0.1 0.365 : 0.365 3.65 323 30 Boronate ester formation 
24 2-APBA (B) 0.1 0.365 : 0.365 3.65 323 30 Boronate ester formation 
25 2-APBA (B) 0.1 0.365 : 0.365 3.65 323 30 Boronate ester formation 
26 2-APBA (B) 0.1 0.365 : 0.365 3.65 323 30 Boronate ester formation 
27 2-APBA (Y) 0.1 0.365 : 0.365 3.65 323 60 Boronate ester formation 
28 2-APBA (R) 0.2 0.22 : 0.22 1.2 323 60 Boronate ester formation 
29 2-APBA (R) 0.1 0.365 : 0.365 3.65 323 60 Boronate ester formation 
30 2-APBA (R) 0.13 0.15 : 0.15 1.2 323 60 Boronate ester formation 
31 2-APBA-HCl 0.1 0.365 : 0.365 3.65 323 60 No reaction
32 2-APBA (LB) 0.1 0.365 : 0.365 3.65 323 60 Boronate ester formation 
33 2-APBA (LB) 0.1 0.365 : 0.365 3.65 298 60 Boronate ester formation 
34 2-APBA (LB) 0.1 0.365 : 0.365 3.65 338 60 Boronate ester formation 
35 2-APBA (LB) 0.2 0.22 : 0.44 1.2 323 60 No reaction
36 3-APBA 0.1 0.365 : 0.365 3.65 323 60 No reaction

Salicylic acid
37 2-APBA (B) 0.2 0.22 : 0.22 1.2 298 60 Boronate ester formation 
38 2-APBA (B) 0.2 0.22 : 0.22 1.2 323 60 Boronate ester formation 
39 2-APBA (Y) 0.1 0.365 : 0.365 3.65 323 60 Boronate ester formation 
40 2-APBA (R) 0.2 0.22 : 0.22 1.2 323 60 Boronate ester formation 
41 2-APBA (R) 0.15 0.15 : 0.15 1.2 298 300 Boronate ester formation 
42 2-APBA (R) 0.2 0.22 : 0.22 1.2 323 60 Boronate ester formation 
43 2-APBA (R) 0.2 0.22 : 0.22 1.2 323 60 Boronate ester formation 

Malic acid
44 2-APBA (B) 0.2 0.22 : 0.22 1.2 323 60 Boronate ester formation 
45 2-APBA (Y) 0.1 0.365 : 0.365 3.65 323 60 No reaction
46 2-APBA (Y)* 0.2 0.22 : 0.22 1.2 323 60 No reaction
47 2-APBA (Y)* 0.2 0.22 : 0.22 1.2 323 60 No reaction
48 2-APBA (Y)* 0.2 0.22 : 0.22 1.2 323 60 No reaction
48 2-APBA (Y)* 0.2 0.22 : 0.22 1.2 323 60 No reaction
49 2-APBA (R) 0.2 0.22 : 0.22 1.2 323 60 Boronate ester formation 
50 2-APBA (R) 0.15 0.15 : 0.15 1.0 323 60 Boronate ester formation 
51 2-APBA (R) 0.1 0.365 : 0.365 1.2 323 60 Boronate ester formation 
52 2-APBA (R) 0.2 0.22 : 0.22 1.2 323 60 Boronate ester formation 
53 2-APBA (R) 0.2 0.22 : 0.22 1.2 323 60 Boronate ester formation 
54 2-APBA (R) 0.2 0.22 : 0.22 1.2 323 60 Boronate ester formation 
55 2-APBA (R) 0.2 0.22 : 0.22 1.2 323 60 Boronate ester formation 
56 2-APBA (R) 0.2 0.22 : 0.22 1.2 323 60 Boronate ester formation 
57 2-APBA (R) 0.2 0.22 : 0.22 1.2 323 60 Boronate ester formation 
58 2-APBA (R) 0.2 0.22 : 0.22 1.2 323 60 Boronate ester formation 
59 2-APBA (LB) 0.2 0.22 : 0.22 1.2 323 120 Boronate ester formation 
60 2-APBA (LB) 0.2 0.22 : 0.22 1.2 338 300 Boronate ester formation 

Tartaric acid
61 2-APBA (B) 0.1 0.365 : 0.365 3.65 323 30 Boronate ester formation 
62 2-APBA (B) 0.1 0.365 : 0.365 3.65 323 30 Boronate ester formation 
63 2-APBA (B) 0.1 0.365 : 0.365 3.65 323 30 Boronate ester formation 
64 2-APBA (R) 0.2 0.2 : 0.2 1 323 60 Boronate ester formation 
65 2-APBA (Y) 0.2 0.22 : 0.22 1.2 323 60 Boronate ester formation 
66 2-APBA (LB) 0.2 0.22 : 0.44 1.2 338 300 No reaction

Lactic acid
67 2-APBA (LB) 0.1 0.365 : 0.365 3.65 323 30 Boronate ester formation 
68 2-APBA (LB) 0.1 0.2 : 0.2 1 323 60 Boronate ester formation 
69 2-APBA (LB) 0.2 0.22 : 0.28 1.2 338 60 Boronate ester formation 

Mandelic acid
70 2-APBA (LB) 0.2 0.22 : 0.28 1.2 338 60 No reaction

Sodium citrate
71 2-APBA-HCl 0.2 0.22 : 0.22 1.2 323 60 No reaction
72 2-APBA (LB) 0.2 0.22 : 0.22 1.2 338 60 No reaction

Sodium Lactate
73 2-APBA-HCl 0.2 0.22 : 0.22 1.2 323 120 No reaction
74 2-APBA (LB) 0.2 0.22 : 0.22 1.2 338 60 No reaction

2-APBA (R) 2-aminophenylboronic acid (recrystallised from MeOH : H2O)
2-APBA (Y) 2-aminophenylboronic acid (yellow as purchased from Alfa Aesar)
2-APBA-HCl 2-aminophenylboronic acid hydrochloride
2-APBA (B) 2-aminophenylboronic acid (brown as previously purchased from Alfa Aesar)
2-APBA (LB) 2-aminophenylboronic acid (pale brown as purchased from Alfa Aesar)
3-APBA 3-aminophenylboronic acid 

*Altered the sources of the acid, amine and solvent.
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Figure 4.3.  This reversible interaction behaves as a pH dependent equilibrium, with 

the boron species’ structural conformation being controlled by the steric environment 

of the complex.  

 
Figure 4.3: Boronic acid reversible complexes with diols. 

Overall the data obtained in this project suggested that a similar equilibrium exists 

within our reaction with the hydroxy acids (Scheme 4.9) to that seen in Figure 4.3.  

To form the desired amide product from 2-APBA with salicylic acid in the amidation 

reaction requires the boronic acid species to stay in a neutral trigonal structural 

conformation 402a in comparison to forming the anionic tetrahedral species 402a’ as 

shown in Scheme 4.9.   

 
Scheme 4.9: Equilibrium of boronic acid in the formation of the desired the amide 

product 402 with 2-APBA and salicylic acid. 

With further investigations into the equilibrium of the reaction, it was evident that an 

intermediate was appearing in the reaction conditions. The equilibrium in Scheme 

4.9 as shown above illustrates the formation of a boronate ester intermediate 402a’ 

which in CH3CN would most likely be an ammonium salt.  The formation of the 

boronate ester salt 402a’ was inevitable, however it was observed within this project 

that the boronate ester 402a’ was particularly stable in the cases where salicylic and 

malic acids were used.  With this in mind it was proposed that the previously 
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synthesised amide products made via the precipitation method (Table 4.1) needed to 

be further investigated, to identify the structural identity of the precipitated product.   

 

A NOESY experiment was performed on the precipitated malate derivative 403 

(Figure 4.5) to look at the through space interactions.  An n.O.e was observed 

between protons at δ 7.56 ppm and δ 4.74 ppm (Figure 4.4, circled in red), which 

suggested that the previously synthesised precipitate product was the corresponding 

malate amide product.  This n.O.e signal corresponded with the literature, 

particularly the excellent work done by Groziak’s group108, showing a similar shift for 

their most shielded aromatic proton at δ 7.53 ppm and a very similar aromatic 

hydrogen splitting pattern 1H: 2H: 1H.   
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Figure 4.4: The malate amide 403 NOESY spectrum (MeOD). 
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However after further analysis with molecular modelling and some structural 

simulations (using ChemDraw Ultra™) it was postulated that the n.O.e data seen in 

Figure 4.4 supported the boronate ester salt 403a (Figure 4.5).   
 

 
Figure 4.5: A structural simulation between the desired malate amide product 403 and 

the malate boronate ester salt 403a for comparison.  Showing the n.O.e interaction 

observed between δ 7.6 ppm and δ 4.4 ppm protons.  The predicted chemical shifts 

(ChemDraw™) for the protons where an n.O.e signal was observed are shown in blue. 

The most shielded aromatic proton was in fact the one closest to the boron on the 

aromatic ring, in the ortho-position.  This was a confusing result and it wasn’t until 

other α- and β-hydroxycarboxylic acids were synthesised using the same method as 

in Table 4.1 and analysed through the same spectroscopic methods that a similar 

result was confirmed.  There was a similar n.O.e observed within the synthesised 

lactate amide 404 product, showing a through space interaction between the proton 

at δ 7.51 ppm and the protons of the methyl group at δ 1.52 ppm (Figure 4.6).  

 

Using the NOESY data observed from the malate 403 derivative, a comparison was 

done with the lactate 404 derivative.  A similar conclusion was obtained for the 

lactate 404 derivative, as the observed n.O.e signals seen within the lactate 

compound also supported the boronate ester salt 404a formation (Figure 4.6).  It was 

concluded that the observed n.O.e signal would be unlikely to be observed if the 

lactate derivative was the desired amide product 404, the distance between the 

protons would be too great.   
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Figure 4.6: Diagram showing the n.O.e interaction observed between δ 7.5 ppm and δ 

1.5 ppm protons within the lactate amide 404 and lactic salt 404a structures.  The 

predicted chemical shifts (ChemDraw™) for the protons where an n.O.e signal was 

observed are shown in blue. 

A simple control experiment was performed on the precipitated malate amide 403 

product to chemically determine whether the desired amide bond was present.  This 

was done by mixing the precipitated malate amide product 403 with 5-nitrosalicylic 

acid and analysing the reaction mixture via MS.  If the ligand (5-nitrosalicylic acid) 

was bound to the boronic acid then it would indicate that the amide functionality was 

present, as the boronic acid moiety in the salt form would already be bound.  The 

results of the MS experiment however, did not show the molecular ion peak of the 

bound the 5-nitrosalicyclic acid – malate amide 403 complex at m/z 235.9 and only 

the presence of both unreacted starting materials, confirming the presence of the salt 

form or boronate ester of the 2-APBA with malic acid 403a.  Unfortunately IR 

analysis was also inconclusive with the peak for an amide and carboxylate group 

being difficult to confidently define.     

 

The appearance of the precipitated product was an inconsistency; a fine white 

powder in comparison to the starting material 2-APBA which is dark brown in colour.  

It was postulated that this simple physical characteristic of the precipitated product 

might further indicate that the product may not contain amide functionality.  The 

amide bond formation from 2-APBA produces a more conjugated amide product, 

with the insertion of a carbonyl group.  It is proposed that with the presence of a 

conjugated nitrogen in the desired amide product 403 and 404, the appearance of 

the product would exhibit a similar physical characteristic (colour and consistency) as 

the starting material 2-APBA.  However, boronate ester salts like 403a and 404a 

have lost both the electron-donating free amine lone pair and the electron-

withdrawing neutral boronic acid as the boronate is now tetrahedral.  Such a 

reduction in conjugation is more consistent with the white colour of the precipitate.  It 
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is important to note that both the amide product, for example 403 and the boronate 

ester salt 403a have the same molecular formula as constitutional isomers, so MS is 

not able to distinguish the two species (See Section 4.4.7).       
 

Another inconsistency was in the case of the simplest hydroxy acid derivative, lactic 

acid.  The MS data of the precipitated lactate amide 404 derivative did not show any 

presence of the methoxy ester complex of the lactate product 404 when run in 

MeOH.  The only observed peak in the spectra was the hydroxy acid ligand bound to 

2-APBA 404a.  This indicates that the boron was not able to co-ordinate any further 

and would only be possible if the boron species in 2-APBA was in a cyclic tri-ligand 

conformation.  This species would only exist if the reaction product was in the salt 

form 404a (Figure 4.7) as the amide form 404 would have two hydroxyls free on the 

boron for esterification.  

 
Figure 4.7:  Lactic acid boronate ester, salt form 404a. 

Another amide 208 was synthesised from propiolic acid and 2-APBA (Figure 4.8) for 

purposes as discussed in Chapter 2 (See Section 2.4.1.3).  The novel compound (2-

propiolamidophenyl)boronic acid (208, Figure 4.8) was synthesised via a standard 

DCC amide coupling reaction with 2-APBA (See Section 2.4.1.3) and was used in 

this project as a possible amide control in a spectroscopic comparison analysis.  The 

amide functionality within the molecule 208 allowed for a direct comparison of the 

spectroscopic data with the amide derivative 403.  The splitting pattern in the 

aromatic region of the 1H NMR spectrum of (2-propiolamidophenyl)boronic acid (208) 

was very different with a ratio of 1H: 1H: 1H: 1H with J-couplings observed as 

apparent doublet: doublet: triplet: triplet, respectively to that seen in the 1H NMR of 

404 (as stated earlier).  
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Figure 4.8: The structure of novel compound (2-propiolamidophenyl)boronic acid (208). 

With the difficulties and inconsistences experienced in the beginning of this project, 

particularly in the structural characterisation of the precipitated derivatives, the 

equilibrium discussed earlier (Scheme 4.9) was reconsidered.  Multiple variations 

and attempts were made to manipulate the variables in the reaction to push the 

equilibrium towards the intramolecular amide bond formation for the α- and β-

hydroxycarboxylic acids.   

 

4.4 The facile amidation of 2-APBA 

The chemistry involved in this project was the mixing of two compounds (2-APBA 

and the hydroxycarboxylic acid) under a range of different conditions with a view to 

seeing if the amidation of 2-APBA could be maximised.  This general approach is 

summarised in Scheme 4.10.  Since amide formation is a thermal reaction58,59 

increasing the temperature of the reaction was first attempted.   

 
Scheme 4.10: General scheme of the intramolecular amidation. 

4.4.1 Reaction time and temperature 

The reaction time for multiple amidation reactions was also analysed, however it was 

observed that time did not effect the formation of the desired amide product.  When 

the temperature of the reaction was increased from 323 K to 338 K the precipitated 

boronate ester salt that usually forms after 15 minutes was pushed back into solution 

as shown via TLC monitoring, and trace amount of baseline material started to form.  

The baseline material was collected as a crystalline byproduct and was the major 

product of the reaction after 2 hours in refluxing CH3CN.  This crystalline byproduct 

was an amidine, the novel compound acetimidine (Figure 4.9), formed from the 

reaction of CH3CN with 2-APBA and salicylic acid.  This byproduct was an interesting 
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molecule and the appearance of this product did conform to the mechanism of action 

as discussed earlier in the chapter (See Section 4.1) through a boronate ester 

intermediate 401.  The amidine byproduct is discussed in detail in Chapter 5 (See 

Section 5.1).        

 
Figure 4.9: The amidine byproduct from the amidation of 2-APBA (discussed further in 

Chapter 5). 

4.4.2 Solvent 

Variations of solvents were also tested in the intramolecular amidation in a variety of 

conditions as shown in Table 4.2.  Whilst this gave some interesting results, the 

desired amide product was not obtained.  Conducting the reaction in DMF also saw 

the formation of an amidine byproduct as the major product after approximately 2 

hours (Table 4.2, entry 3); this byproduct is also described further in Chapter 5 (See 

Section 5.2.4).  
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Table 4.2:  The solvent variations conducted on the amidation of 2-APBA. 

4.4.3 pH dependent equilibrium 

This boronic acid equilibrium was reevaluated in more detail in order to find another 

variable of the reaction that could be examined and manipulated to push the 

formation of the amide product.  Multiple reactions were conducted using protecting 

groups such as acetates and pinacol to protect either the amine or boronic acid 

respectively.  This was completed to test the effect of Lewis acidity of the boronic 

acid.  The equilibrium within the reactions was found to be pH dependent.  This was 

understandable due to the boronic acid functionality as discussed earlier in the 

chapter having an affinity to form the corresponding boronate esters.  The formation 

of boronate esters and cyclic benzoboroxoles (See Section 2.3.1) are known to be 

pH dependent1,57.  We hypothesised that if the correct pH balance could be obtained 

within the reaction mixture, the equilibrium could be shifted to support the formation 

of the desired amide product in comparison to the boronate ester intermediate 

(Figure 4.10).  

 

 

 

Entry R = Solvent Outcome
1 Malic acid Toluene No reaction
2 Salicylic acid Toluene No reaction
3 Salicylic acid Dimethylformamide Amidine byproduct
4 Salicylic acid Methanol No reaction
5 Malic acid Acetonitrile Precipitate 
6 Lactic acid Acetonitrile Precipitate 
7 Malic acid Acetonitrile Precipitate 
8 Malic acid Acetonitrile: Water (2:1) No reaction
9 Lactic acid Acetonitrile: Water (2:1) No reaction

10 Malic acid Tetrahydrofuran Inconclusive2

11 5-NSA1 Tetrahydrofuran Inconclusive2

12 Malic acid Water No reaction
13 Salicylic acid Pyridine No reaction

1 5-Nitrosalicylic acid
2 The reaction mixture formed a gel like consistence
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Figure 4.10: The possible pH dependent equilibrium that could be shifted to support the 

formation of the desired amide product in comparison to the boronate ester 401 

intermediate which can form the protonated amine structure 401’. 

Multiple reaction conditions were tested on the simplest α-hydroxycarboxylic acid 

(lactic acid) amidation reaction (Table 4.3, entries 1-6).  The reactions in Table 4.3, 

were a mixture of either the sodium salt of the lactic acid or the hydrochloride salt of 

the 2-APBA (2-APBA-HCl).  The use of salts was investigated in the pH studies to 

evaluate the reactivity of the amidation.  Understanding how the pH of the reaction 

effects the equilibrium of the reaction mechanism was important, as it would predict 

which product would form and allow for more control over the final product produced.   

 

When the 2-APBA-HCl (Table 4.3, entries 2, 5, 8 and 11) was used, only the 

boronate ester salt 401’ was produced.  It was proposed that these reaction 

conditions did not shift the equilibrium enough to allow for the deprotonation of the 

ammonium ion 401’ (Figure 4.10).  Both salt forms, the 2-APBA-HCl and the sodium 

lactate (Table 4.3, entry 5), were used to observe if the formation of the sodium 

chloride salt as a side product would drive the reaction to amide bond formation.  

The result of this reaction was not amide product, and the crude 1H NMR spectrum 

and MS analysis of the reaction mixture was inconclusive, however MS analysis 

suggested the formation of the boronate ester 401.   
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Table 4.3: The effect of varying pH conditions. 

Some external factors that may effect the formation of the amide bond in the reaction 

mixture were also assessed in these pH variation reactions (Table 4.3).  A 

determination of whether acid or base additives could shift the pH and the reaction 

equilibrium was also undertaken.  In a mixture of 2-APBA in CH3CN and hydroxy 

acid (lactic acid or salicylic acid) at 323 K with a catalytic amount (<0.2 mol 

equivalent) of acid (acetic acid and hydrogen bromide) and base (triethylamine) was 

added.  However, neither acid nor base additive produced the desired amide product 

and the results were messy and inconclusive.  However another factor could also be 

considered when using boron.  Boron itself is a Lewis acid, so it was postulated that 

by increasing the Lewis acidity of the boron species it could facilitate the amide bond 

formation, as seen in more conventional amide bond forming reactions with boron 

acid catalysts.   

 

4.4.4 Addition of reagents 

The final variation attempted on the amide bond formation was the order of addition 

that the reagents were added to the reaction mixture.  It was discovered that if the 

one equivalent of lactic acid was added in two half equivalent additions, the boronate 

ester suspension would go back into the reaction mixture.  This discovery suggested 

a possible way in which to control the reaction, where the boronate ester formation 

could be used as an advantage.  More recently Ishihara published an article on the 

use of boron-mediated amidation on α-hydroxycarboxylic acids129.  They described 

Entry R1 R2 R3 R4 Outcome
1 H H H BE2

2 H Cl- H BE2

3 H H PP1 No reaction
4 Na+ H H No reaction
5 Na+ Cl- H Inconclusive
6 Na+ H PP1 No reaction
7 H H H BE2

8 H Cl- H BE2

9 H H PP1 No reaction
10 Na+ H H No reaction
11 Na+ Cl- H Inconclusive
12 Na+ H PP1 No reaction

1 PP - Pinacol protected 2-aminophenylboronic acid
2 BE - Boronate ester salt

NaCl was produced in a side reaction as a byproduct when using sodium and chloride salts of the starting materials.
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an investigation into arylboronic acid and alkylboronic acid catalysts for amidations 

and proposed the catalytic pathway, shown in Scheme 4.11. 

 
Scheme 4.11: The catalytic pathway of α-hydroxycarboxylic acids activated boron 

species in the formation of amide bonds118. 

As described in Ishihara’s recent work (Scheme 4.11) the carboxylate ligand in II is a 

weaker conjugate base than the amine ligand in I, therefore the carboxylate 

coordinated catalytic species II would be a better leaving group and more reactive 

than the amine coordinated species I129.     

 

The results that had been obtained so far in this PhD project were consistent with 

this proposed pathway in relation to the formation of a protonated ammonium 

species (Scheme 4.11, I).  This was demonstrated in results where adding of the α- 

and β-hydroxycarboxylic acids in portions, resulted in the disappearance of the 

reaction suspension.  It was hypothesised that by forming the more reactive boron 

species II’ in the reaction, 2-APBA salt 401’ would be suppressed (i.e. - the 

deactivated internal boron catalyst) (Scheme 4.12) and the amidation would occur. 

  
Scheme 4.12: The proposal of forming the more reactive catalytic boron species (II’) for 

the formation of salicylate amide 402. 

Although it was evident that this reaction method allowed the desired amide 402 

(Scheme 4.9) to be produced, the overall yield of the amidation was low and required 

further refinement, as the amide product 402 was yet to be isolated cleanly.  So 

following on from this slow addition of reagents approach, it was proposed that 

instead of adding the other 0.5 mol equivalent aliquot to the reaction another 1 mol 

equivalent was added (Scheme 4.13).  This excess of hydroxy acid was added to the 
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reaction mixture with the prediction that it would covalently interact with the boronic 

acid to form the more reactive catalytic species II’ from the 404a species from to give 

the corresponding amide (Scheme 4.13).  However, by adding the hydroxy acid 404 

and 404’ in portions, it was hypothesised that the remaining portion of hydroxy acid 

would again covalently interact with the boronic acid moiety 404”.  With the 

‘saturation’ of the reaction mixture it was proposed that the boronic acid moiety 

would exist in a ‘locked’ di-hydroxy species 404” (Scheme 4.13).  The reaction 

proceeded via a two-step addition of 2 molar equivalents of the α- or β-

hydroxycarboxylic acid in CH3CN at room temperature (Scheme 4.13).  This was 

confirmed through NMR, MS analysis and also corroborated with the 11B NMR.   

 
Scheme 4.13: Illustrates the formation of the ‘locked’ form of the desired amide product 

through the formation of the more reactive boronate species II’. 

4.4.5 11Boron NMR analysis 

In forming the desired ‘locked’ product 401” the boron species was thought to exist 

in the tetrahedral conformation, so this was evaluated using 11B NMR.  11B NMR is 

used more often as a characterisation tool to probe structure and reactivity in boron 

compounds.  Depending on the nature of the boron within the compound and the 

adjacent atoms it will give a unique chemical shift.  The suppression of trigonal boron 

can be observed in the experiment shown in Figure 4.11, where the trigonal neutral 

boron species in the 2-APBA starting material at approximately δ 20 ppm (relative to 

boron trifluoride diethyl etherate (BF3·Et2O)) 404a (Figure 4.11, top spectrum). It 

shows evidence of being converted into a tetrahedral anionic boron species in the 

desired amide product 404 at around δ 8 ppm (Figure 4.11, bottom spectrum), this 
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happens through a transition state where both resonances can be observed in the 

middle spectrum at δ 20 ppm and δ 8 ppm (Figure 4.11, middle spectrum).  These 

values were comparable with 11B chemical shifts seen in the literature108.        

 
Figure 4.11: The data obtained from the 11B NMR spectrum of di-lactate amide 

derivative.  Boric acid is shown as an example of tetrahedral and trigonal form on spectra 

to illustrate the side of the range it would exist. The figure shows the trigonal boron 

species of the starting material forming the final desired amide product as a tetrahedral 

boron species. 

11B NMR was used to further explored to identify the nature of the boron species 

present in multiple reaction amide products, especially in relation to the nature of the 

O–B–O coordination from Table 4.1.  It would also provide some insight into better 

understanding the true nature of the species present when in solution.  For 

consistency DMSO was used as solvent for all samples in the 11B NMR.  The results 

of the 11B NMR analysis are shown in Table 4.4.  The internal standard used in the 
11B NMR experiments was BF3·Et2O in CDCl3.    
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Table 4.4: The 11B NMR experimental data obtained from boronate esters in Table 4.1. 

Boric acid was used as a comparison standard as well as the 2-APBA.  In 

comparison with the published literature108,119,120,122,127,130-133 it was relatively simple to 

determine if our boron species were in a tetrahedral or trigonal configuration.  Thus, 
11B NMR peaks in the region δ 20 ppm - δ 30 ppm are indicative of trigonal, whilst 

peaks in the region δ 0 ppm - δ 10 ppm are consistent with tetrahedral boron 

species.  From this analysis it could be determined that both the boric acid and 2-

APBA are in a tri-coordinate form, all peaks were observed downfield (high δ value) δ 

19.98 ppm and δ 21.37 ppm, δ 30.10 ppm, respectively seen in Figure 4.12.  

11Boron NMR experimental data

Derivative Observed peak (ppm)
Boric acid δ 19.98
Citrate boronate ester δ 7.6
Nitrate boronate ester δ 5.59
Boronate pinacol ester δ 31.88
Tartate boronate ester δ 10.37
2-aminophenylboronic acid δ 21.37, δ 30.1

Chemical shifts in ppm downfield (positive) or upfield (negative) of external BF3·Et2O (δ = 0.0)
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Figure 4.12: A comparison of the 11B NMR spectra obtained.  The top spectrum is 

pinacol boronate ester, second spectrum is the 5-nitrosalicylate boronate ester, third 

spectrum is the citrate boronate ester and fourth spectrum is the 2-APBA. 

The formation of the ‘locked’ amide derivatives like 404” also provided a simpler 

spectrum via spectroscopic techniques to allow for better characterisation. The NMR 

and MS spectra were simpler to interpret and conclusive of the formation ‘locked’ 

amide product.  This was due to the product being in only one structural 

conformation instead of the two different structural species usually existing or 

present as in solution (Figure 4.13).   

 
Figure 4.13: The two species the mono-acid amide derivative can exist in solution as an 

equilibrium, formation of the zwitterion. 

As mentioned earlier, if the amide product was in the ‘locked’ conformation, then the 

reaction equilibrium would be shifted towards the formation of only that di-acid amide 

product as shown in Scheme 4.13.  If the amidation is to be used in organic 

synthesis the reaction required further optimisation.    

B
H
N

HO OH

R

O

NH

O
BHO

HO
R

B
HO OH

N
H

R
O δ

δ

Pinacol boronate ester 
 
 
 
 
 
5-nitrosalicylate boronate ester 
 
 
 
 
 
Citrate boronate ester 
 
 
 
 
 
2-aminophenylboronic acid 



 161 

4.4.6 Utilising the boronate ester intermediate 

The proposed mechanism for the amidation of 2-APBA in the general method occurs 

through the loss of a water molecule as shown in Scheme 4.14.  It was hypothesised 

that if the reaction was performed under conditions whereby water was actively 

removed, then this would drive the reaction towards the final product.   

 
Scheme 4.14: The proposed mechanism for the amidation of 2-APBA. 

If there is too much water in the reaction mixture, then the boronate ester would 

become hydrated and form the tetrahedral boron species 404a’, protonating the 

amine and in turn inhibiting the amidation (Scheme 4.15).  The same method of 

amidation was used mixing 2-APBA and lactic acid in anhydrous CH3CN however in 

this case it was also under anaerobic conditions using argon gas.  A precipitate 

formed as usual after an hour of mixing at 323 K and the heat was increased from 

323 K to 353 K to push the formation of the amide bond formation.  It was observed 

that the precipitate changed in colour over time from a pale white to a light brown, 

however the precipitate never redissolved. 
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Scheme 4.15: The proposed mechanism for the formation of the most reactive boronate 

ester intermediate 404a using molecular sieves, to ensure dehydration of the boronate 

ester 404a to facilitate amidation of 2-APBA. 

As suggested earlier in this chapter, as the boronate ester forms, the Lewis acidity of 

the boronic acid increases forming anionic tetrahedral boron species (Scheme 4.15, 

404a’), thus in turn protonating the adjacent amine to an ammonium ion (Scheme 

4.15, 404a’).  It was also suggested that if the reaction were under anhydrous 

conditions, it would support the trigonal boron species 404a in comparison to the 

tetrahedral boron species 404a’ as shown in Scheme 4.15.  Thus the amine 

functionality 404a would be present and not the ammonium ion 404a’, producing a 

more reactive boronate intermediate to facilitate the amidation.  The effects of the 

Lewis acidity on the boron species is discussed further in Chapter 5, where the 

impact of this increased Lewis acidity became more apparent in 2-APBA.   

 

In using 3Å molecular sieves to dehydrate the reaction mixture, 2-APBA (1 mol 

equivalent) was mixed with lactic acid (1.5 mol equivalent) at 353 K and the 

formation of the 2-APBA didehydro anhydride dimer (vide supra) was considered 

highly likely to form.  However, it was postulated that if the hydroxy acid was present 

in the reaction mixture, then two competing reactions would occur with the hydroxy 

acid binding more readily with the boronic acid moiety suppressing the formation of 

the anhydride dimer (Figure 4.14).  If this was the case then the yield of the 

amidation reaction would be optimised.   
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Figure 4.14: Illustrates the two competing reactions that occur in anhydrous conditions 

with the presence of hydroxy acid (for simplicity lactic acid is used). 

Unfortunately the reaction mixture, based on TLC analysis, showed no change after 

2 hours of heating at 353 K, and the 1H NMR and MS analysis illustrated the 

presence of only the boronate ester.  Although the amide product had not formed, it 

was observed that all starting material (2-APBA) had been converted into the 

boronate intermediate in comparison to the dimer.  It was then considered that this 

reaction product could be employed in another reaction where the conditions are 

more suitable for amide bond formation.      

 

Reactions were conducted using either an α- or β-hydroxycarboxylic acid to generate 

multiple boronate ester intermediates for example 404a (Scheme 4.15).  This step 

was done independent to the amidation, in comparison to the one pot synthesis as 

shown in Scheme 4.14.  This was done to ensure there was no unreacted 2-APBA 

remaining.  Mixing 2-APBA in CH3CN with the α- or β-hydroxycarboxylic acid at 333 

K for an hour, the precipitate (boronate ester intermediate 404a), was then collected 

and dried under vacuum for 24 hours (Scheme 4.16).  Aliquots were analysed via 

MS to confirm the presence of the desired boronate ester intermediate 404a.  Then, 

the second α-hydroxycarboxylic acid equivalent was added to the reaction mixture 

and reacted for 2 hours at room temperature.  In all cases shown in Scheme 4.16, 

lactic acid was used in the final step of the synthesis forming the amide product 404” 

for consistency (Scheme 4.16). 
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Scheme 4.16: The multiple attempts performed in pre-esterification of 2-APBA for 

amidation, using either α- or β-hydroxy acid.  

Varying the α- or β-hydroxycarboxylic acids in the first equivalent added to the 

reaction mixture allowed the opportunity to see if differences in chemical shifts within 

the 1H NMR and 13C NMR spectra may occur to help in characterisation.  In all 

previous amidation attempts, the 2 molar equivalents of the α- or β-

hydroxycarboxylic acid added to the amidation was always the same compound.  

This method would also provide the opportunity to see if either the α- or β-

hydroxycarboxylic acid was preferred in the amide bond formation.  After allowing 

the reaction mixtures shown in Scheme 4.16 to stir for an hour, the mixtures were 

analysed via MS, 1H NMR and 13C NMR. 

 

The 1H NMR and 13C NMR analysis of reaction 2 (Scheme 4.16) with mandelic 

produced results that were also inconclusive and messy.  The MS results of the 

reaction 2 after the addition of the lactic acid indicated the presence of the desired 

amide products with mandelate amide 405” at m/z 323.5 (-ve mode) and m/z 321.7 

(+ve mode).  Reaction 1 showed the desired di-lactate amide 404” at m/z 261.6 (-ve 

mode) and m/z 259.8 (+ve mode). 

 

The MS results of reaction 3 (using a β-hydroxy acid) were interesting (Scheme 

4.16) and suggested that the hydroxy acid is exchangeable in the reaction mixture.  

The MS of the final reaction mixture contained a mixture of salicylate boronate ester 

406a, dehydrated dimer of 2-APBA and di-lactic acid amide 404” (Figure 4.15).  As 

mentioned earlier, and further discussed later in this chapter (See Section 4.4.7), the 

boronic acid amide reactions existed in a complicated equilibrium.  In reaction 3 with 

salicylic acid, the MS illustrates the possible preference for the α-hydroxycarboxylic 
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acid in comparison to the β-hydroxy acids with 2-APBA, with the presence of the di-

lactic acid amide product 404” at m/z 261.6 and the 2-APBA dimer at m/z 282.5 

(Figure 4.15).  This could indicate that in the reaction mixture, the β-

hydroxycarboxylic acid was more likely to be exchangeable than the α-

hydroxycarboxylic acid, thus producing this mixture of results.      

 
Figure 4.15: The mixture of structures present in the crude reaction mixture of reaction 3 

from Scheme 4.16. 

The MS of reaction 3 mixture indicated no presence of amide bond formation with 

the β-hydroxycarboxylic acid.  The final 1H NMR spectrum of reaction 3 was quite 

complicated as expected with the mixture of the structures present (Figure 4.15) in 

the MS.  This was observed in almost all of the 1H NMR and 13C NMR spectra of the 

amidation products, showing a complicated inconclusive mixture of products.  

Looking at the 13C NMR spectrum as shown in Figure 4.16, spectrum 1 and 2 there 

are many peaks and the NMR was hard to interpret.  The carbonyl region around δ 

~150 ppm of spectrum 1 in Figure 4.16 shows five possible carbonyl resonances 

indicating a mixture of multiple different chemical environments.  The reaction 

product shown in spectrum 2 in Figure 4.16 was also busy with approximately six 

carbonyl carbons.  This shows the presence of multiple structures, which maybe due 

to amide liability.  It suggests that when the amides are formed within the reaction 

mixture they can exchange between the hydroxycarboxylic acids.  This made it very 

difficult to ascertain the structure of the product of the reaction and what was actually 

occurring in the reaction mixture.  
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Figure 4.16: The complicated and inconclusive 13C NMRs of the reaction 3 mixture.  

Spectrum 1 shows the salicylate boronate ester from step 1 in the synthesis, spectrum 2 

shows the reaction 3 mixture after the addition of the lactic acid. 

4.4.7 Problems with characterisation 

As mentioned throughout this chapter, one of the two major problems with this 

reaction is that the desired amide products and the intermediates in solution exist in 

multiple equilibria (Scheme 4.17).  It was proposed that the amide product could 

exist in either the highly cyclic zwitterion form or the linear structure (Scheme 4.17, 

407).  The formation of this zwitterion 407 made the spectroscopic characterisation 

of these amide derivatives very difficult, as the structure conformation was 

exchangeable between 404, 404’, 407 and 407’.  When the amide derivative was in 

solution it had the ability to become bound 407 and unbound 404 with the diol (α-

hydroxycarboxylic acid) and isomerise between the cyclic zwitterion 404’ or 407’ and 

linear acyclic structure 404 regularly, making 1H NMR spectra of these compounds 

very ugly and difficult to interpret.   
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Scheme 4.17: The equilibrium, the desired lactic acid amide bond product 404.  

MS analysis of these amide products in this project exhibited similar problems to that 

seen in the NMR analysis (Figure 4.16), with three of the amide products being 

structural isomers (Scheme 4.17) and therefore having the same molecular weight.  

It became difficult to confirm the structural configuration and even more difficult to 

identify the formation of the desired amide product via MS analysis.  All MS analysis 

of the amide reaction mixtures in this project were run in MeOH; this was done to 

encourage the boronic acid moiety to form the kinetically favourable methoxy esters 

and to create consistency within the sample.  However it still proved to be fairly futile 

in some cases.   

 

The major problem was the presence of the boron moiety in the compounds.  The 

boron as an element produces a shielding effect on the adjacent nuclei in 13C NMR 

spectra.  Particularly in the case of 2-APBA where the carbon attached to the boron 

was in the aromatic ring system of the desired amide product, making the resonance 

of this position very difficult to visualise in 13C NMR spectra (Figure 4.17). 
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Figure 4.17:  The 13C NMR spectra of the malic acid boronate ester 403 intermediate on 

a 600MHz NMR instrument. 

The formation of an amide is with a carboxylic acid and an amine; and both 

components in the case of an anilide show very little difference in chemical shift from 

starting material to the final amide product in 1H NMR analysis.  This makes 

structural confirmation by 1H NMR spectroscopic analysis difficult.  Other 

spectroscopic techniques were proposed to be used in the project, in particular a 
13C-labelled experiment with labelled sodium lactate2.  

 

A more conventional method of amidation7 was attempted using N,N'-

dicyclohexylcarbodiimide (DCC) as the amide coupling reagent, as used earlier in 

this thesis with the synthesis of (2-propiolamidophenyl)boronic acid (208).  In this 

case, it was an attempt to synthesise the lactate and salicylate amide using lactic 

acid and salicylic acid with 2-APBA.  These reactions were to be used as a control, 

for spectroscopic comparison between what was observed in these reactions and 

what was seen in the intramolecular amidation of 2-APBA.  Unfortunately, the 1H 

NMR and 13C NMR results obtained for the reaction mixtures for both reactions was 

confusing and inconclusive and this observation was comparable with the 

literature134.  
																																																								
2	Due to multiple complications with Sigma Aldrich® involving the labelled compound for the 
13C NMR experiment, the NMR experiment was unable to be completed. 
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With the structural confirmation limitations of these amide compounds, the next 

alternative was the possibility of X-ray crystallography.  Many attempts were made to 

recrystallise the amide products.  However, with the instability of these compounds, it 

was also difficult to find the perfect solution and method to recrystallise them.  

Multiple donor and acceptor solvents were studied along with a diol-binding agent 

that was used to bind to the boronic acid to push the compound into a stable 

conformation (Table 4.5).   

 
Table 4.5: The multiple variations used for recrystallisations. 

A crystal structure was obtained fairly early in the project from EtOAc with 5-

nitrosalicyclic acid and 2-APBA (Table 4.5, entry 6), see Figure 4.19.  The 5-

nitrosalicyclate amide derivative was proposed to be the most likely to crystallise in 

comparison to the other diol-binding agents like salicylic acid, due to the nitro group 

in position-5.  The crystals were formed from an activated charcoal wash, followed 

by a slow evaporation recrystallisation of 5-nitrosalicylate amide in hot EtOAc and 

Hex, giving small clear rectangular crystals.   

Entry Conditions: Method Outcome
1 Acetone: H2O (1:5) Vapour diffusion No crystals
2 Hex: Tol (1:5) Vapour diffusion No crystals
3 Hex: Acetone (1:5) Vapour diffusion No crystals
4 Hex: THF (1:5) Vapour diffusion No crystals
5 EtOAc Charcoal wash No crystals
6 EtOAc: Hex(dropwise) Charcoal wash Crystals1

7 Tol Slow evaporation No crystals
8 DMF Slow evaporation Crystals
9 MeOH: H2O(dropwise) Slow evaporation Crystals2

10 MeOH Slow evaporation No crystals
11 EtOH Slow evaporation No crystals
12 Acetonitrile Slow evaporation Crystals3

13 DCM Slow evaporation No crystals
14 Chloroform: Diethyl ether Slow evaporation No crystals
15 Diethyl ether Slow evaporation No crystals
16 LiBr(co-oridinating agent) in Tol: DMF Slow evaporation No crystals
17 Catechol(co-ordinating agent) In Tol Slow evaporation No crystals
18 5-nitrosalicylic acid(co-ordinating agent) Tol Slow evaporation No crystals
19 Tol: Acetone Slow evaporation No crystals

Recrystallisations were performed on the following derivatives salicylate, 5-nitrosalicylate, malate, lactate and citrate.

1 Amide crystals see text
2 Recrystallised starting material 2-APBA
3 Amidine byproduct produced, see chapter 5
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Figure 4.18: The proposed structure for the 5-nitrosalicyclate amide 408 derivative. 

The X-ray crystal structure 408 as shown in the Figure 4.19, suggested that the 5-

nitrosalicyclate amide crystals were not the structure originally proposed in Figure 

4.18.  Instead there was an amide bond present within the structure, and it had the 

structure 409.  

  
Figure 4.19: The X-ray crystal structure of the crystals produced from the recrystallisation 

of the 5-nitrosalicyclate amide derivative using EtOAc.  Also shows the chemical 

structure of the 5-nitrosalicyclate amide 409 derivative. 

The boron was in tetrahedral coordination with three oxygens, two oxygens 

belonging to the carboxylic acid on the 5-nitrosalicylic acid, the other oxygen from 

the carbonyl ligand from an acetyl functionality (Figure 4.19, 409).  It was suggested 

that during the recrystallisation process the 5-nitrosalicyclate amide 408 derivative 

was acetylated by EtOAc and this was confirmed through 1H NMR and MS analysis 

showing the addition of an acetate group at δ 2.43 ppm.  The MS analysis observed 

m/z 324.9 (-ve mode) displaying a boron isotope 10B 27% and the 11B 73%, 

indicating the acetylated product 409 was present.  Since the recrystallisation 

occurred through dissolving the 5-nitrosalicyclate amide 408 derivative in boiling 

EtOAc, these conditions must have facilitated transacylation of the amine in the 5-

nitrosalicylate to form the new amide bond with the EtOAc.  With the cleaved 5-

408
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nitrosalicylic acid in solution, covalent diol binding would occur between with boronic 

acid and the 5-nitrosalicyclic acid starting material, giving the structure as shown in 

Figure 4.19.   

 

The mechanism of recrystallisation was investigated further through a variety of 

control reactions.  When 2-APBA starting material was mixed in the same conditions 

as the recrystallisation process (hot EtOAc), it did not proceed to give the acetylated 

product.  Even using the more conventional methods of acetylation by mixing 2-

APBA in pyridine with acetic anhydride did not appear to give the acetylated product 

with the spectroscopic analysis of the crude reaction mixture being inconclusive.  

This indicated that the nitrogen on the amine was not nucleophillic enough to 

produce the acetylated crystal product (Figure 4.19), unless the 5-nitrosalicylic acid 

was present for covalent diol binding with the boronic acid, apparently increasing the 

Lewis acidity of the boronic acid.  However, instead of transesterifying the amide 

bond as suggested previously, it was predicted that the compound was probably in 

the boronate ester form prior to the recrystallisation process (Scheme 4.18).  Then 

through a dehydration reaction where water was lost, the boronic acid more became 

reactive and susceptible to acetylation as shown in Scheme 4.18.   

 
Scheme 4.18: The salt form of 5-nitrosalicyclic acid proceeding through dehydration to 

form crystal structure. 

In conclusion the exact configuration of the amide products is still under 

investigation.  1H NMR and 13C NMR experiments performed on multiple amide 
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derivatives have provided some insight into the binding of the carboxylic acid.  X-ray 

diffraction data was the method of choice for structural identification of these amide 

derivatives and would be required for confirmation of these structures. 
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4.5 Conclusion and Future directions 

4.5.1 Conclusion 

In this chapter we explored using the boronic acid to facilitate amide bond formation.  

It is evident from the investigation in this project that the amide product is being 

synthesised, however under the reaction conditions it can exist in an environment 

that supports the formation of multiple structures.  The reaction conditions allow for 

the amides to exchange with the α-hydroxycarboxylic acids.  This intramolecular 

synthesis of the amides requires further analysis to investigate a wider range of α- 

and β-hydroxycarboxylic acids and also to confirm the final structural conformation of 

the amide product.  The work presented in this chapter was only investigative in 

comparison to the wider scope of this project.  The idea of being able to synthesise 

amides in mild conditions has a wide application not only in the range of organic 

chemistry, but also in biochemistry.  The amidine byproduct, which was introduced in 

this chapter, was an exciting finding and the chemical synthesis used to produce the 

amidine was used more extensively in another project of this thesis.  The amidines 

were investigated in more detail in the following chapter. 

 

4.5.2 Future directions 

There are still many questions in ascertaining the structure of the amide molecules 

and whether the amidation reaction has diversity towards other α- and β-

hydroxycarboxylic acids.  In an attempt to ascertain the conformational structure of 

the amide molecule as discussed in this chapter, a 13C-Labelled spectroscopy 

experiment was proposed (Figure 4.19).  This experiment needs to be completed to 

gain crucial structural information required to assist in the determination of the final 

structure in which these amide molecules exist.  It may also propose the possible 

mechanism of action in the amidation reaction.  For example an HN(COCA)HAHB 

NMR experiment that is usually performed on larger peptides could be performed on 

the 13C-Labelled molecule in an attempt to confirm the amide functionality.   
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Figure 4.20: The lactate amide derivative with the amide bond formation existing in 

equilibrium.  Further experiments could be developed around different chemical 

environments of the highlighted atoms on the lactic acid side chain. 

With the boron moiety in the amide derivatives existing in anionic tetrahedral species 

as detailed in this chapter, it was hypothesised that if the appropriate reaction 

conditions were used, the amide derivatives could possibly be used in a Suzuki 

Coupling reaction without the use of base.  Suzuki couplings have three phases 

(Scheme 4.20); firstly the oxidative addition, which involves the coupling of the 

palladium catalyst to the alkyl halide.  The next step is transmetalation, where the 

role of the base is to activate the boron-containing reagent pushing the boron into an 

anionic tetrahedral species and facilitate the formation of the organopalladium 

complex, see Scheme 4.20.  The last step is the reductive elimination where the 

desired product is formed and the palladium catalyst is recycled (Scheme 4.20).  The 

transmetalation step is crucial and if base is absent, the reaction does not occur62,135.  

 
Scheme 4.19: The Suzuki coupling reaction cycle.  The red square indicates the 

formation of the activated boron-species, in tetracoordinate conformation62,135. 

This proposed pathway was attempted a couple of times with variations of the 

Suzuki coupling reaction shown in Table 4.6, below.  The 1st and 2nd preliminary 
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reactions failed to give the desired product and this was possibly due to some 

solubility issues.  The preliminary MS spectrum of the 3rd reaction (Table 4.6) 

observed peaks that were intriguing with the possible presence of the desired 

product, however the reaction needs refinement and optimisation to ensure that all 

reagents are facilitating the reaction properly. 
 

 
Table 4.6: The reaction conditions of the attempted Suzuki coupling reactions136. 

The amidation of 2-aminophenylboronic acid shows a lot of promise, however the 

reaction needs to be refined further and the structure of the molecule requires 

confirmation.  The use of these amide derivatives as Suzuki coupling analogues is 

an exciting future direction, as it will diversify the amide bond forming reaction, 

producing an amidation reaction that could be used in more general organic 

synthesis.  The idea of being able to synthesise amides in mild conditions has 

potentially wide application not only in the range of organic chemistry, but also in 

biochemistry. 

Attempted Suzuki Coupling reactions without base

Variation Amide Pd Catalyst Substrate Temp (K) Solvent

1 Citrate 410 Pd(OAc)2+Ph3P Iodobenzene 348 Toluene

2 Salicylate 406 Pd(OAc)2+Ph3P Iodobenzene 348 Toluene

3 Salicylate 406 Pd(dba)2 Iodobenzene 353 Dioxane

4 Citrate 410 Pd(PPh3) Iodobenzene 323 Methanol

5 Citrate 410 Pd(PPh3) Iodobenzene 323 Methanol

In Variations 4 and 5 were followed from (JACS, 1998)
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5 Amidine boronates for templated triazole formation 

 

In Chapter 4, a byproduct was formed during the development of the intramolecular 

amidation with 2-aminophenylboronic acid (2-APBA) as shown in Scheme 5.1.  The 

byproduct was an amidine produced by reaction between 2-APBA and the solvent 

(CH3CN).  The unforeseen formation of this amidine product led to an investigative 

study into the deliberate synthesis of other amidine derivatives using a similar 

mechanism of action.  

 
Scheme 5.1: The intramolecular amidation of 2-APBA in CH3CN, gives the formation of 

an amidine byproduct.      

5.1 The use of boron in amidinations 

The standard method of synthesising amidines is to heat a neat stoichiometric 

mixture of aniline and nitrile with aluminum chloride137 as shown in Scheme 5.2.   

 
Scheme 5.2: General scheme for the synthesis of amidines from aniline and the strong 

Lewis acid aluminum chloride137. 

The first example of an amidine formation from 2-APBA was demonstrated by 

Groziak in 1994108, where the amide 1-hydroxy-1H-2,4,1-benzoxazaborine was 

refluxed in ammonia to produce the amidine.  These attempts are the only examples 

that use 2-APBA in the synthesis.  In both cases the nitriles have high boiling points 

(above 473 K), indicating that these reactions are thermal reactions.  Other 

examples that use boron acids in amidinations include the Sugasawa reaction with 

the use of boron trichloride138 and the use of trimethylborate to perform an 

electrophilic aromatisation on amidines139.  The Sugasawa reaction is a commonly 

used synthesis for transforming anilines and nitriles into 2-aminophenyl ketones with 
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the use of boron trichloride and aluminium chloride137,138 (Scheme 5.3).  Under these 

reaction conditions amidine is a byproduct, particularly when the amine moiety, in 

this case aniline, contains a deactivating substituent such as bromine137 (Scheme 

5.3).   

 
Scheme 5.3: The Sugasawa reaction137,138. 

With both the Sugasawa reaction and the use of trimethylborate, the boron acts as a 

Lewis acid to co-ordinate in the final step of the synthesis, but only after the amidine 

has been formed as shown in Scheme 5.3.  Our intramolecular amidine synthesis 

shown in Scheme 5.4 utilises the covalent binding of the cis-diol by boronic acids in 

a similar way to that described in the Sugasawa reaction above. However our 

reaction uses the covalent binding to form the boronate ester to increase the Lewis 

acidity of the boron, and thus allows for the amidine to be produced under milder 

conditions.   

 

5.2 An unusual amidination of 2-APBA 

This aspect of the project was an investigative study of the reaction mechanism of 

the amidination of 2-APBA with simple nitriles, as shown in the general Scheme 5.4.  

To achieve this, the reaction was investigated further, particularly with respect to 

exploring the importance of each of the components in the reaction, including the 

diol, nitrile and other reaction conditions. 

 

 

 

 

Br

Deactivating group

NH2

N CH2CH3
BCl3 / AlCl3

Br

N
H

CH2CH3

NH
Amidine

Br

N
H

B
NH

CH2CH3

Br

NH2

O

CH2CH3

Cl

Cl



	 181 

 
Scheme 5.4: General scheme of the milder amidination of 2-APBA. 

An initial experiment was conducted to determine whether the formation of the 

unexpected product 501 was reproducible.  To explore, this 2-APBA was refluxed in 

CH3CN with catechol and after 1 hour the product was observed via TLC monitoring.  

The formation of the product 501 was also seen in the 1H NMR spectrum of the 

crude reaction mixture (Figure 5.1). 

 

 

 

 
Figure 5.1: The NMR spectra showing the formation of the amidine 501 product after 

only 1 hour of heating. 

In the 1H NMR spectrum of the crude reaction mixture, the resonance at δ ~11 ppm 

and a second peak at δ ~9 ppm are indicative of the amidine functionality in 501 

beginning to form.  It was observed that if the reaction mixture was allowed to 

recrystallise the final yield of the desired product was better than if the reaction 

mixture was just concentrated after refluxing for 2 hours.  The formation of the 

amidine product 501 may therefore be an artefact of the recrystallisation process.  It 

was observed that the recrystallisation process might allow for the remaining 

unreacted starting material to react.  Further analysis was conducted on this 

observation.   

 

5.2.1 The nitrile 

There are many variables that determine if the reaction will proceed efficiently, and 

these were tested in a variety of control reactions to determine the scope and 
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limitations of the reaction.  Firstly the nitrile was investigated, as it is known that 

CH3CN is a participating solvent due to it’s size and polarity.  It needed to be 

assessed if the reaction was versatile or just limited to CH3CN as the nitrile source.  

Therefore, a range of nitriles were investigated, as summarised in Table 5.1.  The 

experiment involved mixing at a 1:1:1 molar ratio, 2-APBA with a different nitrile and 

diol at 343 K for 2 hours, the reaction mixture was cooled and concentrated in vacuo.  

The results from this investigation showed that, as suspected, the size, polarity and 

electronegative of the nitrile had a direct effect on the outcome of the reaction (Table 

5.1).  

 
Table 5.1: Results of the effect of different nitriles on amidine formation with 2-APBA. 

The small aliphatic nitriles were preferred in the amidination reaction (Table 5.1, 

entries 1-4 and 6).  This result was likely due to the nitriles displaying a similar 

chemical reactivity to CH3CN, a number of alkyl nitrile analogues were also 

synthesised.  The 3-methoxypropionitrile produced the desired novel product 503 in 

a yield of ~60%, using the method stated in Table 5.1, entry 2.  The novel compound 

503 was synthesised in collaboration with an Honours student in the Houston group 

(Taylor Garrett) and the X-ray crystallography data was used to determine the 

structure (Figure 5.2).  

Entry Number R = Conditions Outcome
1 502 CH3 neat, 343 K, 2hr Amidine formation ~68%
2 503 CH2CH2OCH3 neat, 343 K, 2hr Amidine formation ~60%
3 504 CH2Br neat, 343 K, 2hr Amidine formation ~95%
4 505 Ph neat, 343 K, 2hr Amidine formation < 20%

5
506 neat, 343 K, 2hr No reaction

6
209 neat, 343 K, 2hr Amidine formation < 10%
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Figure 5.2: The ORTEP structure of 3-methoxy amidine derivative 503 constructed from 

the X-ray crystallography data. 

Using bromoacetonitrile produced the highest yield of the desired amidine product 

504 ~95% (Table 5.1, entry 3).  This novel molecule 504 (Figure 5.3) was 

synthesised from 2-APBA in neat bromoacetonitrile to give (2-(2-

bromoacetimidamido)phenyl)boronic acid (504) as a clear crystalline material.  An 1H 

NMR of the pure amidine bromo-derivative 504 can be observed in Figure 5.3, with 

the appearance of the two characteristic amidine peaks as described at δ ~9 ppm 

and ~11 ppm.  

 

 

 
Figure 5.3: The 1H NMR of (2-(2-bromoacetimidamido)phenyl)boronic acid (504) in 

DMSO. 

Unfortunately the crystals of 504 were too fine for X-ray crystallography analysis, 

however the MS was obtained from this molecule and confirmed that the product had 

formed (Figure 5.3).  Bromoacetonitrile was used as a nitrile in this reaction due to its 

simple molecular structure that would provide flexibility for possible future syntheses 

on the amidine derivative.  As it was proposed, the bromide amidine derivative would 
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be part of a multi-component reaction to synthesise other boronolectins, where the 

bromine could be displaced with the functional group of choice in developing new 

boron-based receptors.   

 

The aromatic nitriles, for example benzonitrile, did not work as efficiently as the 

aliphatic nitriles (Table 5.1, entry 4).  It could also be proposed based on the yields of 

the amidine products (Table 5.1, entries 4,5 and 6) that the aromaticity in the 

molecule may have played a part.  The limitation of the aromatic nitrile could be due 

to the delocalisation around the aromatic ring, making the carbon less electrophilic 

and sterically hindered. 
 

The approximate yields of the six amidine derivatives synthesised in this project are 

shown in Table 5.1.  When 2-APBA was reacted neat with benzonitrile at 343 K 

(Table 5.1, entry 4), after 2 hours the TLC analysis indicated that the starting 

material of 2-APBA had reacted, however it was as a minor product.  The reaction 

mixture was left to recrystallise at 279 K for 2 months, resulting in the formation of 

very small clusters of 505 crystals.  The crystals were too small and fine for X-ray 

crystallography analysis, however 1H NMR and MS data was obtained.  The 1H NMR 

analysis indicated that the benzonitrile had reacted and produced the desired 

amidine product 505 in a low yield of ~20%.  A consideration is that the reaction was 

conducted on a very small scale, using approximately 7 mg starting material (2-

APBA), so the yield has not been optimised.  The formation of 505 suggests the 

possibility of producing amidine product from other aromatic nitriles in future work.       

	

5.2.2 Temperature 

The temperature of the reaction was also discovered to be a crucial factor to the 

outcome of the reaction.  A control experiment was conducted whereby heat was not 

applied; the reaction of 2-APBA, salicylic acid and 3-methoxypropionitrile was 

performed at room temperature (Scheme 5.5).  After 48 hours the reaction had not 

proceeded to give any of the desired amidine 503 product.   



	 185 

 
Scheme 5.5: The control reaction with 2-APBA, salicylic acid and 3-methoxypropionitrile 

without heat, in an attempt to give 503. 

The reaction mixture started to produce crystals, which were confirmed via MS 

analysis to be only the covalent boronate ester 502a (‘reactive intermediate’, 

Scheme 5.5) formed between the 2-APBA starting material and salicylic acid.  This 

‘reactive intermediate’ 502a is suggested to form first prior to the amidination 

occurring, this proposed mechanism is discussed later in the chapter (See Section 

5.2.3).  In the MS analysis of the crude reaction mixture there was no evidence that 

the amidine 503 product had started to form.  The same reaction mixture was then 

heated to 343 K for 2 hours after which time the desired amidine 503 product was 

produced, indicating the importance of heat for the reaction’s activation energy.  It 

was hypothesised that by using heat the reactivity of the reaction was increased, 

forming the ‘reactive intermediate’ 502a.  This facilitates the final step of amidination 

(rate-limiting step) to occur more readily and the desired amidine 503 product was 

produced.  This hypothesis suggests that the boron species in the amidination acts 

as a catalyst, and when heated it’s catalytic activity improved.   

 

5.2.3 The Diol 

Although heat was still required for the reaction to proceed, the temperature required 

is not as high and harsh as previously stated in the literature137,139,140.  Presumably 

the lower temperature required in our case is due to the use of covalent interactions 

between the boronic acid moiety and a diol (Table 5.2).  The increase in the Lewis 

acidity of the boron in turn makes the amine more electron-rich.  To test this theory, 

2-APBA was refluxed in CH3CN without a cis-diol.  After 72 hours the reaction 
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remained as unreacted starting material, indicating that the reversible binding of the 

boronic acid to the diol is required to produce the amidine 502.  A number of different 

diols were tested (in the same reaction conditions) as shown in the Table 5.2.  

However, the most effective diol was salicylic acid, with the highest yield of amidine 

product 502 being produced with CH3CN (Table 5.2, entry 1).  

 

 
Table 5.2: The range of diols and solvents (See Section 5.2.4) tested including the yields 

of amidine product produced.   

The acidity of the salicylic acid from the carbonyl dipole present in the molecule 

increased the affinity for the boronic acid moiety through an electron-withdrawing 

effect.  The increased affinity led to an increase in the yield of the product due to the 

increased Lewis acidity of the boronic acid.  Typically catalysts such as aluminum(III) 

chloride and iron(III) chloride are required to synthesise amidines from aniline141, 

these are very strong Lewis acids in comparison to boron acids.  This indicates the 

only kinetically feasible mechanism of action in this intramolecular amidine formation, 

was increasing the Lewis acidity of the boronic acid moiety.  Allowing the nitrile 

nitrogen to participate with the boron in a Lewis acid/base co-ordination, driving the 

amine to nucleophilically attack the nitrile carbon.  It could also be suggested that the 

aromaticity of the bulky diol group as seen in salicylic acid, may facilitate the reaction 

by creating a face for the nitrile group to co-ordinate with the boron species without 

too much steric hindrance.  

Entry Diol Solvent Outcome
1 Salicylic acid neat CH3CN Amidine formation ~63%
2 5-nitrosalicyclic acid neat CH3CN No reaction
3 Pinacol neat CH3CN No reaction
4 Catechol neat CH3CN Amidine formation ~30%
5 Ethanol neat1 No reaction
6 Methanol neat1 No reaction
7 Salicylic acid Tol1 No reaction
8 Salicylic acid DMF1 Unexpected byproduct3 

9 Salicylic acid MeOH1 No reaction 
10 Salicylic acid MeOH2 No reaction
11 Salicylic acid EtOH1 No reaction 

1 In these reactions 1.2 mmol eq. of CH3CN was used.
2 In the reaction 3-phenyl-2-propynenitrile was used.
3 The reaction produced an unexpected byproduct that was crystalline and X-ray crystallography was obtained (see text).
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Scheme 5.6: The ‘Goldilocks’ rule in the proposed general mechanism for the amidine 

formation, with 2-APBA, CH3CN (on a simple 1,2-diol for generalisation). 

However, our results suggest if the Lewis acidity of the boron increases substantially 

then the boron becomes anionic (tetrahedral) pushing the 2-APBA to the far left in 

the equilibria as shown in Scheme 5.6, thereby inhibiting the reaction.  This 

phenomenon was observed when the 5-nitrosalicylic acid (Table 5.2, entry 2) was 

used as a diol for the amidination of 2-APBA with CH3CN.  The amidine reaction was 

inhibited and the only product produced was the 5-nitrosalicylic acid bound to the 2-

APBA (the boronate ester intermediate).  The presence of the nitro group in the 

molecule may significantly increase the electron-withdrawing effects on the aromatic 

carboxylic acid group.  This would significantly increase the Lewis acidity and push 

the formation of the protonated ammonium species as shown in Scheme 5.6, thus no 

reaction would occur.  This observation is summarised in Scheme 5.6 as the 

‘Goldilocks’ rule showing the equilibria that can exist and is dependent on the Lewis 

acidity of the boronic acid species.  If pushed to the far left (Scheme 5.6) with an 

increase of Lewis acidity, then the reaction does not occur, push the equilibrium to 

the right with the ‘perfect’ balance of Lewis acidity and the amidination reaction can 

occur (Scheme 5.6).  

 

This ‘perfect’ balance phenomenon depicted in Scheme 5.6 was investigated further 

to assess whether it could be overcome.  Firstly the boronate ester 502a’ was 

produced with 2-APBA (1 mol equivalent) and salicylic acid (1 mol equivalent) in 

CH3CN at room temperature (Scheme 5.7).  The reaction mixture was then 

dehydrated under vacuum for 24 hours to produce the ‘reactive intermediate’ 502a 

(Scheme 5.7, Route B).  
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Scheme 5.7: Two routes of the amidation of 2-APBA with CH3CN to give 502, Route A 

and Route B following on Scheme 5.5 above.  As mentioned above Route B is the 

method whereby the boronate ester species 502a’ is dehydrated to form the ‘reactive 

intermediate’ 502a, this produces a better yielding reaction. 

‘Reactive intermediate’ 502a produced a homogenous reaction mixture and made for 

a more effective amidination as shown in Scheme 5.7, in Route B.  Although the 

presence of the tetrahedral boron species 502a’ still forms the amidine product 

(Route A), the overall yield of the desired amidine product 502 is lower than in Route 

B.  With the presence of water as a byproduct in the reaction to form 502a, it was 

beneficial to produce the dehydrated boronate ester 502a prior to the addition of the 

nitrile. 

 

5.2.4 Solvent 

The next issue that needed to be addressed was the optimum solvent.  CH3CN could 

not be used, as it reacted to form the first amidine product 501.  Thus a range of 

solvents with similar polarity and protic properties to CH3CN were tested.  These 

solvents are listed in Table 5.2, entries 7-11, along with a summary of the reaction 

outcome. 

 

When the reaction was run in toluene, it did not proceed and the starting materials 

were recovered (Table 5.2, entry 7).  The reaction in DMF (Table 5.2, entry 8) did not 
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proceed as expected, and another byproduct was visualised on TLC.  After 

spectroscopic data was obtained, it was determined that this product was the 

amidine boronate dimer 507.  The structure for 507 was confirmed via X-ray 

crystallography, with the results shown in Figure 5.4.  

 
Figure 5.4: X-ray crystallographic diagram of the amidine 507.  The ChemDraw Ultra™ 

structure of 507 is included for clarity. 

We hypothesised that the 2-APBA was forming an amide 507a with the DMF solvent 

under the reaction conditions (Table 5.2, entry 8), as a new spot was observed via 

TLC analysis.  Hypothesised to be an artefact of the recrystallisation process, the di-

amine product 507b was then dehydrated to give the highly cyclic amidine dimer 

crystalline 507 product (Scheme 5.8). 

 
Scheme 5.8: Proposed mechanism in the formation of the dehydrated amidine dimer 

507. 

When exploring the use of alternative solvents it was questioned whether the 

reaction could also be simplified in terms of the diol.  If MeOH was used a solvent 

then it would form the methoxy boronate ester species (Figure 5.5), where the 

hydroxyl groups on the boron species are converted to the methoxy groups.  Could 

this increase the Lewis acidity of the boronic acid enough to push the amidination to 
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occur, similar to when the boronic acid binds to the diol?  After multiple attempts at 

mixing 2-APBA with different nitriles in MeOH at 343 K for 2 hours however (Table 

5.2, entries 9 and 10), the reaction did not produce the amidine product.   

 
Figure 5.5: The methoxy boronate ester species, produced from mixing 2-APBA with 

MeOH at room temperature. 

The formation of the boronate methoxy ester (Figure 5.5) did occur, but did not 

increase the Lewis acidity enough to push the formation of the desired amidine 

product.  During this study further investigations were conducted to assess the 

optimum amount of nitrile in the reaction: stoichiometric, excess with solvent or 

excess and heat.  A control reaction was performed in a MeOH:CH3CN (2:1) solvent 

system with 2-APBA, but the reaction failed to produce any amidine product and it 

was confirmed via 1H NMR that the crystalline material forming was only the methoxy 

boronate ester (Figure 5.5).  After multiple attempts, it become clear that the amidine 

product 501 formed only when the nitrile was in excess (neat). It was considered that 

by saturating the boronate ester in the nitrile, the amine is it forced to act as a 

nucleophile and react.   

 

Multiple first generation amidine analogues were synthesised as shown in Table 5.1, 

recrystallised for purification purposes and in some cases X-ray crystallography data 

was obtained (see Appendix 3).  All amidine analogues were analysed and 

confirmed via spectroscopic methods including 1H, 13C and MS (See Experimental 

Section 5.9.1).   

 

5.2.5 The boron catalyst  

A variety of control reactions were also carried out to evaluate the mechanism of 

action of the boronic acid moiety, in terms of its catalytic properties.  More 

specifically, it needed to be determined whether the boron species as a catalyst was 

required to be directly conjugated to the amine and/or as a free participating agent, 

see Table 5.3.   
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Table 5.3: A variety of control reactions with connected boronic acid catalysts and 

intermolecular catalysts. 

No reaction was observed in the absence of the boron catalyst or in the presence of 

an intermolecular boron catalyst species.  These results (Table 5.3, entries 1 and 3) 

indicate that the boron must be connected to the amine substrate in order to exert its 

reactive effects on the amine functionality.  It was suggested for the intramolecular 

reaction to proceed that the boronic acid species had to have an adjacent (ortho-) 

conformation to the amine to cause a large enough effect on the nucleophilicity of 

the nitrogen in the amine.  To test this hypothesis, control reactions were conducted 

with both the para and meta–substituted boronic acids (Table 5.3, entries 2 and 4-7).  

None of these boronic acid species reacted to form the desired product.  This 

supports the proposition that the boronic acid needs to be ortho to the amine. 

 

5.3 Amidine boronates for triazole formation 

The amidine formation was a relatively simple and direct reaction to produce the 

desired amidine product in good yield.  This amidine reaction was used to generate a 

second generation of amidine derivatives containing alkyne functionality (Scheme 

5.9).  The purpose of the alkyne containing amidine derivative was to be utilised in a 

[3+2] cycloaddition with an azido-sugar as detailed in Chapter 2.  The first alkyne 

starting material used in the amidination was 3-phenyl-2-propynenitrile, due to its 

availability and stability with the presence of an aromatic ring.  One of the initial 

observations was that the chemical reactivity of the nitrile was dramatically changed, 

when conjugated to an alkyne.  Unfortunately due to the weakly nucleophilic nature 

of 3-phenyl-2-propynenitrile in the amidination reaction and it’s ability to delocalise 

and stabilise it’s electrons around the ring, the desired amidine analogue 3-

Entry Amine Nitrile Diol Boron Catalyst Outcome
1 Aniline Benzonitrile None None No reaction
2 Aniline 4-CPBA2 Catechol Intra3 - 4-CPBA No reaction
3 Aniline Benzonitrile None lnter4 - Boric acid No reaction
4 2-APBA Acetonitrile Catechol Intra3 - 2-APBA Amidine formation
5 2-APBA Acetonitrile None Intra3 - 2-APBA No reaction
6 3-APBA1 Acetonitrile None Intra3 - 3-APBA No reaction
7 3-APBA1 Acetonitrile Catechol Intra3 - 3-APBA No reaction

1 3-aminophenylboronic acid
2 4-cyanophenylboronic acid
3 Intramolecular catalyst
4	Intermolecular	catalyst

Ar NH2 + R N
"Boron Catalyst"

N
H

NH
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phenylpropiolimidine 209 was unable to be synthesised to a yield greater than ~10% 

using the general method of synthesis (Scheme 5.9). 

  
Scheme 5.9: The synthesis of amidine derivative 209 containing alkyne analogue for 

future boron templated triazole formation. 

Another method used to synthesise the 3-phenyl alkyne derivative 209 was a 

crystallisation process where the reaction mixture was left to crystallise at 279 K.  

The melting point of the 3-phenyl-2-propynenitrile starting material ~313 K, made the 

crystallisation process hard to control as the compound solidifies quickly at room 

temperature.  This physical characteristic of the nitrile made it difficult to obtain 

sufficient yields of amidine product 209 even to be used as seeds to push the 

crystallisation process.  However, this problem was overcome by using an excess of 

3-phenyl-2-propynenitrile (10 mol equivalent) with 2-APBA (1 mol equivalent) and 

salicylic acid (1 mol equivalents) in a small amount of EtOH (0.5 mL).  This kept the 

3-phenyl-2-propynenitrile in a liquid state to allow for the crystalline material to form 

after multiple weeks at room temperature.  Small ‘cube-like’ crystals formed within 

the reaction mixture.  The preliminary MS and IR analysis indicated that the amidine 

functionality of 209 was present within the sample.  However X-ray crystallography 

could not be obtained, as the material was not crystalline (‘soap-like’ consistency) 

and the diffraction data was inconclusive.  

 

5.4 The Lewis acidity of boron 

By investigating the complications observed in the 3-phenyl-2-propynenitrile 

amidination, it was suggested that the low yield of the reaction could be enhanced if 

the Lewis acidity of the boron species could be increased to allow for the more 

nucleophilic nitriles to be utilised.  Boron is known to react quite rapidly with 

fluorine142 to produce the di- or tri-fluorinated boron species (Scheme 5.10).  The di-

fluorinated boronic acid species is more reactive due to an increase in the Lewis 

acidity of the boron moiety versus the simple boronate salicylate ester. However, as 

discussed (See Section 5.2.3) if the Lewis acidity increases to a point where the 
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amine becomes protonated, forming the ammonium ion, the reaction will not 

proceed.     

 
Scheme 5.10: Using di-fluorinated boron species 508a in the amidination reaction. 

5.4.1 Fluorination 

Following on from this, the hypothesis was to use fluorine to increase the catalytic 

activity of the boronate species in comparison with the catalytic activity of the 

boronate diol ester.  Fluorination readily produces both the di and tri-fluorinated 

species, however it was proposed that if the reaction depicted in Scheme 5.10 

proceeded to produce the reactive di-fluorinated intermediate 508a in situ it could 

then potentially react with more electron-rich nitriles, as the rate-limiting step is the 

attack of the amine, for example 3-phenyl-2-propynenitrile.  Hypothesising that the 

strong Lewis acids would increase the boron species affinity for the nitrile.  This 

allows the nitrile and boron to participate in a Lewis acid/base co-ordination, thus 

initiating the boron’s catalytic activity and allowing the amidination to occur.  

However if the fluorination continued to form the tri-fluorinated species 508b the 

amine would become protonated to balance the negative charge on the boron thus 

inhibiting the reaction (Scheme 5.10) as described (See Section 5.2.3).    

 

To explore this 2-APBA was mixed at 338 K with 2 molar equivalence of TBAF, in 

CH3CN (Scheme 5.11).  The TBAF was added slowly in small aliquots to allow for 

sufficient saturation, and also to maximise the control on the reaction in terms of 

forming the desired di-fluorinated boronic acid 508a.  After 4 hours of TLC 

monitoring, the reaction mixture was water washed and concentrated in vacuo.   
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Scheme 5.11: Fluorination of 2-APBA to push the amidination reaction with CH3CN to 

give amidine product 508. 

The TLC showed the presence of two new reaction products. MS analysis of the 

crude reaction mixture showed the presence of a possible mono-fluoride substituted 

boronic acid.  The 1H NMR spectrum of the crude material in DMSO however proved 

to be inconclusive.  Although attempts were made, the issue with this reaction was 

the inability to control the formation of the di-fluorinated species 508a.  In future 

studies it would be worth investigating methods that would allow for the formation of 

di-fluorinated species 508a to be controlled, for example the adjustment of pH 

conditions.     

 

5.5 Diamidination  

Another application of the amidination reaction was used to develop the bis-boronate 

receptor 509 from dicyanobenzene, through di-amidination with 2-APBA (Scheme 

5.12).  The proposed synthesis occurring ‘in one pot’ would potentially produce a 

relatively complex nitrogen-containing molecule in a relatively simple manner.  

 
Scheme 5.12: Di-amidination synthesis to develop a bis-boronate receptor 509 from 

dicyanobenzene. 

When rationalising the mechanism of this di-amidination reaction, two major 

restrictions were identified.  Firstly, the delocalisation and polarisation of the 

dicyanobenzene molecule would be a problem.  As seen in previous attempts with 

the benzonitrile (See Section 5.2.1), it was difficult to get sufficient reacted product 

due to the delocalisation within the benzonitrile.  Thus, a reasonable conclusion 

implies it may be difficult to get this molecule to react twice during the di-amidination.  

The steric hindrance in the molecule also becomes greater after one amidination, 

this too would also hinder the second amidination reaction.  Finally, with the addition 
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of 2 molar equivalents of 2-APBA required in the reaction it was a concern that the 

basicity of the reaction mixture would get too high and inhibit the reaction.   

 

In the event, one molar equivalent of 2-APBA was added to a mixture of 

dicyanobenzene (1 mol equivalent) in MeOH at 338 K (Scheme 5.11).  This was 

allowed to stir for 4 hours and monitored via TLC.  After 4 hours, it was observed that 

only unreacted starting material remained and the pH had not changed from 5.5, 

since the addition of the 2-APBA.  The second aliquot of 2-APBA (1 mol equivalent) 

was added, dropping the pH to 4.5 and indicating that the basicity hypothesis of the 

reaction was not as significant as previously suggested.  The mixture was stirred 

overnight at 338 K and following TLC analysis, it was evident that the reaction 

mixture remained as unreacted starting materials.   

 

MeOH was chosen as the solvent not only to simplify the reaction as detailed in the 

chapter (See Section 5.2.4), but also to decrease the steric bulk in comparison to 

what would occur if salicylic acid were used as the diol-binding agent.  The desired 

di-amidination product 509 however, was not produced.  It was proposed that the 

MeOH was not increasing the Lewis acidity of the boronate ester enough to facilitate 

the amidination.  Therefore EtOH was used as the solvent, as it was a feasible 

choice with a little more bulk to increase the Lewis acidity of the boron and a higher 

boiling point to allow heat to be applied to the reaction.    

 

After 4 hours refluxing in EtOH, the TLC analysis indicated that the ethyl group was 

not bulky enough.  Therefore, catechol was added in a 2 molar equivalent to facilitate 

the reaction product 509 formation.  Within a couple of minutes of adding the 

covalent binding agent a precipitate formed.  MS analysis was performed on an 

aliquot of the solid material and showed the presence of the mono-boronate amidine 

product.  After a further 3 hours, the second 2-APBA was still unreactive and unable 

to perform the second amidination.  Further work needs to be conducted on this 

reaction, as the formation of the mono-boronate demonstrates the reaction does 

work under in those conditions.  The next step is to investigate what is further 

required to decrease the activation energy of the reaction to push the formation of 

the di-boronate amidine product 509.   

  



	 196 

5.6 Imidate Analogues 

An extension of utilising the boronic acid functionality in the amidination was to see if 

the nucleophilic amine on the 2-APBA could be replaced with a nucleophilic alcohol 

group to form a possible imidate functionality 510 (Scheme 5.13). 

 
Scheme 5.13: Proposed scheme for the formation of the imidate derivative 510. 

The same general method of synthesis (See Experimental Method 5.9.1) was used 

in the initial attempt of the imidate formation 510 (Scheme 5.13), using the same diol 

salicylic acid and the nitrile CH3CN.  By attempting the reaction in the same 

conditions this allowed for a simple comparison of the amidine and imidate 

mechanism of action and assessment of the reaction conditions.  The reaction 

mixture was heated to 343 K for 2-3 hours, and monitored via TLC analysis.  The 

analysis indicated that the reaction mixture contained the boronate ester 510a, 

however, the reaction had not proceeded to produce the desired imidate product 

510.  The reaction mixture was cooled to 279 K and allowed to crystallise for a week.  

A crystalline material was recovered from the reaction mixture.  However, MS 

analysis indicated that the reaction had not produced the desired imidate product 

510, and that the fine, clear crystals were unreacted 2-hydroxyphenylboronic acid 

starting material.   

 

This preliminary test of the imidate reaction could suggest that the oxygen 

functionality is not as good of a nucleophile as the nitrogen in the amine (2-APBA) or 

reactive enough to form the imidate derivative under these reaction conditions.  

Further investigations will need to be conducted to assess whether the mechanism 
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of action for the amidine formation, utilising the boronic acid moiety, can be applied 

to push the formation of the imidate 510.          

   

5.7 Boron template triazole formation 

5.7.1 Attempted boron templated triazole formation 

A proof of concept boron template triazole formation reaction was conducted 

between the 3-phenyl amidine derivative 209 and the 6-azido galactoside 202, as 

shown Scheme 5.14. 

 
Scheme 5.14: The boron templated triazole formation between 3-phenyl amidine 

derivative 209 and the 6-azido galactoside 202, to give 511. 

The two key reactants were mixed together in H2O at room temperature and the 

reaction was monitored via TLC.  It was proposed that H2O would support the 

exchange of the salicylic acid with the sugar derivative 202 on the boronic acid in 

derivative 209.  After 5 days, the TLC analysis indicated that no reaction had 

occurred, with the presence of only starting materials being detected.   

 

There may be a number of factors inhibiting the formation of the desired triazole 

product 511.  Firstly the phenyl ring conjugated to the alkyne in the 3-

phenylpropiolimidine derivative 209 creates steric hindrance and may decrease the 

accessibility of the alkyne to push the formation of the triazole 511 (Scheme 5.14).  

Secondly, the phenyl ring in 209 also changes the electrochemical properties of the 

alkyne with the aromaticity adjacent to the alkyne causing delocalisation effects in 

comparison to the larger polarised reactivity of a terminal alkyne functionality.   

 

Finally, solubility issues were experienced with the 3-phenylpropiolimidine 209 

derivative.  The reaction was initially a suspension, however, as the reaction time 
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preceded the reaction mixture started to become clear.  It was postulated that this 

observed effect might indicate that the reaction started to form the boronate ester 

intermediate 511a with the 6-azido galactoside 202 (Scheme 5.14).  The covalent 

binding between the boronic acid and the sugar-diol moiety, which formed the boron-

sugar complex 511a, would draw the amidine into the H2O solvent.  This would 

theoretically induce the intramolecular triazole formation to occur, giving 511.  

Unfortunately this was not the case, and TLC and MS analysis indicated that no 

reaction had occurred, with the presence of only unreacted starting materials and 

visible on TLC, and the boronate ester intermediate 511a methyl adduct present in 

the MS analysis.  

 

The triazole template reaction shown in Scheme 5.14 was also attempted in MeOH 

at room temperature.  After 2 hours the reaction mixture was analysed via MS and 
1H NMR.  This analysis indicated that both unreacted starting materials remained 

within the reaction mixture, with the possibility of the 3-phenyl amidine derivative 209 

degrading in the MeOH.   
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5.8 Conclusion and Future directions 

5.8.1 Conclusion 

This chapter has reported a new simple, easily accessible and relatively high yielding 

synthesis of amidines in mild reaction conditions.  X-ray crystallography data was 

obtained for several of the novel amidine products.   

 

5.8.2 Future directions   

As detailed in this chapter, during the amidation of 2-APBA with salicylic acid an 

interesting and exciting byproduct was produced.  The next phase of this project 

should continue to develop a wider array of amidine analogues that may be used as 

carbohydrate receptors.  With many heterocyclic natural products containing multiple 

nitrogens, the ability to synthesise amidines under relatively mild conditions provides 

an important and different synthetic pathway within the fields of medicinal chemistry 

and natural product synthesis.    
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5.9 Experimental 

A general experimental has been detailed in Chapter 2. 

5.9.1 Amidine boronates for template triazole formation 

General Method of amidination of 2-APBA synthesis 

To a neat solution of nitrile (2 mL, 10 mmol), salicylic acid (9.7 mg, 0.1 mmol) and 2-

APBA were added (10.0 mg, 0.1 mmol) and stirred at 343 K for 2 hours, monitoring 

via TLC (DCM:MeOH, 10:1, Rf 0.28).  The reaction mixture is then concentrated 

down in vacuo or allowed to crystallise out of solution, to give the desired amidine 

product as crystalline solid in 5% - 95% yield. 

 

Acetimidine 501/502 (Catechol (501) and Salicylic acid (502), respectively) 

 
Yield 33% and 68% (respectively).  Clear crystalline solid; Catechol bound: 1H NMR 

(DMSO solution): δ: 2.30 (s, 3H, CH3), 6.48 (d, 2H, ArH), 6.52 (d, 2H, ArH), 6.99 (m, 

2H, ArH), 7.30 (m, 2H, ArH), 9.19 (s, 1H, NH), 11.04 (s, 1H, C=NH).  13C NMR 

(DMSO solution): δ: 19.97, 39.33, 39.42, 39.54, 39.75, 39.96, 40.17, 40.38, 40.59, 

108.06, 114.31, 115.28, 116.12, 117.75, 117.94, 119.72, 124.61, 128.19, 129.25, 

132.53, 138.60, 153.06, 157.73.  Salicylic acid bound: 1H NMR (400 MHz, DMSO 

solution): δ: 2.33 (s, 3H, CH3), 6.76 (dd, J = 8.2, 1.0 Hz, 1H, ArH), 6.86 (td, J = 7.5, 

1.1 Hz, 1H, ArH), 7.08 (m, 2H, ArH), 7.29 (t, J = 7.4 Hz, 2H), 7.40 (ddd, J = 8.3, 7.2, 

1.8 Hz, 1H), 7.78 (dd, J = 7.7, 1.8 Hz, 1H), 9.38 (s, 1H, NH), 11.16 (s, 1H, C=NH).  

ESMS (m/z) [M-] observed 250.5, calculated [C14H12BN2O2] 251.07.  Boron isotopes: 

B10 23.6% and B11 76.4%. [M+Na++H] observed 228.8, calculated [C10H15BN2NaO2] 

229.04.  Boron isotopes B10 28.7% and B11 71.3%. 
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3-methoxy-propanimidine 503 (Salicylic acid bound) 

 
Yield 60%. Clear crystalline solid; 1H NMR (400 MHZ, DMSO solution): δ: 2.51 (s, 

3H, CH3) 2.83 (t, J = 6.2 Hz, 2H, CH2), 3.71 (t, J = 6.2 Hz, 2H, CH2), 6.76 (dd, J = 

8.2, 1.0 Hz, 1H, ArH), 6.86 (td, J = 7.5, 1.1 Hz, 1H, ArH), 7.10 (m, 2H, ArH), 7.28 (dd, 

J = 7.5, 1.4 Hz, 2H, ArH), 7.40 (ddd, J = 8.3, 7.2, 1.9 Hz, 1H, ArH), 7.78 (dd, J = 7.8, 

1.8 Hz, 1H, ArH), 9.40 (s, 1H, NH), 11.17 (s, 1H, C=NH).  13C NMR (100 MHz, 

DMSO solution): δ: 26.00, 58.38, 69.52, 115.28, 116.42, 118.67, 118.93, 125.07, 

128.31, 129.81, 131.79, 135.00, 137.76, 159.82, 160.20, 163.62.  ESMS (m/z) [M-] 

observed 322.3, calculated [C17H16BN2O4] 323.1.  Boron isotopes: B10 22.9% and B11 

77.1%. [M+Na++H] observed 346.5, calculated [C17H16BN2NaO4] 346.12.  Boron 

isotopes B10 20.7% and B11 79.3%. 

 

2-bromo-acetimidine (504) (Salicylic acid bound) 

 
Yield 95%. Clear crystalline solid; 1H NMR (400 MHZ, DMSO solution): δ: 4.42 (s, 

2H, CH2), 6.75 (d, J = 8.2 Hz, 1H, CH), 6.86 (t, J = 7.4 Hz, 1H. ArH), 7.08 (td, J = 

7.0, 1.6 Hz, 1H, ArH), 7.30 (m, 3H, ArH), 7.39 (m, 2H, ArH), 7.77 (dd, J = 7.7, 1.9 Hz, 

1H, ArH), 9.08 (s, 1H, NH), 11.04 (s, 1H, C=NH).  13C NMR (100 MHZ, DMSO 

solution): δ: 26.01, 39.78, 116.23, 117.67, 118.92, 125.60, 128.31, 129.86, 131.80, 

135.16, 137.76, 156.82, 160.20, 161.41, 163.61.  ESMS (m/z) [M-] observed 306.5 

and 308.5, calculated [C10H14BBrN2NaO2] 307.9 (without salicylic acid bound).  

Boron isotopes: B10 23.6% and B11 76.4%.  Bromine isotope present Br79 and Br81 

present.  
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Benzimidamidine (505) (Salicylic acid bound) 

 
Yield 21%. Clear crystalline solid; 1H NMR (400 MHz, DMSO solution): δ: 6.77 (dd, J 

= 8.2, 1.0 Hz, 1H), 6.85 (td, J = 7.5, 1.1 Hz, 1H, ArH), 6.99 (dd, J = 8.5, 7.3 Hz, 1H, 

ArH), 7.10 (m, 1H, ArH), 7.30 (m, 3H, Ph(ArH)), 7.39 (m, 1H, ArH), 7.61 (m, 3H, 

ArH), 7.68 (t, J = 1.4 Hz, 1H, ArH), 7.77 (d, J = 1.8 Hz, 1H, ArH), 7.79 (s, 1H, ArH), 

8.02 (m, 1H, ArH), 9.80 (s, 1H, NH), 11.45 (s, 1H, C=NH).  13C NMR (100 MHz, 

DMSO solution): δ: 114.31, 116.34, 116.84, 118.46, 118.58, 125.41, 128.41, 128.72, 

129.23, 129.64, 130.19, 131.00, 131.43, 132.41, 132.97, 133.55, 134.92, 138.23, 

157.69, 160.29, 163.66.  ESMS (m/z) [M-] observed 341.0, calculated [C20H15BN2O3] 

342.16.  Boron isotopes: B10 22.3% and B11 77.7%.  

 

3-phenylpropiolimidine 209 (Salicylic acid not bound) 

 
Yield <8.0%.  Yellow oil; IR νmax (liquid film): 2186 cm-1. 1H NMR (400 MHz, DMSO + 

D2O solution): δ: 4.57 (d, J = 1.7 Hz, 1H, NH), 6.44 (td, J = 7.3, 2.0 Hz, 1H, ArH), 

6.51 (d, J = 8.2 Hz, 1H, ArH), 7.04 (td, J = 7.6, 1.6 Hz, 1H, ArH), 7.13 (t, J = 7.4 Hz, 

1H, ArH), 7.25 (dd, J = 8.1, 3.8 Hz, 1H, ArH), 7.52 (m, 2H, ArH), 7.66 (td, J = 6.7, 1.8 

Hz, 2H, ArH).  13C NMR (100 MHz, DMSO + D2O solution): δ: 114.78, 121.92, 

122.89, 124.39, 128.25, 130.90, 131.23, 131.70, 135.83, 144.05, 154.78, 161.70, 

160.77.  ESMS (m/z) [M-] observed 290.0, calculated [C17H16BN2O2] 291.14 (without 

salicylic acid bound).  Boron isotopes: B10 22.2% and B11 77.8%. 
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Synthesis of byproduct produced from the attempted synthesis of 3-

phenylpropiolimidine (506) 

 
To a solution of 2-APBA (117.7 mg, 0.8 mmol), catechol (85.9 mg, 0.8 mmol) and 3-

phenyl-2-propynenitrile (100.0 mg, 0.8 mmol) was added to DMF (4 mL) at 338 K for 

5 hours.  After 5 hours no product had been produced via TLC (DCM:MeOH, 10:1) 

so the reaction mixture was increased to 383 K for 2 hours and monitored via TLC 

(DCM:MeOH, 10:1, Rf 0.08) with the formation of the byproduct as the only product 

of the reaction.  The reaction mixture was concentrated down in vacuo and the 

byproduct crystallised out of MeOH to produce flat disk like crystals (~20 mg, 9%).  
1H NMR (400 MHz, DMSO solution): δ: 2.57 (s, 1H, CH), 7.05 (m, 1H, ArH), 7.11 (td, 

J = 7.2, 1.2 Hz, 1H, ArH), 7.20 (dtd, J = 11.4, 7.4, 1.3 Hz, 2H, ArH), 7.47 (td, J = 7.6, 

1.6 Hz, 1H, ArH), 7.56 (m, 1H, ArH), 7.60 (d, J = 8.7 Hz, 1H, ArH), 7.70 (dd, J = 7.3, 

1.6 Hz, 1H, ArH), 8.42 (s, 1H, NH).  13C NMR (100 MHz, DMSO solution): δ: 115.56, 

118.19, 124.73, 125.13, 126.75, 131.41, 132.76, 133.97, 137.22, 145.88, 147.79.  

ESMS (m/z) [M-] observed 292.4, calculated [C15H15B2N2O3
-] 292.92.  Boron 

isotopes: 1st: B10 40.1% and B11 60.9%, 2nd: B10 5.0% and B11 95.0%.  
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6 General Conclusion 

The molecules described in this thesis will hopefully enable further growth within the 

area of bio-orthogonal labelling of cells and molecules, thus increasing the 

knowledge and technology that could be used in more advanced biological 

discoveries.  Improving the high-precision chemical modification of biomolecules in 

vitro, as well as real-time visualisation of molecules and processes in cells and live 

organisms would represent a significant advancement in human health.  

 

Although very fundamental, this research could be applied to a wide range of areas 

within targeting and creating azide glycan probes for cell-surface receptors.   The 

chemistry could easily be adapted to other cell-surface carbohydrates containing 

similar diol component.  These molecules will allow more innovative and constructive 

approaches of developing drugs for fatal diseases.  Therapies that are toxic to the 

human system as well as the disease can be administered more productively as 

minimal side effects will be evident if the drug is able to target the particular active 

site efficiently and quickly.  
 

 
Figure 6.1: (Reproduced image (Section 1.7)) A diagrammatic representation of the two 

general concepts boron will be used in inducing intramolecularity. 

Overall the work presented in this thesis has contributed to the broader scientific 

community, by demonstrating the versatility and application of boron in organic 

chemistry as shown in Figure 6.1.  The metalloid element shows promise in a wide 

range of chemical applications with its catalytic activity by binding to diol through 
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covalent interactions.  This research has demonstrated multiple applications in 

developing boron-based receptors by utilising the diol binding for cell-surface 

carbohydrates (Figure 6.1).  
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Appendix 1  

Chapter 2  

• Selected spectra of modified carbohydrates 

• Selected spectra of ethynylbenzoboroxole derivatives 

• Selected spectra of 1,2,3-triazole cycloaddition derivatives with β-anomer 
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Appendix 2 

Chapter 4 

• Spectra of 2-aminophenylboronic acid dehydrated dimer (DMSO) 

• Spectra of 2-aminophenylboronic acid hydrated monomer (DMSO, D2O 

exchange) 

• Spectra of 5-nitrosalicylate amide crystals  

• Selected 11B NMR spectra of amides 
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Appendix 3 

Chapter 5 

• Selected spectra of amidines 
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Appendix 4 

• X-ray crystallography experimental 

• Ortep Diagrams 

	
	
	

	

	

	

	

	

	

	

	

	

	

	

	

	



	

X-ray crystallography data 

Crystal data for 1.  C15H11BN2O6. M = 326.1, monoclinic, space group P21/n, a = 

8.6642(4), b = 11.2685(8), c = 16.0267(10) Å, β = 101.689(6)o, U = 1532.3(2) Å3, Z = 

4, Dc = 1.41 g cm-3, µ = 0.110 mm-1, Crystal size: 0.30 × 0.20 × 0.20 mm.  Tmin/max = 

0.89, 1.00. 67970 reflections collected, 4092 unique (Rint = 0.040), R = 0.068 [2187 

reflections with I > 2s(I)], wRF2 = 0.123 (all data). 

 

Crystal data for 2.  C15H16BN2O3. M = 280.1, monoclinic, space group P21/c, a = 

11.2723(8), b = 11.6971(6), c = 10.6896(6) Å, β = 101.099(6)o, U = 1383.1(2) Å3, Z = 

4, Dc = 1.34 g cm-3, µ = 0.094 mm-1, Crystal size: 0.35 × 0.25 × 0.15 mm.  Tmin/max = 

0.99, 1.00. 6482 reflections collected, 3718 unique (Rint = 0.027), R = 0.058 [2422 

reflections with I > 2s(I)], wRF2 = 0.174 (all data). 

 

Crystal data for 3.  C15H13B2N2O3. M = 293.9, monoclinic, space group P21/c, a = 

11.3834(13), b = 10.8026(9), c = 12.7677(10) Å, β = 103.589(10)o, U = 1526.1(3) Å3, 

Z = 4, Dc = 1.33 g cm-3, µ = 0.087 mm-1, Crystal size: 0.24 × 0.19 × 0.10 mm.  Tmin/max 

= 0.11, 1.00. 6288 reflections collected, 4066 unique (Rint = 0.064), R = 0.081 [2170 

reflections with I > 2s(I)], wRF2 = 0.217 (all data). 

 

Crystal data for 4.  C14H13BN2O2.H2O M = 270.1, monoclinic, space group P21/c, a = 

7.0763(5), b = 9.3343(7), c = 20.5929(14) Å, β = 92.821(7)o, U = 1358.6(2) Å3, Z = 4, 

Dc = 1.33 g cm-3, µ = 0.093 mm-1, Crystal size: 0.47 × 0.37 × 0.34 mm.  Tmin/max = 

0.97, 1.00.  8052 reflections collected, 3760 unique (Rint = 0.024), R = 0.051 [2877 

reflections with I > 2s(I)], wRF2 = 0.185 (all data). 

 

ORTEP Diagrams 
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X-ray crystallography supplementary material 

 

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	



	

	
	
	

	

checkCIF/PLATON report 

You have not supplied any structure factors. As a result the full set of tests cannot be run.

THIS REPORT IS FOR GUIDANCE ONLY. IF USED AS PART OF A REVIEW PROCEDURE
FOR PUBLICATION, IT SHOULD NOT REPLACE THE EXPERTISE OF AN EXPERIENCED
CRYSTALLOGRAPHIC REFEREE.

No syntax errors found.        CIF dictionary        Interpreting this report

Datablock: 1_1095th18 

Bond precision: C-C = 0.0031 A Wavelength=0.71070

Cell: a=8.6642(4) b=11.2685(8) c=16.0267(10)
alpha=90 beta=101.689(6) gamma=90

Temperature: 220 K

Calculated Reported
Volume 1532.28(16) 1532.28(16)
Space group P 21/n P 21/n 
Hall group -P 2yn -P 2yn 
Moiety formula C15 H11 B N2 O6 C15 H11 B N2 O6
Sum formula C15 H11 B N2 O6 C15 H11 B N2 O6
Mr 326.07 326.07
Dx,g cm-3 1.413 1.413
Z 4 4
Mu (mm-1) 0.110 0.110
F000 672.0 672.0
F000’ 672.39
h,k,lmax 12,16,22 12,15,22
Nref 4702 4092 
Tmin,Tmax 0.974,0.978 0.890,1.000
Tmin’ 0.968

Correction method= # Reported T Limits: Tmin=0.890 Tmax=1.000
AbsCorr = MULTI-SCAN

Data completeness= 0.870 Theta(max)= 30.550

R(reflections)= 0.0679( 2187) wR2(reflections)= 0.1230( 4092)

S = 1.031 Npar= 222

The following ALERTS were generated. Each ALERT has the format
       test-name_ALERT_alert-type_alert-level.
Click on the hyperlinks for more details of the test.



	

	
	
	
	

 Alert level B
PLAT430_ALERT_2_B Short Inter D...A Contact  O4     ..  O4      ..       2.83 Ang.  

   0 ALERT level A = Most likely a serious problem - resolve or explain
   1 ALERT level B = A potentially serious problem, consider carefully
   0 ALERT level C = Check. Ensure it is not caused by an omission or oversight
   0 ALERT level G = General information/check it is not something unexpected

   0 ALERT type 1 CIF construction/syntax error, inconsistent or missing data
   1 ALERT type 2 Indicator that the structure model may be wrong or deficient
   0 ALERT type 3 Indicator that the structure quality may be low
   0 ALERT type 4 Improvement, methodology, query or suggestion
   0 ALERT type 5 Informative message, check

Datablock: 2_1110th19 

Bond precision: C-C = 0.0031 A Wavelength=0.71070

Cell: a=11.2723(8) b=11.6971(6) c=10.6896(6)
alpha=90 beta=101.099(6) gamma=90

Temperature: 223 K

Calculated Reported
Volume 1383.10(15) 1383.10(15)
Space group P 21/c P 21/c 
Hall group -P 2ybc -P 2ybc 
Moiety formula C15 H13 B N2 O3 C15 H13 B N2 O3
Sum formula C15 H13 B N2 O3 C15 H13 B N2 O3
Mr 280.08 280.08
Dx,g cm-3 1.345 1.345
Z 4 4
Mu (mm-1) 0.094 0.094
F000 584.0 584.0
F000’ 584.27
h,k,lmax 16,16,15 15,16,14
Nref 4207 3718 
Tmin,Tmax 0.972,0.986 0.991,1.000
Tmin’ 0.968

Correction method= # Reported T Limits: Tmin=0.991 Tmax=1.000
AbsCorr = MULTI-SCAN

Data completeness= 0.884 Theta(max)= 30.480

R(reflections)= 0.0585( 2422) wR2(reflections)= 0.1739( 3718)

S = 0.924 Npar= 199



	

	
	
	
	

The following ALERTS were generated. Each ALERT has the format
       test-name_ALERT_alert-type_alert-level.
Click on the hyperlinks for more details of the test.

 Alert level C
SHFSU01_ALERT_2_C  The absolute value of parameter shift to su ratio > 0.05
            Absolute value of the parameter shift to su ratio given   0.096
            Additional refinement cycles may be required.
PLAT080_ALERT_2_C Maximum Shift/Error ............................       0.10 Why ? 

   0 ALERT level A = Most likely a serious problem - resolve or explain
   0 ALERT level B = A potentially serious problem, consider carefully
   2 ALERT level C = Check. Ensure it is not caused by an omission or oversight
   0 ALERT level G = General information/check it is not something unexpected

   0 ALERT type 1 CIF construction/syntax error, inconsistent or missing data
   2 ALERT type 2 Indicator that the structure model may be wrong or deficient
   0 ALERT type 3 Indicator that the structure quality may be low
   0 ALERT type 4 Improvement, methodology, query or suggestion
   0 ALERT type 5 Informative message, check

Datablock: 3_1113th20 

Bond precision: C-C = 0.0043 A Wavelength=0.71070

Cell: a=11.3834(13) b=10.8026(9) c=12.7677(10)
alpha=90 beta=103.589(10) gamma=90

Temperature: 173 K

Calculated Reported
Volume 1526.1(3) 1526.1(3)
Space group P 21/c P 21/c 
Hall group -P 2ybc -P 2ybc 
Moiety formula C15 H16 B2 N2 O3 C15 H16 B2 N2 O3
Sum formula C15 H16 B2 N2 O3 C15 H16 B2 N2 O3
Mr 293.92 293.92
Dx,g cm-3 1.279 1.279
Z 4 4
Mu (mm-1) 0.087 0.087
F000 616.0 616.0
F000’ 616.27
h,k,lmax 16,15,18 15,15,17
Nref 4609 4066 
Tmin,Tmax 0.980,0.991 0.113,1.000
Tmin’ 0.979

Correction method= # Reported T Limits: Tmin=0.113 Tmax=1.000
AbsCorr = MULTI-SCAN



	

	
	
	

	

Data completeness= 0.882 Theta(max)= 30.360

R(reflections)= 0.0810( 2170) wR2(reflections)= 0.2174( 4066)

S = 1.045 Npar= 204

The following ALERTS were generated. Each ALERT has the format
       test-name_ALERT_alert-type_alert-level.
Click on the hyperlinks for more details of the test.

 Alert level C
PLAT230_ALERT_2_C Hirshfeld Test Diff for    O21    --  C15     ..        5.5 su    
PLAT340_ALERT_3_C Low Bond Precision on  C-C Bonds ...............     0.0043 Ang.  
PLAT601_ALERT_2_C Structure Contains Solvent Accessible VOIDS of .         51 Ang3  

   0 ALERT level A = Most likely a serious problem - resolve or explain
   0 ALERT level B = A potentially serious problem, consider carefully
   3 ALERT level C = Check. Ensure it is not caused by an omission or oversight
   0 ALERT level G = General information/check it is not something unexpected

   0 ALERT type 1 CIF construction/syntax error, inconsistent or missing data
   2 ALERT type 2 Indicator that the structure model may be wrong or deficient
   1 ALERT type 3 Indicator that the structure quality may be low
   0 ALERT type 4 Improvement, methodology, query or suggestion
   0 ALERT type 5 Informative message, check

Datablock: 4_1118th20 

Bond precision: C-C = 0.0025 A Wavelength=0.71070

Cell: a=7.0763(5) b=9.3343(7) c=20.5929(14)
alpha=90 beta=92.821(7) gamma=90

Temperature: 200 K



	

	
	

	

Calculated Reported
Volume 1358.56(17) 1358.56(17)
Space group P 21/c P 21/c 
Hall group -P 2ybc -P 2ybc 
Moiety formula C14 H13 B N2 O2, H2 O C14 H13 B N2 O2, H2 O
Sum formula C14 H15 B N2 O3 C14 H15 B N2 O3
Mr 270.09 270.09
Dx,g cm-3 1.321 1.325
Z 4 4
Mu (mm-1) 0.092 0.093
F000 568.0 568.0
F000’ 568.26
h,k,lmax 10,13,29 10,13,29
Nref 4282 3760 
Tmin,Tmax 0.960,0.969 0.970,1.000
Tmin’ 0.957

Correction method= # Reported T Limits: Tmin=0.970 Tmax=1.000
AbsCorr = MULTI-SCAN

Data completeness= 0.878 Theta(max)= 30.850

R(reflections)= 0.0514( 2877) wR2(reflections)= 0.1855( 3760)

S = 0.654 Npar= 198

The following ALERTS were generated. Each ALERT has the format
       test-name_ALERT_alert-type_alert-level.
Click on the hyperlinks for more details of the test.

 Alert level C
GOODF01_ALERT_2_C  The least squares goodness of fit parameter lies
            outside the range 0.80 <> 2.00
            Goodness of fit given =      0.654
PLAT420_ALERT_2_C D-H Without Acceptor        N1     -   H1     ..     Please Check 

 Alert level G
PLAT072_ALERT_2_G SHELXL First  Parameter in WGHT Unusually Large.       0.17 Report
PLAT790_ALERT_4_G Centre of Gravity not Within Unit Cell: Resd.  #          2 Note  
              H2 O                                                              

   0 ALERT level A = Most likely a serious problem - resolve or explain
   0 ALERT level B = A potentially serious problem, consider carefully
   2 ALERT level C = Check. Ensure it is not caused by an omission or oversight
   2 ALERT level G = General information/check it is not something unexpected

   0 ALERT type 1 CIF construction/syntax error, inconsistent or missing data



	

	
	
	
	

   3 ALERT type 2 Indicator that the structure model may be wrong or deficient
   0 ALERT type 3 Indicator that the structure quality may be low
   1 ALERT type 4 Improvement, methodology, query or suggestion
   0 ALERT type 5 Informative message, check

checkCIF publication errors

 Alert level A
PUBL004_ALERT_1_A  The contact author’s name and address are missing,
            _publ_contact_author_name and _publ_contact_author_address.
PUBL005_ALERT_1_A  _publ_contact_author_email, _publ_contact_author_fax and
            _publ_contact_author_phone are all missing.
            At least one of these should be present.
PUBL006_ALERT_1_A  _publ_requested_journal is missing
            e.g. ’Acta Crystallographica Section C’
PUBL008_ALERT_1_A  _publ_section_title is missing. Title of paper.
PUBL009_ALERT_1_A  _publ_author_name is missing. List of author(s) name(s).
PUBL010_ALERT_1_A  _publ_author_address is missing. Author(s) address(es).
PUBL012_ALERT_1_A  _publ_section_abstract is missing.
            Abstract of paper in English.

   7 ALERT level A = Data missing that is essential or data in wrong format
   0 ALERT level G = General alerts. Data that may be required is missing

Publication of your CIF 

You should attempt to resolve as many as possible of the alerts in all categories. Often the minor
alerts point to easily fixed oversights, errors and omissions in your CIF or refinement strategy, so
attention to these fine details can be worthwhile. In order to resolve some of the more serious
problems it may be necessary to carry out additional measurements or structure refinements.
However, the nature of your study may justify the reported deviations from journal submission
requirements and the more serious of these should be commented upon in the discussion or
experimental section of a paper or in the "special_details" fields of the CIF. checkCIF was
carefully designed to identify outliers and unusual parameters, but every test has its limitations and
alerts that are not important in a particular case may appear. Conversely, the absence of alerts does
not guarantee there are no aspects of the results needing attention. It is up to the individual to
critically assess their own results and, if necessary, seek expert advice.

If level A alerts remain, which you believe to be justified deviations, and you intend to submit this
CIF for publication in a journal, you should additionally insert an explanation in your CIF using
the Validation Reply Form (VRF) below. This will allow your explanation to be considered as part
of the review process.

Validation response form

Please find below a validation response form (VRF) that can be filled in and pasted into your CIF.

# start Validation Reply Form
_vrf_PUBL004_GLOBAL
;
PROBLEM: The contact author’s name and address are missing,



	

	
	
	
	

RESPONSE: ...
;
_vrf_PUBL005_GLOBAL
;
PROBLEM: _publ_contact_author_email, _publ_contact_author_fax and
RESPONSE: ...
;
_vrf_PUBL006_GLOBAL
;
PROBLEM: _publ_requested_journal is missing
RESPONSE: ...
;
_vrf_PUBL008_GLOBAL
;
PROBLEM: _publ_section_title is missing. Title of paper.
RESPONSE: ...
;
_vrf_PUBL009_GLOBAL
;
PROBLEM: _publ_author_name is missing. List of author(s) name(s).
RESPONSE: ...
;
_vrf_PUBL010_GLOBAL
;
PROBLEM: _publ_author_address is missing. Author(s) address(es).
RESPONSE: ...
;
_vrf_PUBL012_GLOBAL
;
PROBLEM: _publ_section_abstract is missing.
RESPONSE: ...
;
# end Validation Reply Form

If you wish to submit your CIF for publication in Acta Crystallographica Section C or E, you
should upload your CIF via the web. If your CIF is to form part of a submission to another IUCr
journal, you will be asked, either during electronic submission or by the Co-editor handling your
paper, to upload your CIF via our web site.

PLATON version of 21/06/2015; check.def file version of 21/06/2015 



	

	
	
	
	

Datablock 1_1095th18 - ellipsoid plot



	

	
	
	
	

Datablock 2_1110th19 - ellipsoid plot



	

	
	
	
	

Datablock 3_1113th20 - ellipsoid plot



	

	
 

Datablock 4_1118th20 - ellipsoid plot


