
 

 
Design and synthesis of multivalent receptors 
towards the detection of biologically relevant 

carbohydrates 
 

by 

 

Alice Di Pasquale 
 
 

A thesis submitted to The University of Birmingham for the degree of  

DOCTOR OF PHILOSOPHY 

 

 
School of Chemical Engineering 

College of Physical Sciences and Engineering 

The University of Birmingham 

 

August 2021 

  



 
 
 
 

 
 
 
 
 

University of Birmingham Research Archive 
 

e-theses repository 
 
 
This unpublished thesis/dissertation is copyright of the author and/or third 
parties. The intellectual property rights of the author or third parties in respect 
of this work are as defined by The Copyright Designs and Patents Act 1988 or 
as modified by any successor legislation.   
 
Any use made of information contained in this thesis/dissertation must be in 
accordance with that legislation and must be properly acknowledged.  Further 
distribution or reproduction in any format is prohibited without the permission 
of the copyright holder.  
 
 
 

UNIVERSITYDF 
BIRMINGHAM 



2 
 

  



i 
 

Abstract 

Changes in the glycan phenotypes of cells is one of the main hallmarks of cancer. Glycans are 

carbohydrate chains linked to protein carriers, forming glycoproteins. Under or overexpression 

of glycans has been observed in cancer cells, alongside with expression of entirely new glycans. 

Many biomarkers currently employed in cancer diagnostics are proteins which are also 

expressed in benign conditions, resulting in high rates of false positive diagnoses and the 

associated negative consequences on patients. Conversely to currently employed protein 

biomarkers, there are particular glycoforms, expressed solely by cancer cells, which are tumour 

specific and therefore present great potential in cancer diagnostics. In particular, a higher degree 

of sialylation has been closely associated to cancer. This results in a higher expression of 

sialosides, glycans terminating with a sialic acid unit. The sialic acid unit is linked to the 

carbohydrate chain in α2-3 or α2-6 fashion with these glycoforms being expressed by altered 

and healthy cells, respectively. Thus, the selective detection of α2-3 sialosides, over the α2-6 

glycoforms, can be exploited in cancer diagnostics. Furthermore, sialic acid, in its unbound free 

form, is also a relevant biomarker for certain neurodegenerative diseases and alcoholism. As a 

result, sialic acid is an important saccharide, for which detection is key in a variety of 

pathological conditions.  

The detection of carbohydrates for diagnostics purposes can be achieved with natural or 

synthetic lectins. Among these, boron-based receptors, such as phenylboronic acids and 

benzoboroxoles, present the key advantage of forming covalent complexes with carbohydrates. 

Boron-based receptors have been known for decades for their sugar-binding properties and have 

been extensively employed as receptors for neutral monosaccharides. Nonetheless, there is no 

consensus in the literature with regards to the way these receptors bind to sialic acid. Therefore, 

it was pivotal to accurately identify the site via which boron-based receptors bind to sialic acid. 
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Different analogues of sialic acid were employed in calorimetric and spectroscopic studies 

allowing the unequivocal identification of the α-hydroxyacid group as the only site of binding. 

This key finding enabled the design and synthesis of small functionalised benzoboroxole 

receptors to selectively target this monosaccharide. In particular, the functionalisation with 

charged groups afforded benzoboroxole receptors which display up to a 4.5-fold activity 

compared to the non-functionalised benzoboroxole. This study resulted in a binding model 

being postulated highlighting the value of multiple cooperative interactions in sugar 

recognition.  

Following on from this, the focus was moved on the detection of small sialosides representing 

biologically relevant sialylated glycans. Sialylated trisaccharide epitopes, SAα2-3LacNAc and 

SAα2-6LacNAc, were enzymatically synthesised to be employed as target molecules. 

Furthermore, dynamic combinatorial chemistry (DCC) was reviewed as a technique for the 

generation of carbohydrate receptors. In order to target the aforementioned oligosaccharides, a 

scaffold-based approach was adopted to provide interactions with a high degree of 

multivalency. A peptidomimetic scaffold was designed and synthesised and a series of sugar-

binding small molecules were selected creating the foundations for the future application of the 

DCC approach in glycosensing.
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1. Chapter 1 - Introduction 

 

This Chapter focuses on introducing glycans and the receptors employed for their detection. 

Glycans are polysaccharide chains, which present a great variety of structures, attached to 

protein carriers forming glycoproteins. Changes in the glycan phenotype have been observed 

in all types of tumours and have been identified as a hallmark of cancer. Certain glycan 

modifications and particular sugar motifs have been closely associated to cancer and can be 

exploited as biomarkers in cancer diagnostics. Increased sialylation has been found in many 

different types of tumours providing a higher degree of glycans terminating with a sialic acid 

unit. The detection of glycans for diagnostic purposes can be achieved with natural or synthetic 

receptors. Lectins and antibodies are natural receptors which can afford reasonable selectivity, 

however they also present many disadvantages. Synthetic tools are generally preferred and have 

been extensively reviewed in this Chapter, including covalent and non-covalent receptors. 

Particular focus has been given to sialic acid detection, given its biological relevance as a free 

monosaccharide and as the terminating unit in glycans. Further to this, a brief overview on 

dynamic combinatorial chemistry, as a technique with potential to aid in receptor development, 

is provided. 

 

1.1 Glycans  

1.1.1 Composition and structure of glycans   

Glycans are oligo and polysaccharides, which can be found conjugated to protein and lipid 

scaffolds or as free chains, with key roles in many biological functions. Glycans are exposed 

on the surface of cells or secreted into the extracellular matrix (ECM)1. They mediate a series 
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of extracellular processes, such as cell to cell and cell to matrix recognition, cell activation, 

growth, adhesion, signal transduction and motility2. The carbohydrate motifs exposed on the 

cells surfaces also act as receptors for pathogens, such as viruses and bacteria3. The 

aforementioned cellular functions are a result of the interactions between glycans and lectins, 

which are proteins able to bind glycans present on the surface of cells or in the extracellular 

matrix. Furthermore, glycans are also involved in intracellular processes such as correct folding, 

activation, secretion and degradation of glycoproteins4.  

Glycans are carbohydrate chains formed by different combinations of 10 monosaccharides 

(Figure 1.1)5; glucose (Glc), N-acetyl glucosamine (GlcNAc), glucuronic acid (GlcA), 

galactose (Gal), N acetylgalactosamine (GalNAc), mannose (Man), xylose (Xyl), iduronic acid 

(IdoA), fucose (Fuc) and N-acetylneuraminic acid, also known as sialic acid (SA)6. 

 

 

 

Figure 1.1. Glycan-related monosaccharide structures and associated symbols.  

https://pubchem.ncbi.nlm.nih.gov/compound/Glc
https://pubchem.ncbi.nlm.nih.gov/compound/GlcNAc
https://pubchem.ncbi.nlm.nih.gov/compound/Gal
https://pubchem.ncbi.nlm.nih.gov/compound/GlcA
https://pubchem.ncbi.nlm.nih.gov/compound/GalNAc
https://pubchem.ncbi.nlm.nih.gov/compound/Man
https://pubchem.ncbi.nlm.nih.gov/compound/Xyl
https://pubchem.ncbi.nlm.nih.gov/compound/IdoA
https://pubchem.ncbi.nlm.nih.gov/compound/Fuc
https://pubchem.ncbi.nlm.nih.gov/compound/Neu5Ac
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The monosaccharides are linked one to the other in a post-translational process called 

glycosylation to form di-, oligo- or polysaccharides. The glycosylation is mediated by two main 

classes of enzymes: glycosyltransferases and glycosidases. The former enzymes catalyse the 

formation of the glycosidic linkage between two saccharide units, whilst the latter mediates the 

hydrolysation of the linkage. Each of the over 200 different types of glycosyltransferases 

catalyse the formation of a certain glycosidic linkage between specific sugar residues7. The 

glycosidic bonds are distinguished in α or β based on the stereochemistry of the anomeric 

carbon involved in the linkage8. For instance, GalNAc and GlcNAc are bound to the protein 

scaffold through a α and β linkage, respectively6. In addition, the glycosidic linkage can be 

formed with different hydroxyl groups of a given sugar, hence the formation of different 

isomers. For example, galactose can be linked through position 3 or position 6 to sialic acid, 

giving two different sialylated epitopes, the α2-3 and the α2-66. Furthermore, a certain sugar 

residue can be involved simultaneously in more than one glycosidic linkage, which results in 

branched glycans. For instance, a galactose residue can be linked simultaneously to a GalNAc 

and to a sialic acid unit through position 1 and 3, giving a branched epitope6. Following the 

glycosylation, the saccharide units can undergo modifications and groups such as phosphate, 

acetyl and sulfate are introduced. All of these processes are responsible for the great variety of 

glycans expressed by cells and thus for the immense information content stored, which is 

referred to as “sugar code”9. 

Furthermore, glycans bound to carrier molecules, proteins or lipids, form glycoconjugates 

consisting of glycoproteins and glycolipids, respectively. In glycoproteins the sugar chain is 

anchored to an asparagine residue, to form N-glycans, or alternatively to a serine or threonine 

residue to give O-glycans. Both N- and O-glycans can be linear or highly branched. The 

N-glycans are divided into high-mannose type, hybrid type and complex type (Figure 1.2). All 
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three types present the same core sequence formed by Man and GlcNAc residues10. The 

high-mannose type presents solely mannose units linked to the core, whilst other N-glycans are 

more heterogenic. The hybrid type N-glycans are mono- or bi-antennaries11, whilst the complex 

type are highly branched with up to six branches10. N-glycans have key roles in the biosynthesis 

of glycoproteins, in particular they aid the correct folding12. Conversely, mucins and 

proteoglycans are O-glycans. Mucins are highly branched and involved in cell adhesion and 

protection against pathogens13, whilst proteoglycans are linear and participate in cell-matrix 

interaction, growth and inflammation1. 

 

 

Glycolipids present the glycan epitopes linked to lipid scaffolds. Glycosphingolipids (GLS) are 

glycolipids with a sphingoid or a ceramide scaffold and are divided into neutral and acidic14. 

Neutral GLS include globosides and cerebrosides, whilst gangliosides and sulfatides are acidic 

GLS15. Gangliosides containing sialic acid residues, such as the GM1, are particularly relevant 

in the nervous system, where they participate in the upkeep of the system and in the neural 

transmission14. 

Figure 1.2. Structures of oligomannose, complex and hybrid N-glycans. 
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1.1.2 Glycans in cancer cells 

The change in the glycan phenotype of cancer cells is a hallmark alteration common to all types 

of tumours. The altered expression of glycans in cancer cells was first observed by Meezan 

et al.16. It was then established that aberrant glycosylation occurs in all types of cancer, although 

the type of alteration differs from tumour to tumour17. The alteration of glycans in cancerous 

cells includes under- or over-expression of glycans normally present in cells or, alternatively, 

expression of new glycan structures8. These modifications are caused by genetic and epigenetic 

dysregulation of glycogenes which control the expression of glycosyltransferases and 

glycosidases3. The alteration of glycans in glycoproteins or glycolipids results in 

conformational changes of the whole macromolecule causing variation in the biological 

functions6, including variation of cell to cell and cell to matrix interactions3. 

The above-described phenomena are the basis of all stages of the tumour progression: growth, 

proliferation, invasion, angiogenesis and metastasis1. The proliferation, or tumour growth, is 

caused by anomalous N- and O-glycans. For instance, modified gangliosides are responsible 

for the growth promotion in melanoma18, whilst heparan-sulfate proteoglycans modifications 

have been found to promote proliferation and invasion in pancreatic and ovarian cancers19. 

Following the proliferation phase, the malignant cells detach from the tumour mass and the 

extracellular matrix in order to migrate to different tissues1. In this second phase, the tumour 

invasion phase, the cell to cell and cell to matrix adhesion are disrupted by alteration of the 

glycans on the cell surface leading to higher cell mobility1. The main changes include increased 

multiantennary N-glycosylation and sialylation4. The increased sialylation reduces the cellular 

adhesion due to the repulsion present between negatively charged SA residues1. Hence, the 

detachment, release and invasion of the cancer cells20. Furthermore, the later stages of the 

tumour progression are also promoted by altered glycans. For instance, the formation of new 
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blood vessels, known as angiogenesis, is promoted by proteoglycans21. The metastatic process 

is mediated by O-glycans and specific lectins (e.g. siglecs, galectins and selectins) allowing the 

interaction of tumour cells with blood and epithelial cells22-23. The tumour progression is the 

result of the events described above and is therefore closely related to the expression of altered 

glycans.  

One of the main modifications correlated with cancer growth is the expression of highly β1-6 

branched motifs3,24 determining an increase in the number of glycan terminal ends. Another 

hallmark of cancer progression is an over-expression of sialyltransferases and 

fucosyltransferases8. The former catalyses the addition of sialic acid to the terminal end of 

glycans, whilst the latter mediate the addition of fucose on the glycan core. In particular, certain 

sialylated epitopes are intimately associated with tumours, these include N-glycan motifs such 

as sialyl Lewis a (SLea), sialyl Lewis x (SLex) and polysialic acid8. The sialyl Lewis a epitope 

is formed by 4 sugar units. To the terminal unit, a sialic acid residue, a galactose unit is linked 

in α2-3 fashion. The galactose residue is β1-4 linked to N-acetylglucosamine which bears a 

fucose residue in α1-425. The sialyl Lewis x antigen consists of the same carbohydrate sequence 

as SLea but with the fucose unit linked in α1-3 fashion26. Polysialic acids are polymers formed 

exclusively of α2-8-linked SA units27.  

Conversely, O-glycan modifications often result in truncated sequences, such as the 

Thomsen-Friedenreich (T) antigen, the Thomsen-nouvelle antigen (Tn) and its sialylated 

counterpart (sialyl Tn). The Tn antigen consists of one single residue of GalNAc liked to the 

protein scaffold through a Ser or Thr residue. The β1-3 addition of galactose or the α2-6 

sialylation of N-GalNAc gives the T and sialyl Tn epitopes, respectively28. Over 80% of 

tumours are reported to express either the Tn antigen or its sialylated derivative29.  
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Furthermore, an increase in the fucosylation has been also observed in cancerous cells. The 

main fucosylated epitopes include Fucosyl-GM1 and Lewis y (Figure 1.3)8. The fucosyl-GM1 

is biantennary with one end terminating with a fucose and the other with a SA unit. The Lewis 

y antigen is a difucosylated epitope structurally similar to the Lewis x motif. The 

aforementioned sialylated, fucosylated and T epitopes are associated to a variety of cancers and 

are indicative of the growth and metastatic capability of tumours3. In particular, the Lewis 

motifs are common to many epithelial cancers17, such as pancreatic30, lung31, colon32, gastric33, 

breast, prostate, ovarian34. High degree of β1-6 N-branching or high levels of Lewis antigens 

indicate a poor prognosis35, as in pancreatic, lung and gastric cancer34.  

 

1.1.3 Glycans as biomarkers 

Tumour biomarkers are molecules produced by cancer cells and secreted into biological fluids 

which can be detected and analysed36. The early detection of tumours is pivotal for the survival 

of the patients. When the detection occurs in latter stages of the tumour progression the survival 

Figure 1.3. Glycan epitopes associated with cancer.  
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rate is significantly decreased36. The early detection of a tumour is often hampered by the lack 

of sensitivity and specificity of the selected biomarkers resulting in misleading results, such as 

false negative or false positive results36. Indeed, many of the biomarkers currently in use are 

not tumour specific and are instead expressed also by other types of tumours or in benign 

conditions. For instance, the human chorionic gonadotropin-β biomarker for germ cells tumour 

is also expressed by the placenta during pregnancy. The human pancreatic 

ribonuclease 1 (RNase 1) is present in high levels in pancreatic cancer, but also in liver and 

renal disfunctions 37-39. High levels of the Prostate Specific Antigen (PSA) are not only found 

in prostate cancer (PCa)40 but also in benign conditions such as benign prostate hyperplasia 

(BPH) and prostatitis which present enlargement and inflammation of the prostate, 

respectively41. Therefore, the current diagnostic test for prostate cancer based on the PSA levels 

produces high percentages of false positive and false negatives results with serious 

consequences for the patients, such as biopsy of healthy patients and under detection of ill 

patients42.  

In order to avoid the aforementioned issues, the chosen biomarker should possess high 

sensitivity and specificity. Therefore, it should not be based on the levels or activity of a specific 

protein but on the detection of individual glycoforms as each type of tumour expresses a unique 

array of N- or O-glycans34. Hence, the carbohydrate phenotype of a specific tumour can be 

employed as a more specific biomarker. Among all the alterations, sialylated motifs are 

particularly relevant in cancer diagnostic, as they have been found in a wide range of cancers 

including brain, breast, colorectal, gastric, lung, ovarian, pancreatic, prostatic17. 
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1.1.4 Sialylated glycans 

As described above, sialylated glycans play an important role in tumour progression. An 

increase in the degree of sialylation at terminal end of glycoproteins has been observed in many 

tumours. The sialylation levels of glycans are governed by two main factors; the availability of 

its active precursor, CMP-sialic acid, and the activity of sialyltransferases and sialidases 

enzymes43. The sialidases are responsible for the cleavage of sialic acid residues, whilst 

sialyltranferases catalyse the addition of SA at the glycan terminal end. There are four main 

sialidases (NEU1-4)44 and approximatively 20 different types of sialyltrasferases which are 

divided in four classes based on the glycosidic linkage type45. The sialyltrasferases ST3Gal1-6 

mediate the α2-3 addition of sialic acid to galactose-terminating glycans. The sialyltranferases 

ST6Gal1 and ST6GalNAc1-6 catalyse the α2-6 addition of sialic acid to galactose or 

N-acetylgalactosamine, respectively. The ST8Sia1-5 enzymes allow the formation of 

polysialylated chains via α2-8 addition of sialic acid to another SA residue. Approximatively 

10 of the 20 sialyltranferases have been associated with tumours as they altered activity leads 

to the expression of modified glycoforms46. For instance, the upregulation of ST6Gal1 or 

ST6GalNAc enzymes in cancer cells causes an increase in α2-6 sialylated epitopes43. The α2-6 

addition of SA to Tn antigen gives the sialyl Tn epitope, thus preventing further chain 

elongation and resulting in an increase of truncated O-glycoproteins in tumours47. High levels 

of sialyl Tn are associated with cancers that typically have a poor prognosis, such as gastric and 

ovarian cancer48. Conversely, the upregulation of the ST3Gal family of enzymes causes the 

overexpression of sialyl Lewis a and x as observed in colon, stomach, pancreatic, lung and liver 

cancers49.   

High levels of sialyl Lewis x and sialyl Tn, which present sialic acid linked α2-3 and α2-6, 

respectively, are associated with breast cancer50. The former is present at high levels in 
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advanced and metastatic conditions, whilst the latter is associated with decreased survival. On 

the other hand, the upregulation of the enzyme ST3Gal 3, which generates α2-3 sialylated 

epitopes, plays a role in pancreatic adenocarcinoma metastasis51. An increase of α2-3 sialylated 

glycans was also observed in PSA glycoforms expressed in patients with prostate cancer52-53. 

Conversely, patients with benign hyperplasia present predominately SA linked in the α2-6 

fashion. Therefore, the ability to distinguish between different sialylated glycans could be 

exploited to provide superior and more accurate diagnostic tests, which are lacking in the field 

of cancer diagnostics. 

 

1.1.5 Sialic acid family  

Herein the term sialic acid has been used to describe one specific monosaccharide, the 

N-acetylneuraminic acid (SA, Neu5Ac)46. However, the term sialic acid is sometimes used to 

refer to a family of about 50 different negatively charged neuraminic acid derivatives. The main 

component of this family is the N-acetylneuraminic acid (e.g. sialic acid) which consist of a 

six-membered ring with a carboxylic acid in the anomeric position, an N-acetyl group in 

position 5 and a glycerol chain in position 6. The other main neuraminic acid derivatives 

include; N-glycolyl-neuraminic acid (Neu5Gc), N-acetyl-9-O-acetylneuraminic acid 

(Neu5,9Ac2) and 2-keto-3-deoxy-D-glycerol-D-galacto-nononic acid (KDN)27, 46 (Figure 1.4). 
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Sialic acid can be found at the terminal end of glycans but also exist as free monosaccharide. 

Sialic acid presents two different configurations, the α (Figure 1.5 b) and the β (Figure 1.5 a). 

When sialic acid is unbound and free in solution it is predominantly present in the β anomeric 

configuration (βSA)54. This is characterised by the carboxylic acid and the anomeric hydroxyl 

group in equatorial and axial positions, respectively. The β configuration composes about 95% 

of the SA in solution, with the remaining being in the α and acyclic forms (Figure 1.5 c)55. 

 

 

On the other hand, when bound in carbohydrate chains the sialic acid adopts the α configuration 

(αSA), with the carboxylic acid in the axial position and the anomeric hydroxyl group, engaging 

in the glycoside linkage, in the equatorial position. High levels of free sialic acid indicated 

Figure 1.4. a) Sialic acid (SA) or N-acetylneuraminic acid; b) N-glycolyl-neuraminic acid; 

c) N-acetyl-9-O-acetylneuraminic acid; d) 2-keto-3-deoxy-D-glycerol-D-galacto-nononic acid.  

Figure 1.5. Different sialic acid forms; a) β configuration; b) α configuration; c) acyclic form.  
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underlying pathological conditions. These include, the neurodegenerative disorders Salla 

disease56 and infantile sialic acid storage disease (ISSD)57 which present high excretion of free 

sialic acid in urine. Whilst, high levels of free SA in the serum have been correlated to liver 

dysfunctions caused by alcohol abuse58 and in patients with prostate and urinary bladder cancer 

and renal cell carcinoma59. Consequently, free sialic acid present great potential as a biomarker 

for the aforementioned conditions.  

 

1.2 Receptors 

1.2.1 Natural receptors 

1.2.1.1 Lectins 

Lectins are carbohydrate-binding proteins, most of which are glycoproteins, expressed by many 

living organisms including plants, animals or pathogens60. Lectins mediate the invasion of the 

host cell by pathogens, play a defence role in plants and are involved in cell communication 

and in the immune system of animals61. Lectins, especially ones from plants, have long been 

employed for the analysis and detection of glycans62. Lectins bind carbohydrates by 

accommodating the ligand in the binding pocket where the amino acid residues form 

non-covalent interactions, especially hydrogen bonds and CH-π interactions, with the sugar. 

Hydrogen bonds are pivotal for the specificity of lectins as they are highly directional 

guaranteeing the correct fit of the ligand in the binding pocket63. The hydroxyl groups of the 

carbohydrate act both as hydrogen bond donor and acceptor, at the same time. The oxygen of 

the hydroxyl group presents two lone pairs of electrons, thus can accept two hydrogen bonds, 

whilst the oxygen proton acts as a donor of one hydrogen bond64. This cooperative effect 

provides hydrogen bonds stronger than average63. This phenomenon is true for all hydroxyl 

groups, except for the anomeric one which is exclusively a donor. The carbohydrates may also 
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contain other polar groups which engage in hydrogen bonding. For instance, the NH group and 

carbonyl oxygen of the acetamide group (e.g. GlcNAc, GalNAc, SA) act as hydrogen bond 

donors and acceptors, respectively64. Furthermore, the lectin counterpart establishes hydrogen 

bonds with carbohydrates principally through the amide groups of the backbone chain and 

asparagine and glutamine side chains64. In addition, charged (e.g. His, Arg, Lys) or bidentate 

amino acid residues (e.g. Arg, Asn, Gln) often decorate the binding pocket63. The former 

residues form charge-reinforced hydrogen bonds which are stronger than their neutral 

counterparts, whilst the latter create a wider network of hydrogen bonds resulting in stronger 

interactions63, 65. Conversely, amino acids with side chains bearing hydroxyl groups (e.g. Tyr, 

Ser, Thr) are not frequently present in lectin binding pockets64.  

On the other hand, hydrophobic interactions, mainly CH-π interactions, occur between the C-H 

groups of the sugar and aromatic amino acid residues (e.g. Trp, Tyr, Phe and His)66. The CH-π 

interactions are formed between carbohydrate aliphatic protons, which are partially positively 

charged, and the π electron system of the aromatic moiety64. They have been observed with the 

electropositive C-H faces of the pyranose rings and other non-polar functionalities of sugars, 

such as the acetamido and the glycerol groups64. Furthermore, the aromatic amino acids differ 

in their tendency of forming CH-π interactions. Tryptophan, which has an electron-rich 

aromatic system, has the greatest tendency to form CH-π interactions66. Tyrosine is preferred 

to phenylalanine, in forming CH-π interactions, due to the more electron-rich π system, whilst 

histidine is rarely involved in these interactions. Conversely, amino acids with aliphatic side 

chains are not commonly present in binding pockets as they do not provide significant 

interactions with sugars. Moreover, when the carbohydrate ligand is charged electrostatic 

interactions can occur64. For instance, the interactions with anionic groups, such the carboxylate 

group of sialic acid, occurs via hydrogen bonds or electrostatic interactions. When hydrogen 
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bonds are employed to bind the carboxylate, they are often observed with Ser residues, whilst 

electrostatic interactions occur with Arg or Lys side chains67-68.  

The binding affinity of lectins to their ligand is expressed in terms of binding constant (Ka) or 

dissociation constant (Kd), with the relation between the two constants described in Equation 

1.1. 

𝐾𝑎 =
1

𝐾𝑑
     Equation 1.1 

The affinity can also be described indirectly as half the maximal concentration of ligand 

required to inhibit the agglutination or precipitation of the lectin69, also referred to as IC50. 

Herein, the IC50 parameter is reported to address the affinity of lectins when the binding or 

dissociation constants are not given, with lower IC50 values being representative of higher 

affinities. 

Lectins have been extensively studied and employed for glycan recognition62. For instance, 

lectin affinity chromatography is used for the isolation and purification of glycans. Lectins are 

also employed in electron microscopy or fluorescence in histological analysis and in blotting 

or microarrays studies for glycan profiling62. Furthermore, lectins are also utilised in biosensors 

for diagnostic purposes. The biosensors utilise both labelled and label-free lectins, with the 

analysis being conducted by different means such as fluorescence, surface plasmon resonance, 

quartz crystal microbalance and electrochemical impedance spectroscopy62.  

Of particular interest are sialic acid-specific lectins, due to the relevance of this monosaccharide 

in many pathological conditions. These lectins originate from plant or animal sources and are 

employed as analytical and diagnostic tools. Herein, a few examples of SA-specific lectins are 

discussed with their binding models being detailed. Different lectins targeting sialic acid can 

display selectivity towards a particular neuraminic acid derivative (e.g. SA, Neu5Gc, KDN), a 
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certain glycosidic linkage (i.e. α2-3, α2-6) or towards a specific carbohydrate sequence 

containing sialic acid60. Lectins with specificity towards particular neuraminic acid derivatives 

include the Limulin lectin and the Limax Flavus Agglutinin (LFA). The former lectin, which is 

found in the American horseshoe crab (Limulus polyphemus), shows specificity towards two 

neuraminic acid derivatives; SA and N-glycolylneuraminic acid. The Limulin lectin has been 

employed in detection of sialylated glycans by light and electron microscopy60. The LFA, 

originating from the slug Limax Flavus, is specific for SA and binds any sialylated glycan 

regardless of the glycosidic linkage type70. The binding affinity of LFA to SA is reported to be 

Ka = 3.8×104 M−1, with the glycerol chain being a key point of interaction70. 

Furthermore, some plant lectins can differentiate between different glycosidic linkages 

including the Wheat Germ Agglutinin (WGA), the Maackia amurensis Leukoagglutinin (MAL) 

and Hemagglutinin (MAH) and the Sambucus Nigra lectin (SNA). The Wheat Germ Agglutinin 

(WGA) binds to SA residues when linked α2-3 to lactose sequences69. However, WGA main 

targets are N-acetylglucosamine and β1-4 GlcNAc-containing sequences. The broad specificity 

of WGA is due to the structural similarities between GlcNAc and SA with IC50 values of 12.5 M 

and 25 M, respectively. Larger GlcNAc structures (IC50 < 2.0 M) and sialylated lactose 

(IC50 = 6.3 M) are more powerful inhibitors. WGA was also reported to bind highly sialylated 

mucins at µM concentrations, due to the cluster effect (see Section 1.2.2.2). The binding of 

WGA to SA and to GlcNAc exhibit similar non-covalent interactions due to the structural 

similarities of the two sugars64, 71. In particular, the N-acetyl and 4-OH groups of both ligands 

are involved in hydrogen bonds with the WGA binding pocket71. In addition the SA carboxylate 

group forms hydrogen bonds with a Ser residue, whilst the glycerol chain engages in apolar 

interactions with a Tyr71.  
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The MAL and MAH lectins, from the Maackia amurensis seeds, are selective for glycans 

containing sialic acid residues linked α2-3 to galactose (Ka in the µM range), with no binding 

to α2-6 structures72. In particular, MAL binds the sialylactosamine structures in N-glycans, 

whilst MAH interacts with disialylated epitopes in O-glycans73. The complex formed between 

MAL and α2-3-sialylactosamine (SA-α2-3-Gal-β1-4-GlcNAc) presents non-covalent 

interactions of all three sugars units with the binding pocket amino acid residues68. The carbon 

backbones of the sugars form hydrophobic interactions with various Tyr residues, whilst 

galactose hydroxyl groups are engaged in hydrogen bonds. The carboxylate group of the SA 

unit interacts through salt bridges with a Lys residue. Conversely the glycerol chain, a key point 

of interaction for other lectins, sits outside the binding pocket. The Maackia amurensis lectins 

have been employed to study the glycan phenotype in patients with prostate cancer by lectin 

affinity chromatography and surface plasmon resonance53. More recently MAL has been 

employed in sandwich-type biosensors74 and in carbon nanotube-based electrochemical 

sensors75 for the detection of α2-3 sialylated glycans in biological samples. These biosensors, 

despite their low limit of detection (fg ml−1), have no clinical relevance due to their time 

consuming preparation. 

Conversely, the Sambucus nigra lectin shows a marked preference towards sialylated glycans 

with α2-6 linkages to Gal or GalNAc units, over the α2-3 isomers76-77. The binding affinity of 

this elderberry-bark originating lectin to the simple SA-α2-6-lactitol structure is 3.9 × 105 M-1, 

with the glycerol chain of sialic acid being pivotal for the interaction78. However, SNA does 

not only interact with sialylated glycans but also with Gal or GalNAc terminating glycans79, 

hence the low specificity displayed by this lectin. SNA has been employed in lectin affinity 

chromatography to separate α2-6 sialylated glycans from the α2-3 isomers77 and in light and 

electron microscopy to study the glycan phenotype of cells79. Furthermore, it has been 
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employed in biosensors for glycan detection with low limit of detection (fg ml−1)80-81. However, 

their convoluted fabrication and low stability mean they are not viable for clinical application.  

In addition to plant lectins, human lectins targeting sialic acid have been uncovered. Siglecs are 

human lectins which mediate the signalling and communication between cells82. They are 

divided into 11 classes based on the preferred type of sialic acid derivative and glycosidic 

linkage. Siglec-1, also known as sialoadhesin, was shown to bind the α-anomeric configuration 

of SA, with Kd for the α model molecule, 2-O-methyl-α-sialic acid, of 3 mM67. The binding 

affinity of Siglec-1 exhibits a 2-fold increase for α2-3 sialylated epitopes but is only marginally 

increased for α2-6 isomers, indicating the preference of Siglec-1 for α2-3 epitopes. Conversely, 

Siglec-7 binds preferentially α2-6 and α2-8 sialylated epitopes83. The interactions between the 

Siglec-1 binding site and SA-α2-3-lactose occurs through van der Waals and hydrophobic 

interactions of the N-acetyl group and the glycerol chain with Trp residues67. In addition, 

hydrogen bonds are present between hydroxyl groups and polar amino acids, whilst electrostatic 

interactions occur between the carboxylate group and an Arg residue.  

Many lectins have been uncovered and employed as probes for sialic acid detection, however 

they present a series of disadvantages limiting their applicability.  Lectins are unstable and 

therefore require storage at 4 °C in order to be conserved for 6 to 12 months60. In addition, they 

have a limited pH range (pH 7 - 9) over which they are stable and active60. Lectins are only 

found in natural sources from which they need to be isolated and purified with yields that can 

be extremely low, hence the low availability69. Moreover, lectins interact with carbohydrates 

exclusively through non-covalent interactions, resulting in weak binding. When employed in 

biosensor their affinity is often improved, however the biosensors fabrication can be convoluted 

and time consuming resulting in lectin-based biosensors not applicable for clinical 
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implementation75, 80. Furthermore, lectins have low specificity as they often target multiple 

glycan epitopes limiting their use in the analysis of biological samples81.  

 

1.2.1.2 Antibodies 

Anti-glycan antibodies (AGAs) are monoclonal antibodies, mainly IgM or IgG, employed as 

therapeutic and diagnostic agents to target carbohydrates84. They act by recognising glycan 

sequences or the entire glycosylated macromolecule84. Due to relevance in malignant cancer of 

Tn, sialyl-Tn, TF and Lewis epitopes AGAs towards these antigens have been extensively 

studied with some being employed for diagnostic purposes85. For instance, a monoclonal 

antibody for sialylated glycans has been employed to detect antigens in the serum of patients 

with lung carcinomas86. 

The mechanism of binding of the antibodies to the glycans is analogous to the one employed 

by lectins and thus based solely on non-covalent interactions. Hydrogen bonding can be found 

between the hydroxyl groups of the carbohydrate chain and polar amino acids of the binding 

pocket. Whilst, hydrophobic interactions are present between the apolar faces of the sugar units 

and aromatic residues, such as Trp and Tyr87. In addition, AGAs targeting anionic glycans 

present positively charged functionalities in their binding site allowing ionic interactions to 

occur88.  

However, AGAs present a series of issues, such as availability, specificity and affinity due to 

the low immunogenicity of glycans84. The low immunogenicity of the glycans is caused by the 

presence of the antigens not merely in aberrant macromolecules but similarly in self-molecules. 

This prevents the recruiting of T-cells to produce immunoglobulins84, 87. For this reason, the 

availability of antiglycan antibodies is very low. The number of glycan epitopes has been 
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estimated to be approximatively 7000, however the number of AGAs is limited to about 100084. 

Moreover, many of these antibodies share the same target, thus the number of different antigens 

for which an antibody exists is below 250. In particular, the least represented group of AGAs 

is the one targeting N-glycans, with the existing AGAs having very low specificity and no 

commercial availablility84. Low specificity is a common feature of many AGAs as many of 

these do not recognise solely a specific glycan but also other structurally related motifs89. 

Consequently, AGAs capable of discriminating between specific sialic acid derivatives 

(e.g. SA, Neu5Gc, KDN and O-acetylated variants) are still lacking.  

 

1.2.2 Synthetic receptors 

1.2.2.1 Aptamers 

Aptamers are single stranded deoxyribonucleic acid (DNA) or ribonucleic acid (RNA) 

oligonucleotides formed from fewer than 100 bases, which can selectively recognise a specific 

target85. They are selected from a pool of strands by a technique called Systematic Evolution of 

Ligands by Exponential Enrichment (SELEX)90. When compared to antibodies, the synthesis 

of aptamers is more consistent, reproducible and they can be more easily modified by chemical 

transformation91. In spite of these advantages, the main shortcomings of aptamers are the low 

affinity and low specificity, causing cross reactivity with other glycan epitopes. This is partially 

due to the limited contact they can provide to carbohydrates. Indeed, aptamers do not contain 

aromatic moieties or charged functionalities and thus can only interact through hydrogen 

bonding with carbohydrates. There are not many examples of aptamer targeting sialic acid. For 

instance RNA aptamers bind SA-terminating glycans with dissociation constants in the low nM 

range, however they are not able to discriminate between α2-3 and α2-6 isomers or among 

different Lewis antigens92-93. Consequently, chemically modified aptamers have been 
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developed to introduce additional functional groups (e.g. cationic moieties and boronic acids) 

that provide extra contact points with the target94-95. For instance, a single strand DNA aptamer 

bearing amino groups was developed for sialylactose, with improved binding constant (µM) 

when compared to the uncharged analogue94.  

 

1.2.2.2 Non-covalent synthetic receptors 

In addition to macromolecules, a great variety of synthetic receptors have been developed as 

recognition tools for glycans. The advantage of synthetic receptors over lectins, antibodies and 

aptamers, is the great variability in their structures allowing interaction with carbohydrates 

through multiple and different functionalities. The formation of multiple interactions with the 

target, known as a multivalent approach, is always desirable in order to enhance the binding 

affinity. In the multivalent approach the formation of multiple weak interactions with the ligand 

results in a stronger affinity than the sum of the single interactions96. This phenomenon, called 

the “cluster effect” indeed at the basis of lectin-carbohydrate interactions96. For instance, the 

binding affinity of lectins to monosaccharides is in the mM to µM range, whilst for 

oligosaccharides, which offer more sites for interactions, is up to nM97. The multivalent 

approach has been highly exploited for the design of synthetic receptors. Synthetic receptors, 

also known as synthetic lectins, are divided into receptors acting solely through non-covalent 

interactions and receptors able to form covalent bonds with the target.  

In this Section non-covalent synthetic receptors are discussed98. These supramolecular 

receptors interact with carbohydrates mainly through combinations of hydrogen bonds, CH-π 

and electrostatic interactions. They are frequently formed by aromatic cage-like or macrocyclic 

structures in order to encapsulate the sugar and maximise the binding through multiple 
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non-covalent interactions. The aromatic scaffold employed in these receptors have included 

porphyrin99, calixarene100, biphenyl101 and phenyl rings102. In addition, the scaffold is frequently 

functionalised with polar groups such as, hydroxyl, amide, amine (Figure 1.6 a) in order to 

provide hydrogen bonds103-104. Particularly, amine and guanidine groups are often incorporated 

in the receptors as they can provide more than one hydrogen bond allowing binding of vicinal 

cis-diol units.  

Other bidentate ligands such as naphthyridine, phenantroline and oxime moieties are also 

present in sugar receptors105-107. Functional groups mimicking amino acid residues of lectin 

binding pockets can also be introduced. For instance, aminopyridine and carboxylate groups 

resemble Arg and Gln residues108, respectively, whilst imidazole and indole rings imitate Trp 

and His residues109. In addition, receptors with charged moieties provide charge-reinforced 

hydrogen bonds or electrostatic interactions with neutral and charged sugar groups, 

respectively110. Charge-reinforced hydrogen bonds are stronger than neutral hydrogen bonds65, 

hence charged functionalities are preferred. 

 

Figure 1.6. Phenyl-based scaffold receptors functionalised with; a) Polar groups; b) Positively charged 

groups.  
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Many of the synthetic lectins developed to target sialic acid are acyclic receptors. These consist 

of an aromatic core and functionalised branches. The phenyl ring provides CH-π interactions 

with the CH groups of the carbohydrate apolar faces, whilst the polar or charged branches create 

hydrogen bonds or electrostatic interactions103, 108, 110 . Acyclic receptors for the detection of 

SA present binding constants in the order of 105 M−1. They are based on branches bearing 

charged groups, such as guanidinium, benzimidazolium, pyridinium and quinolinium groups 

(Figure 1.6 b)104, 110. These groups can provide electrostatic interactions and charge-reinforced 

hydrogen bonds with the sialic acid carboxylate and hydroxyl groups, respectively.  

The main issue limiting the applicability of the abovementioned receptors is the very low or 

negligible solubility in water. Therefore, acyclic receptors are employed in organic solvents or 

in water/DMSO mixtures, with the complexation decreasing as the polarity of the solvent 

increases. Indeed, when synthetic lectins are used in organic solvents, they interact with the 

carbohydrates mainly through hydrogen bonds which are particularly strong in non-polar media 

as there is no competition between the carbohydrate and water molecules. On the other hand, 

in the aqueous media CH-π interactions are stronger due to the hydrophobic effect. 

Nevertheless, the recognition of carbohydrates in aqueous media can be challenging, due to the 

desolvation required prior interaction between the two species98. Indeed, the examples of 

synthetic lectins acting in water are very limited111-112. For instance, molecular-imprinted 

polymers for the detection of sialic acid can either be functionalised with 4-vinylpyridine or 

N,N,N-trimethylaminoethyl methacrylate to bind through the sialic acid carboxylate group113. 

However, only the N,N,N-trimethylaminoethyl methacrylate-based polymers can recognise SA 

in aqueous conditions, whilst the 4-vinylpyridine-based one acts solely in organic solvents. 

Furthermore, Ferrand et al. developed a water-soluble supramolecular receptor112, which binds 

the disaccharide cellobiose with Ka = 650 M−1. This receptor consists of an aromatic floor and 
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roof linked by isophthalamide units with tricarboxylate branches to increase the water 

solubility. Further studies from the same research group led to water-soluble receptors 

(Figure 1.7) for the recognition of charged monosaccharides, such as α-sialic acid111. These 

receptors present pyrene platforms, to provide hydrophobic and CH-π interactions with the 

apolar face of α-SA, and guanidino branches to form hydrogen bonds and electrostatic 

interactions. 

 

The difficulties in developing water compatible synthetic receptors for sugars are due to the 

competition with water encountered by the receptors when forming hydrogen bonds with 

carbohydrates. Hence, when working in aqueous solutions boron-based receptors are preferred 

as they covalently bind saccharides98. 

 

1.2.2.3 Covalent synthetic receptors – boronic acids 

Boronic acids (BAs) are Lewis acids employed in carbohydrate recognition due to their ability 

to covalently bind diols through the formation of boronate esters96. The formation constant of 

Figure 1.7. Water-soluble pyrene-based receptor for sugar recognition. 
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the boronate ester with the ligand is pH dependent. The optimal binding pH is based on the pKa 

of the boronic acid and the pKa of the ligand, as shown in Equation 1.2114.  

𝑝𝐻 =
(𝑝𝐾𝑎𝐵𝐴 + 𝑝𝐾𝑎𝑙𝑖𝑔𝑎𝑛𝑑)

2
    Equation 1.2 

Phenylboronic acid (PBA, Figure 1.9), an aromatic boronic acid incorporated in many 

carbohydrate receptors, is known to bind sugars preferentially at basic pH96. The pKa of PBA 

is 8.86115, thus when binding, for instance, fructose (pKa = 12.1) the theoretical optimal pH is 

10.5116. Furthermore, the boron centre electronic structure changes upon the pH. At pH values 

below the pKa the boron centre is in the neutral and trigonal form whilst, at pH values above 

the pKa the boron is negatively charged in the tetrahedral form. Therefore, the binding of 

boronic acid to saccharides at basic pH occurs through the anionic tetrahedral boronate, to give 

a negatively charged boronate ester (Figure 1.8 a)117.  

Conversely, the trigonal boronate ester which would be formed with the diol at more acidic pH 

is not stable and is easily hydrolysed (Figure 1.8 b). Therefore, as a general rule for all neutral 

carbohydrates, the binding to boronic acid occurs at pH values above the BA pKa with the 

tetrahedral boron centre96. On the other hand, ligands with lower pKa are bound preferentially 

Figure 1.8. The boronate ester formation between a diol and; a) Anionic tetrahedral boronic acid; 

b) Neutral trigonal boronic acid. 



25 
 

at pH values below the BA pKa, hence through the trigonal boron. For instance, the dye Alizarin 

Red S (ARS) (pKa = 5.5) and sialic acid (pKa = 2.6) are bound by boronic acids at neutral and 

acidic pH, respectively116, 118.  

BA receptors have limited applicability in the analysis of biological fluid as the binding affinity 

to neutral monosaccharides is greatly reduced at physiological pH (7.4)116. At pH 7.4 the 

binding affinity of PBA is the highest for ARS and catechol (Ka > 800 M−1) and decreases 

significantly for carbohydrates with the following trend; sorbitol, fructose, mannitol 

(Ka > 100 M−1) > arabinose, sialic acid, glucuronic acid, galactose, mannose 

(> 10 M−1) > glucose, lactose (< 10 M−1)116. For instance, the binding affinity of PBA to 

fructose116 at 8.5 pH is 560 M−1, whilst at pH 7.4 is reduced to 160 M−1.  

The binding affinity to carbohydrates at physiological pH can be increased by employing more 

acidic boronic acids. The acidity of the boron can be increased by introducing 

electro-withdrawing substituents on the aromatic ring, which makes the boron more electron 

deficient119. For instance, the addition of a nitro group in meta position of PBA increases the 

acidity of the boron, resulting in a pKa of 6.9119. The m-nitrophenylboronic acid (Figure 1.9 b) 

at physiological pH presents an 8-fold enhancement of the affinity to fructose, Ka = 1350 M−1, 

when compared to PBA.  

Moreover, the acidity of the boron centre can also be increased by introducing a tertiary amine 

in the ortho position, to give Wulff-type boronic acids120. The nitrogen atom of the ortho-amine 

group is believed to stabilises the boronate ester through a B-N intramolecular bond or through 

ion pairing in aprotic and protic solvents, respectively121. The Wulff-type BA  

2-(dimethylaminomethyl)phenylboronic acid (Figure 1.9 c), with pKa of 5.3, can be employed 

at acidic pH for the detection of neutral monosaccharides122.  
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Boronic acid receptors have been extensively employed for the detection of monosaccharides, 

with their binding affinity varying with the chosen ligand116. For instance, at pH 8.5 PBA 

presents the highest affinity to fructose (Ka = 560 M−1). The affinity is significantly lower for 

galactose (Ka = 80 M−1) and further reduced for glucose (Ka = 11 M−1)116. The same trend in 

affinities is retained at physiological pH.  

In solution, the aforementioned monosaccharides are in an equilibrium between the furanose 

and the pyranose forms. BA receptors preferentially bind to the furanose form123-124.  In fact, 

the stability of the boronate ester is greatest for endocyclic vic-diol furanose, whilst is up to 

30 times lower for exocyclic-1,2-diol pyranose114. An even lower stability is shown for other 

carbohydrate diols, in the following order exocyclic-1,2-diol furanose > cis-vic-diol pyranose 

> exocyclic 4,6-diol pyranose (Figure 1.10)114.   

 

The preferential binding to the furanose form limits the application of boronic acids in the 

detection of glycans presenting solely pyranose sugar residues. Nevertheless, BA receptors can 

Figure 1.9. Structures of; a) Phenylboronic acid (PBA); b) m-Nitrophenylboronic acid; 

c) 2-(Dimethylaminomethyl)phenylboronic acid. 

Figure 1.10. Sugar diols in order of affinity, from highest to lowest, for boronic acid receptors.   
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be employed for the recognition of monosaccharides or di- and oligosaccharides formed by 

furanose units.  

The first boronic acid receptor for carbohydrate recognition was developed by Yoon et al., 

which consisted of an anthracene-based boronic acid (Figure 1.11 a) employed for fluorescence 

studies of monosaccharides125. Since then many functionalised boronic acids have been 

developed containing one or more boronic acid units and polar or apolar functional groups. The 

presence of additional functionalities improves the affinity and selectivity of the probe by 

allowing multipoint interactions with the ligand. For instance, Tsukagoshi et al. developed the 

first receptor selective for glucose126 by inserting two appropriately spaced boronic acid units 

in the receptor design (Figure 1.11 b). Mono phenylboronic acid displays a greater affinity to 

fructose than glucose. However, contrary to fructose, glucose presents two binding sites which 

can be simultaneously accessed by the diboronic acid receptor resulting in preferential binding, 

or selectivity, for glucose96. Diboronic acid receptors have also been proposed for 

oligosaccharides. For instance, a fluorescent diboronic acid receptor was developed for the 

selective recognition of the sialyl Lewis x epitope127. This is reported to bind the tetrasaccharide 

despite the sugar unit being the pyranose forms but, unfortunately, no binding model was 

described.  

Many PBA-based receptors have been functionalised by a variety of groups, including polar 

and apolar groups, neutral and charged ones in order to achieve multivalent interactions with 

the monosaccharides. For instance, urea and thiourea (Figure 1.11 c) functionalised boronic 

acids cooperatively bind sialic acid through boronate esterfication and hydrogen bonding128. 

Charged moieties are often introduced in PBA receptors for the detection of negatively charged 

carbohydrates. Guanidino-functionalised PBA receptors have been developed for the 

recognition of D-glucarate and SA129-130. The guanidino group provides electrostatic 
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interactions with the carboxylate group of glucarate which, in addition to the boronate ester, 

results in a two-point interaction and a 5-fold increase of the affinity. Triboronic acid 

receptors131 functionalised with amino groups are reported to bind heparin, an anionic 

polysaccharide, with the contribution of electrostatic interactions leading to binding constants 

up to 108 M−1. Furthermore, 5-indolylboronic acid (Figure 1.11 d), which mimics the tryptophan 

residues in lectins, interacts with oligosaccharides through hydrophobic and CH-π 

interactions132. The 5-indolylboronic acid, by intercalating between sugar residues, results in 

selective binding for glucose oligosaccharides. 

 

Boronic acid can also be introduced in peptide scaffolds in order to mimic the lectin-saccharide 

interaction. The peptidomimetic molecules often include charged amino acid residues, such as 

Arg and Lys, polar residues as Tyr, and aromatic ones, such as Phe and Trp133-135. Peptides with 

different amino acid sequences results in different affinities and selectivities for 

carbohydrates135. In addition, boronic acid can also be included in nucleic acids and polymers 

to increase the affinity through formation of covalent complexes136. For instance, 

DNA-aptamers bearing boronic acid groups showed an improved affinity towards glycosylated 

proteins when compared to strands lacking boron units95. PBA-functionalised hydrogels can 

Figure 1.11. Boronic acid derivatives developed for carbohydrate recognition; a) Anthrylboronic acid; 

b) 2,2'-Dimethoxydiphenylmethane-5,5'-diboronic acid; 

c) 2-{[3-(4-Nitrophenyl)thioureido]methyl}phenylboronic acid; d) 5-Indolylboronic acid. 
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detect glucose at mM levels137, whilst PBA-functionalised micelles target cells with high 

sialylation levels and thus can be employed for the delivery of anticancer drugs138. Boronic 

acids have also been incorporated in surfaces or nanoparticles for carbohydrate detection. 

BA-functionalised gold surfaces have been developed for the selective recognition of 

glucose139, sialic acid140 and glycoproteins141,142. Furthermore, boronic acids have been 

employed in molecular imprinted surfaces in which a binding pocket is formed on the surface 

providing high specificity and selectivity for the ligand species. Molecular imprinted 

BA-functionalised gold surfaces proved to be highly selective for glycosylated PSA over other 

glycosylated and non-glycosylated proteins, with Kd = 1.8 µM143.  Whilst, nanoparticles with 

boronic acid binding sites can be imprinted with mono- or oligosaccharides, with the reported 

binding affinities in the low mM range144.  

Two of the main issues limiting the applicability of boronic acids; the preferential binding to 

furanose rings and the pH at which they operate. The former issue limits the applicability of 

PBA receptors for the recognition of cancer related glycans, as these present sugar residues in 

the pyranose form. Whilst the latter limits their suitability in the analysis of biological fluids. 

This issue is partially overcome by Wulff-type and electro-withdrawing boronic acids. 

However, these, similar to many other PBA receptors, are poorly soluble in water and thus often 

require the presence of a co-solvents.  

 

1.2.2.4 Covalent synthetic receptors – benzoboroxoles 

As previously described, phenylboronic acid receptors exhibit a series of disadvantages which 

limit their applicability. These include the pH range in which they operate, their preferential 

binding to furanose forms and the poor solubility in water. A cyclic dehydrated from boronic 
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acid derivative, the ortho-hydroxymethyl phenylboronic acid (Figure 1.12), first presented by 

Torssell in 1957145, overcomes many of the issues of BAs.  

 

This species is also known as benzoboroxole (BOB) or benzoxaborole and consist of an 

oxaborole heterocyclic ring fused to the benzene ring120. Despite their discovery in 1957 it was 

not until much later, in 2006, when Dowult and Hall showed the ability of benzoboroxole to 

bind sugars in the pyranose form at physiological pH146. In addition, benzoboroxole presents 

better solubility in water and lower pKa (pKa = 7.2) when compared to PBA. The increased 

acidity of BOB is caused by the ring strain of the trigonal and hybridised sp2 boron which is 

relieved upon hybridization change to sp3 giving the anionic tetrahedral boron centre114. In 

addition, contrary to PBA, when BOB forms a boronate ester with a diol the complex is further 

stabilised by intramolecular hydrogen bonds147, contributing to higher affinity of BOB to 

carbohydrates. For instance, at neutral pH PBA exhibits negligible binding to glucose and 

moderate binding for fructose (Ka = 160 M−1)116, whilst BOB shows enhanced affinities with 

Ka of 17 M−1 and 606 M-1, respectively147.  

Despite the superiority of benzoboroxoles not many receptors containing this unit have been 

developed for carbohydrate recognition. For instance, fluorescent dyes containing one or three 

BOB units were developed for the detection of galactose148,149. The monomeric receptor 

presents low binding affinity to galactose (Ka = 30 M−1), whilst the trimeric probe has an affinity 

in the nM range. Furthermore, the BOB unit was included in Ugi-scaffold molecules and 

peptides. Ugi-scaffold are small molecules mimicking peptides and when functionalised with a 

Figure 1.12. ortho-Hydroxymethyl phenylboronic acid or benzoboroxole (BOB).  
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BOB unit can be employed for recognition of glycoproteins at physiological pH150. 

Benzoboroxole as well as phenylboronic acid have been incorporated in linear and cyclic 

peptide for the recognition of monosaccharides151. A bis-BOB functionalised peptide 

(Figure 1.13) has been developed for the selective recognition of the TF antigen, with 

Kd = 0.9 mM152.  

 

This Gal-β1-3-GalNAc antigen contains two diol binding sites to which the BOB units bind 

with formation of two esters. In addition, non-covalent interactions (e.g. H bonds, and CH-π 

interactions) are formed between the amino acid residues of the peptide backbone and the 

ligand. A key aspect of this receptor is the spacing between the two BOB units which needs to 

be appropriate in order to allow access to both diols. The correct spacing also determines the 

selectivity towards the Gal-β1-3-GalNAc-like structure over different mono- di- or 

oligosaccharide. Benzoboroxole units have also been utilised to functionalise nanoparticles and 

surfaces. At physiological pH BOB-decorated nanoparticles present a 2-fold increase in the 

affinity to fructose when compared to the binding of one BOB unit153. BOB-functionalised 

surfaces have been imprinted with different oligosaccharides and glycoproteins to create highly 

selective binding scaffolds with Kd in the low mM range154.  

 

Figure 1.13. Bis-benzoboroxole functionalised peptide for the recognition of the TF antigen.  
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1.2.2.5 Sialic acid recognition by covalent receptors 

Sialic acid and sialylated glycans are biomarkers for a series of pathological conditions, such 

as cancer, sialic acid storage diseases and alcoholism50-52, 56-59. Synthetic receptors based solely 

on non-covalent interactions to target SA were described in Section 1.2.2.2. However, these 

present a series of disadvantages, mainly low or negligible solubility in water and weak 

interactions with the target. On the other hand, boronic acid and benzoboroxole present greater 

solubility and through the formation of boronate ester can covalently bind sugars, including 

sialic acid. Thus, BA and BOB receptors can be employed as probes in sialic acid recognition. 

Boronic acids and its analogues present an anomalous binding profile to sialic acid. The binding 

occurs preferentially at acidic pH, contrary to all other monosaccharides118. Thus, at acidic pH, 

boron-based receptors are selective for SA with the binding occurring through the neutral and 

trigonal boron. Moreover, despite many BA receptors have been developed for SA, the site at 

which binding occurs is still under debate. There are two possible binding sites, the glycerol 

chain and the α-hydroxyacid group, with three different binding models described in literature. 

Otsuka et al. studied the binding of 3-(propionamido)phenylboronic acid (PAPBA) to sialic 

acid at acidic pH and proposed a binding mechanism involving the glycerol chain (Figure 

1.14 a)118. The binding to the glycerol chain was proposed to occur through the threo geminal 

1,2-diol C8/C9 or the 1,3-diol C7/C9, whilst the binding through the cis-diol C8/C9 is 

prohibited as a result of the erythro configuration114. The binding to the 1,2-diol is preferred as 

it forms a five-membered ring which is more stable than the six-membered ring resulting from 

binding the 1,3-diol114. However, these findings contradict with the binding affinities of BA to 

other diols in linear chains. Indeed, the binding affinity of boronic acids to molecules 

structurally similar to the glycerol chain, such as glycerine and other alkyl diols155 has been 

assessed to be negligible at pH 7.4. Conversely, the binding affinity reported for SA under the 



33 
 

physiological conditions is 37.6 M−1, with this value increasing at more acidic pH118. At acidic 

pH the binding occurs with the trigonal boron centre which would normally give an unstable 

boronate ester complex prone to hydrolysis. Otsuka et al. suggested a role of the SA acetamide 

group in stabilising the otherwise unstable boronate ester complex through intramolecular 

interaction118. However, in later studies this explanation was rejected155-156. Despite the 

conflicting information regarding the glycerol chain binding site this model is still utilised in 

many publications to describe the binding of boron-based receptors to sialic acid and sialylated 

glycans128, 133-134, 156-163. 

 

Alternative models to the one proposed by Otsuka et al. have been described in literature 

involving binding to the α-hydroxyacid moiety (Figure 1.14 b). Djanashvili et al. described the 

binding site as being pH dependent156. According to this model, at acidic and neutral pH values 

(pH 2 – 8) the complexation occurs with the negatively charged α-hydroxyacid moiety. Whilst, 

at pH > 8 the binding site switches to be the glycerol chain diols156. Moreover, at pH < 2 no 

binding is present due to the lower nucleophilicity of the protonated α-hydroxyacid group164.  

A third binding model was more recently detailed by Nishitani et al.155. In this model, the 

binding occurs exclusively with the α-hydroxyacid moiety and does not vary with the pH. 

Figure 1.14. Boronate esterification of sialic acid through the; a) The glycerol chain binding site; b) The 

α-hydroxyacid binding site. 
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Furthermore, this model is consistent with the binding profile of boron-based receptors to other 

α-hydroxyacid containing molecules. Indeed, lactic, tartaric, gluconic, glucaric and glycolyc 

acids are all bound by BA receptors preferentially at acidic pH165-167. In addition, it was also 

shown that the boronic acid exhibits a stronger binding to α-hydroxyacid groups over diols130.  

A summary of the sialic acid receptors bearing boronic acid or benzoboroxole units is presented 

herein. The majority of these receptors are believed to covalently bind the glycerol chain diols. 

It can be assumed that the binding models discussed herein refer to the glycerol chain binding 

model, unless explicitly stated. Phenylboronic acid receptors are often functionalised with 

different groups to provide multipoint interactions with sialic acid. Urea and thiourea 

functionalities were included in PBA receptors to provide hydrogen bonds to SA, however these 

receptors are not water soluble and thus operate in DMSO128. On the contrary, heterocyclic 

boronic acid, such as 5-boronopicolinic acid (Figure 1.15 a), operates in aqueous media158. 

These receptors bind sialic acid at pH 6.5 with Ka > 1000 M−1. In these receptors the nitrogen 

atom of the heterocyclic ring is believed to form hydrogen bonds with SA carboxylate group. 

A two-point interaction model, is also provided by metal chelate boronic acid receptors, with 

the metal chelate (i.e. lanthanide(III) and zinc (II)) interacting with the carboxylate ion157, 159. 

For instance, the lanthanide (III) based receptors at physiological pH present a binding constant 

of 151 M−1 for SA and 79 M−1 for the α-SA derivative, 2-O-methyl-α-sialic acid. A PBA-based 

MRI agent, containing an amine group and a lanthanide chelate, has been employed to detect 

SA on cells168. The amine group is reported to undergo electrostatic interactions with the 

carboxylate group and thus aid in the sialic acid recognition.  
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The PBA or BOB units have also been included in peptide scaffolds. A peptidomimetic 

molecule (Figure 1.15 d) functionalised with phenylboronic acid and arginine provides 

multipoint interactions and display binding affinity to SA comparable to the Sambucus nigra 

lectin133. Moreover, the binding of a library of peptidomimetics bearing a BOB unit to various 

monosaccharides was investigated134. The highest affinity of these peptidomimetics was 

achieved with fructose (Ka = 700 – 1000 M−1) followed by SA with Ka up to 167 M−1. Moreover, 

BA-functionalised surfaces and nanoparticles have been developed as biosensors for sialic acid. 

PBA-functionalised nanoparticles and carbon dots have been employed for the detection of SA 

in biological sample with a limit of detection in the µM range160-161, 163. Fluorescent molecular 

imprinted nanoparticles present mM affinity to SA and are able to detect sialylated glycans via 

multivalent interactions162.  

All the aforementioned receptors are believed to bind SA through the glycerol chain diols. Only 

a few examples which consider alternative binding site exist in literature. A bis-boronic acid 

(Figure 1.15 b), is reported to simultaneously bind the glycerol chain and the α-hydroxyacid 

Figure 1.15. Boronic acids for sialic acid recognition; a) 5-Boronopicolinic acid; b) Bis-boronic acid; 

c) 4-Isoquinolineboronic acid; b) Phenylboronic acid-functionalised peptidomimetic. 
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group169, whilst 4-isoquinolineboronic acid (Figure 1.15 c), is the only boron-based receptor to 

be reported to bind sialic acid exclusively through the α-hydroxyacid unit164.  

 

1.3 Dynamic combinatorial chemistry  

Carbohydrate receptors, as detailed previously, are frequently centred on functional groups 

which mimic the key interactions between lectins and carbohydrates108-109, 133-135, 150-151. For 

instance, phenyl rings are introduced to mimic Phe and Trp residues, whilst charged or polar 

moieties mimic Arg, Lys, His amino acids63, 66. In addition, receptors can contain a boronic acid 

unit, or analogues, in order to form a covalently bound complex96. Thus, a great variety of 

receptors can be developed comprising of different functional groups linked in different 

fashions. The design of a receptor is often based on a core structure (i.e. aromatic, macrocyclic, 

peptido, boronic acid) which is then functionalised in different manners in order to generate 

distinct analogues96, 98, 135. Since the candidate receptors requiring independent synthesis and 

testing can be many, this approach can result extremely time consuming. This is especially 

marked when larger receptor molecules are required, thus limiting the number of analogues that 

can be evaluated. When targeting larger carbohydrates, such as oligosaccharides, the receptors 

must provide a high degree of multivalency with the target170. In order to achieve this, a large 

chemical space must be investigated, requiring many different analogues and isomers to be 

developed. However, this is often limited by the cumbersome and long synthesis resulting in 

only very few analogues being developed and tested.  

A parallel can be drawn between this approach and the combinatorial chemistry approach 

widely adopted in medicinal chemistry. In medicinal chemistry large libraries of hit analogues 

are synthesised and tested to identify improved binders. This approach is particularly time 
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consuming and can be affected by a lack of positive results. In order to overcome the issues 

posed by the classic combinatorial approach Huc and Lehn applied the concept of dynamic 

combinatorial chemistry (DCC), introduced first by Brady et al.171, in the medicinal chemistry 

field (Figure 1.16)172. In their seminal publication they detailed target-driven generation of 

carbonic anhydrase inhibitors. Two different sets of molecules, known as building blocks, with 

complementary reactivities were employed for the in situ generation of a series of adducts, 

forming a dynamic combinatorial library (DCL). In particular, they employed aldehyde- and 

amine-bearing building blocks (BBs) which form imine adducts via a reversible reaction. The 

carbonic anhydrase acts as a template driving the formation of its best binder(s) among all 

possible imine adducts.  

 

In general terms, the DCC approach consist of generating a library of adducts (DCL) by 

reversibly connecting a series of building blocks, or by connecting building blocks to a scaffold 

or framework173. The DCC is therefore based on a reversible reaction between the BBs, such 

as imine exchange, hydrazone and acylhydrazone exchange, oxime exchange, disulfide 

exchange, thioester exchange, Michael addition, reversible Dies-Alder, alkene metathesis, 

boronate esterification 174-175. The building blocks and the adducts are under constant 

interconversion, with this being driven by the thermodynamic equilibrium of the system176-177. 

When a template, or target molecule, is added to the DCL the equilibrium is perturbated and 

Figure 1.16. Schematic representation of the dynamic combinatorial chemistry (DCC) approach.  
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shifted towards the components which best bind the template172. This phenomenon is defined 

as thermodynamic templating; by shifting the equilibrium towards the amplified member, 

which is stabilised by the interactions with the template, the library can achieve the lowest 

Gibbs free energy176. In other words, the molecular recognition between the template and one 

or more library members stabilises the fittest binder at the expenses of the other library 

members178. Furthermore, in order to identify the amplified members for a templated DCL a 

comparative approach must be adopted. This consists in the generation, under the same 

experimental conditions, of one templated library and one control library without the target179. 

The two libraries are then analysed by chromatography providing two different chromatograms 

which are compared to identify the amplified peaks179. Often the analysis is performed by 

HPLC-MS or LC-MS with the mass spectroscopy allowing identification of the adducts by their 

mass174.  

Since the pioneering paper by Huc and Lehn, the DCC approach has been widely applied in 

medicinal chemistry for the discovery of new small molecules targeting biologically relevant 

proteins180. Moreover, DCC has also found applications in molecular recognition in the 

generation of receptors for biologically relevant small molecules or ions. These include sensing 

of nicotine181, nucleosides182, acetylcholine183, carboxylic acids184, dipeptides185, anions186-187 

and metal ions188-191. Despite the potential of DCC for molecular recognition, its application in 

the glycosensing field has been very limited. Indeed, only a couple of publications, concerning 

the DCC approach for sugar detection, can be found in the literature and these are limited to 

mono- and disaccharide templates. Rauschenberg et al. presented the DCC generation of cyclic 

peptido receptors for the recognition of different mono- and disaccharides192, whilst Yang et al. 

developed metal-organic cages for monosaccharides193. The application of DCC to 

oligosaccharides comprising three or more sugar units is, to this date, still unexplored.  
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1.4 Conclusions 

Many of the proteins currently employed as biomarkers in cancer diagnostics lack tumour 

specificity and can lead to incorrect diagnosis36. Conversely, glycan modifications induced by 

cancer cells are closely associated with specific tumours rendering these glycan motifs more 

attractive biomarkers. In particular, many cancer-related glycans present a higher degree of 

sialylation48-49. Specifically, glycans terminating with a sialic acid unit bound α2-3 to the 

carbohydrate chain have been related to several tumour conditions49.  Furthermore, sialic acid 

is also a relevant biomarker in its unbound form, especially for the detection of certain 

neurodegenerative diseases and alcoholism56-58. Therefore, the recognition of sialic acid in its 

free and bound forms can offer significant advantages in the diagnosis of related diseases. A 

series of natural and synthetic sugar receptors have been described herein60, 84, 96, 98, 

demonstrating the superiority of boron-based receptors as sugar-binding tools146, although only 

few of these have been developed for sialic acid recognition. New receptors, developed via 

rational or combinatorial means, are therefore in need for the detection of sialic acid and 

sialylated glycans and for future diagnostics applications.  

 

1.5 Aims of this work 

This work focuses on developing receptors for sialic acid and sialylated glycans for future 

applications as diagnostic tools.  

1) Pursue an understanding of the molecular recognition of sialic acid as a free, unbound 

monosaccharide. The interaction of boron-based receptors to the sugar is investigated 

to elucidate the nature of the binding site, given the contradicting theories presented in 
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the literature. Following this, functionalised benzoboroxole receptors are designed and 

synthetised to enhance affinity and selectivity to sialic acid. The binding to sialic acid 

is measured by isothermal titration calorimetry (ITC) and a binding model was 

postulated, granting an understanding of the significance of different functional groups 

on the binding.  

 

2) Dynamic combinatorial chemistry is proposed and detailed as a technique to generate 

highly selective receptors for oligosaccharides, including sialylated glycans. 

Preliminary works to enable the future application of this technique are performed, 

including the enzymatic synthesis of the sialylated epitopes of interest.  
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2. Chapter 2 - Techniques 

 

2.1 Isothermal titration calorimetry  

Isothermal titration calorimetry (ITC) is a technique employed for the direct measurement of 

the heat and thermodynamic parameters associated with a binding event1. The binding event is 

generally represented as the equilibrium between a receptor (R) and a ligand (L) to form the 

corresponding complex (RL) (Equation 2.1). 

𝑅 +  𝐿 ⇌ 𝑅𝐿          Equation 2.1 

During an ITC experiment the ligand is titrated into a sample cell containing the receptor. At 

each injection, the interaction between the two species causes a change in the heat. The binding 

event causes a release or absorption of heat for exothermic and endothermic reactions, 

respectively. The heat associated with the binding event Q (cal) is defined by Equation 2.2, 

where V0 is the volume of the sample cell, ΔH is the enthalpy of binding (cal mol−1) and [RL] 

is the concentration of complex2.  

𝑄 =  [𝑅𝐿]𝑉0∆𝐻           Equation 2.2 

The heat for each injection is proportional to the amount of ligand that interacts with the 

receptor. As the titration progresses a greater proportion of R is already engaged in the complex, 

therefore a smaller fraction of R is available to bind the injected ligand. This results in a decrease 

of the heat change as the titration progress towards saturation. As can be seen in Figure 2.1.  
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The data collected during the titration are integrated and the fitted to provide the thermodynamic 

parameters associate with the binding event. In particular, ITC is largely used to determine the 

binding constant Ka (M−1) between receptor and ligand (Equation 2.3).  

𝐾𝑎 =  
[𝑅𝐿]

[𝑅][𝐿]
            Equation 2.3  

From the Ka the dissociation constant Kd can be determined from Equation 2.4.  

𝐾𝑑 =
1

𝐾𝑎
         Equation 2.4 

In addition, ITC provides the stoichiometry of binding (n), the enthalpy of binding (ΔH, cal 

mol−1) and entropy of binding (ΔS, cal mol−1 deg−1). The free energy of binding (ΔG, cal mol−1) 

is determined from (Equation 2.5), with the molar gas constant R being 1.987 cal mol−1 K−1 and 

T, the absolute temperature, in K.   

∆𝐺 =  −𝑅𝑇 ln 𝐾𝑎 = ∆𝐻 − 𝑇∆𝑆        Equation 2.5 

ITC can be employed to study the thermodynamics of any binding event as virtually all 

interactions are characterised by heat changes. ITC is widely employed to assess the binding of 

Figure 2.1. Titration graph for an exothermic binding event.  
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proteins with other macromolecules, carbohydrates or small molecules3. ITC can also be 

applied to other systems, such as binding between small molecules4-5 or with nanoparticle 

systems6. One of the significant benefits of ITC versus other techniques is that it does not 

require chemical modifications (e.g. labelling) or surface immobilisation of the receptor3, 7. 

A typical ITC instrument is composed of a sample cell and an injection syringe (Figure 2.2). 

The sample cell sits in an adiabatic shield together with the reference cell1. The sample cell 

contains the receptor solution and in this the ligand is injected during the titration. The volume 

of the sample cell depends upon the specific instrument but typically ranges from 300 µl to 3 

ml. The reference cell, the volume of which is identical to the sample cell, contains only the 

solvent and no receptor. For experiments performed in aqueous media the reference cell usually 

contains pure water, whilst for experiments in organic media the reference cell is filled with the 

corresponding solvent. Before the start of the experiment both cells are heated to a selected 

temperature which can range between 2 and 80 °C8, but it is normally set at 25 °C.  

A thermoelectric device is present between the two cells in order to measure the difference 

between their temperatures (ΔT)1. A constant power (≤ 1 mW) is provided to the reference cell 

during the experiment, which activates a feedback circuit to maintain the ΔT = 0 °C between 

the cells by suppling power to the sample cell1. When no binding event is occurring the 

differential power (DP), also known as feedback power, provided to the sample cell is constant 

and it represents the baseline of the experiment1. On the other hand, the heat change associated 

with the binding event causes a variation of the sample cell temperature. For a exothermic 

reaction the released heat provides, at least partially, the heat otherwise supplied by the DP8. 

Thus, less power, compare to the baseline, is required in order to maintain the ΔT = 0 °C and 

the DP decreases1. Conversely, for exothermic reactions the absorption of heat triggers an 

increase of the DP as more power is needed to keep the ΔT = 0 °C1. The DP supplied to the 
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sample cell is the experimental data recorded during the titration (DP, µcal s−1), which can be 

plotted against the time2. For an exothermic reaction this corresponds to negative peaks as the 

DP is reduced compared to the baseline (Figure 2.1). For endothermic events, the positive DP 

results in positive peaks.  

 

The heat associated to the injection (ΔH, cal mol−1) is the time integral of the deflection from 

the baseline which corresponds to the DP applied to the sample cell from the beginning of the 

injection until the system returns to the baseline9. In other words, the integral of the peak area 

provides the ΔH associated with the injection.  

Furthermore, the ΔH is plotted against the molar ratio to give the calorimetric binding curve. 

The shape of the binding curve influences the fitting and the accuracy of the calculated 

thermodynamic parameters10. The shape of the binding curves is determined by a parameter 

Figure 2.2. Schematic representation of the ITC instrument.  
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called c-value. The c-value is given by Equation 2.6 and is dependent on the binding 

stoichiometry n, binding constant Ka and the concentration of receptor in the sample cell [R]cell
7.  

𝑐 = 𝑛𝐾𝑎[𝑅]𝑐𝑒𝑙𝑙                                                 Equation 2.6 

For a binding stoichiometry of 1 (n = 1) this can be simplified to (Equation 2.7) 

𝑐 = 𝐾𝑎[𝑅]𝑐𝑒𝑙𝑙                                                   Equation 2.7 

The ideal c-value lies between 10 and 500, as this affords a well-defined sigmoidal binding 

curve (Figure 2.3)10. Systems with very high affinities (Ka > 107 M−1) cannot be easily studied 

by ITC as they present high c-values. For c-values above 1000 the titration peaks are all of the 

same intensity and the integration gives a flat curve hampering the determination of the 

thermodynamic parameters9,11. In order to reduce the c-value and obtain a sigmoidal curve the 

concentration of R must be lowered. However, exceedingly low concentrations (10−7 M) could 

generate signals which are below the limit of detection9, 12. To overcome this limitation very 

high affinity systems can be studied by ITC through competition studies, with more details 

given in reference13.  

On the other hand, for low affinity systems (Ka < 104 M−1) the concentrations required for a c-

value ≥ 10 are generally too high to be achieved due to either solubility or availability issues7. 

Thus, for low affinity systems the c-value is generally < 10. At low c-values (c ~ 1.0) high 

concentrations of ligand are required to reach saturation and the data of the first part of the 

sigmoidal curve cannot be collected9. Moreover, for extremely low c-values (c < 0.1) is not 

possible to determine with accuracy all the thermodynamic parameters. This can be overcome 

by freezing the number of binding site (n) as this is often known from prior studies or literature 

data14. By fixing the binding stoichiometry, experiments with extremely low c-values will still 

provide a reliable Ka value7. However, if concentrations of the solutions are not accurately 
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known for experiments where n is fixed, the fitting will provide erroneous ΔH values7, 14. Thus, 

is pivotal to precisely know the concentration of both ligand and receptor prior analysis.  

 

Furthermore, the c-value can be used to determine the required experimental receptor 

concentration when Ka is known, or extrapolated from a similar system, as shown by Equation 

2.8.9  

[𝑅]𝑐𝑒𝑙𝑙 =
𝑐

𝐾𝑎
                                                   Equation 2.8 

Once the concentration of receptor has been established, the ligand concentration can 

consequently be determined. The ligand concentration must be high enough to guarantee the 

saturation of the system. For high affinity systems, with n = 1 and c > 10, the saturation can be 

achieved for a molar ratio receptor to ligand of 1 to 2 or 1 to 315. The molar ratio is the ratio of 

the receptor concentration to ligand concentration in the sample cell at the end of the titration14, 

as per Equation 2.9.  

𝑚𝑜𝑙𝑎𝑟 𝑟𝑎𝑡𝑖𝑜 =  
[𝑅]

[𝐿]
                                               Equation 2.9 

Figure 2.3. The effect of the c-value on the shape of the binding curve.  
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For systems with low c-values (c < 10) several equivalents are required (molar ratio up to 1 to 

10)7 to push the weak affinity systems towards saturation. Based on the required molar ratio 

and the total injected volume (40 – 500 µl)16 the ligand concentration can be calculated9.  

The ligand solution is placed in the injection syringe which is then located inside the sample 

cell. The ligand solution is injected in the sample cell sequentially, usually over 10 to 60 

injections. Each injection consists of a small volume (1 - 10 µl)17 of titrant, with the volume 

selected in order to provide a heat change large enough to be detected9. The magnitude of the 

heat change required is determined by the instrument sensitivity which generally 0.1 µcal for 

the VP-ITC instrument used in this work1, 8. The spacing, or time interval, between each 

injection must be long enough to guarantee the return to the baseline of the system prior the 

following injection and is normally set between 180 s and 480 s 9. The injection syringe is also 

responsible for mixing the cell content through the stirring paddle attached to its end1. The 

stirring is typically set at a rate between 250 and 300 RPM15. The experimental baseline is 

determined prior to the injection of the ligand but with the stirring activated in order to include 

the heat associated with the stirring in the baseline1. In addition to the above-mentioned 

parameters the reference power is also selected prior the experiment. The reference power is 

the value near to which the differential power will equilibrate8. When large exothermic 

reactions are expected the selected reference power must be larger (~ 30 µCal sec−1), whilst for 

endothermic reaction a smaller reference power is required (~ 2 µCal sec−1). 

For each ITC experiment a control titration must be conducted in order to establish the heat of 

dilution9. This consists in the injection of the ligand solution into buffer in order to determine 

the heat associated to the dilution of a highly concentrated solution into a big volume9. In 

addition, mismatch of temperature or buffer can cause large heat of dilution. In particular, buffer 

mismatch must be avoided as they result in big heat changes and anomalous titration curves8. 
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Hence, the heat of dilution is routinely measured and subtracted from the ligand-receptor 

titration data.  

The collected data are then analysed with the software provided by the manufacturer. For the 

analysis of the data an appropriate binding model must be selected. The binding model can be 

one-binding site, two or more independent binding sites or a cooperative sites models12. Once 

the binding model is selected the software initially estimates the thermodynamic parameters Ka 

ΔH and n, unless n is fixed. These preliminary values are then used to calculate the heat 

associated with each injection ΔQ and compared to the experimental values. This allows a better 

estimation of the thermodynamic parameters by least-squares fitting18. This procedure is 

iterated until the final values for n, Ka and ΔH are provided.   

 

2.2 Nuclear Magnetic Resonance Spectroscopy 

Nuclear Magnetic Resonance (NMR) Spectroscopy, first described by Bloch and Purcell in 

194619, is an analytical technique employed for defining the structure of organic molecules20. 

This technique is based on atoms possessing a quantum property called spin, which is frequently 

visualised as the spinning of the nucleus around its axis21. Atoms presenting spin include, but 

are not limited to, 1H, 11B, 13C, 15N, 17O, 19F and 31P22. Atoms with spin also possess a non-zero 

magnetic moment (µ ≠ 0). Upon application of a magnetic field (B0) the magnetic dipole of 

these nuclei aligns along the axis of the applied field21. The number of possible orientations (S) 

is defined by Equation 2.10.  

𝑆 = 2𝐼 + 1       Equation 2.10 
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The variable I represents the nuclear spin quantum number which is a fixed value for each 

atom19. For instance, protons have I = ½ and therefore can assume two different orientations, 

parallel and antiparallel to the applied magnetic field21. When experiencing an external 

magnetic field the two orientations exhibit two different energy levels, thus a difference in 

energy (ΔE) exist between them with this being dependent on the applied magnetic field B0 and 

the Planck constant h, as per Equation 2.1122.  

Δ𝐸 =   𝛾
ℎ

2𝜋
𝐵𝑜       Equation 2.11 

The variable γ is the gyromagnetic ratio, a property defined by the nucleus type. When 

electromagnetic radiation of frequency ν, corresponding to an energy equal to ΔE, is supplied 

the nuclei are excited to higher energy levels producing a spin inversion22. Given that ΔE = hν 

this can be substituted into Equation 2.11 resulting in Equation 2.12 and consequently obtaining 

Equation 2.13.  

ℎ𝑣 =  Δ𝐸 =  γ
h

2π
B0        Equation 2.12 

𝑣 =  
𝛾

2𝜋
𝐵0             Equation 2.13 

After excitation, the nuclei relax each emitting at their resonant frequency ν resulting in an 

interferogram of superimposed waves known as FID (free induction decay)22. The signal is then 

processed by Fourier transformation to produce the NMR spectrum. In the NMR spectrum each 

of the resonant frequencies for each nucleus is displayed as a signal, after transformation into a 

chemical shift (δ) and quoted in ppm22.  

δ =
(𝑣𝑖 − 𝑣𝑅)

𝑣0
        Equation 2.14 
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The chemical shift is defined by the νi, the frequency in Hz of the nucleus, νR, a reference 

frequency, and ν0 the frequency of the instrument in MHz, as per Equation 2.14. Moreover, the 

chemical shift is a measure of the influence of the chemical environment on the resonant 

frequency of a specific nucleus19. The chemical environment in which the nucleus is present 

defines the shielding to which the nucleus is subject to. The shielding is determined by the 

electrons near a nucleus providing an opposing magnetic field to B0, which reduces the effective 

magnetic field seen by the nucleus, resulting in a lower resonance frequency following Equation 

2.13. Therefore, for higher electron densities the shielding is greater and the signal is shifted to 

higher fields, corresponding to a smaller chemical shift. Conversely, when the nucleus is de-

shielded this will result in a shift to lower fields, providing larger δ values. For instance, the 

OH proton of ethanol (1) is downfield (δ = 2.56 ppm) compared to the SH proton of ethanethiol 

(2) (δ = 1.46 ppm) (Figure 2.4)22. This is due to the higher electronegativity of the O atom 

providing a lower shielding to the proton linked to it, when compared to the S atom. The effect 

of the heteroatom electronegativity also influences the chemical shift of the α proton (methylene 

protons), whilst the effect on β protons is minimal.  

 

The chemical shift is pivotal for the interpretation 1H NMR spectra. Other key parameters 

include signal multiplicity, coupling constants (J) and signal integrals19. The signals can be 

displayed as singlets or as a multiplets, such as doubles, triplets, quartets, doublet of doublets, 

etc. The multiplicity provides information on the number of NMR-active nuclei that are within 

Figure 2.4. Ethanol (1) and ethanethiol (2) and their respective chemical shift values in ppm.  
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a 3-bond distance from a given nucleus19. This occurs because the local field of a given nucleus 

is influenced by the magnetic moment of the nearby nuclei.  

 

For instance, when considering the methyl group of ethanol this appears in the 1H NMR spectra 

(Figure 2.5)23 as triplet, due to the influence of the methylene protons. Each of the CH2 protons 

have two different orientations relative to the field (I = ½, therefore S = + ½ or -½).  When both 

methylene protons are antiparallel to the field this reduces the local field of the CH3 protons 

causing a shift to higher fields. When one proton is parallel to the field and the other is 

antiparallel this has no effect on the methyl chemical shift, whilst when they are both parallel 

there is a shift to lower fields. Consequently, the methyl signal will results as split in 3, a triplet. 

Figure 2.5. 1H NMR spectrum of ethanol in D2O obtained from the BMRB database. The CH2 group 

(peak A) is a quartet at 3.62 ppm of integrated area 2. The CH3 group is the triplet at 1.15 ppm (peak B) 

integral of 3.  



76 
 

The difference in chemical shift between the signal of the methyl triplet is referred to as 

coupling constant, J (Hz) which is independent by the external applied field B0. When 

interpreting a 1H NMR the signal multiplicity is equivalent to the number of neighbouring 

protons, plus one. Therefore, if a signal appears as a triplet, it means that the nucleus is “next 

to” two equivalent protons. As a further confirmation of this the J constants of the methyl and 

methylene signals can be calculated, and they will result to be of the same value. Furthermore, 

the integrated area of the peak is directly proportional to the number of protons producing the 

signal. For instance, in the ethanol example the CH3 and the CH2 signal will have an area ratio 

of 3:2 (Figure 2.5). For easier interpretation if a peak is known to be attributable to a specific 

signal, for instance CH2, the integrated area can be normalised to 2 simplifying the 

interpretation of the remaining signals.  

For the identification of organic molecules, the 13C NMR is also routinely recorded. Conversely 

to 1H NMR the sensitivity of the 13C NMR is much lower as the isotope 13C represents only 

1.1% of the total carbon, whilst the most abundant 12C is not NMR-active22. For this reason, the 

13C NMR analysis requires more concentrated samples. In the 13C spectrum the peaks appear 

as singlets, as the 13C NMR is generally recorded decoupled from the 1H (Figure 2.6)23.  

In addition to the 1-D experiments detailed above, 2-D experiments can also be performed to 

provide additional information on the molecular structure. Many different 2D experiments can 

be performed, with details able to be found in literature, although only techniques that are 

employed in this work are presented here. 
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The 1H-1H Correlation Spectroscopy, also known as COSY, display the correlation between 

nuclei separated by a maximum of 3 bonds20. The correlation between protons is displayed as 

cross peaks in the 2-D spectra. The COSY NMR provide the same information regarding proton 

coupling as the 1H NMR, however there are situations in which the 2D plot can be of additional 

value. The COSY NMR can be employed to better assess coupling of protons, via analysis of 

cross peaks, for cases where the J constants cannot be determined in the 1H NMR due to 

overlapping signals. Furthermore, correlation of nuclei further apart can also be observed, for 

instance the 1H-1H Total Correlation Spectroscopy (TOCSY) displays the correlation, as cross 

peaks, between protons further apart as long as they are part of the same spin system 

Figure 2.6. 13C NMR spectrum of ethanol in D2O obtained from the BMRB database. The C atom of the 

methylene group (peak A) has chemical shift of 60.14 ppm, whilst the C atom of the methyl group 

(peak B) has chemical shift of 19.49 ppm.  
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(Figure 2.6.)24. This is particularly useful for structural elucidation of carbohydrate chains, as 

each monosaccharide unit is an independent spin system24.  

Furthermore, it is also possible to observe correlation of protons attached to a specific carbon 

atom via 1H-13C Heteronuclear Single Quantum Coherence (HSQC), this is especially useful in 

the assignment of the peaks in 13C NMR spectra (Figure 2.7).  

 

Figure 2.6. 1H-1H TOCSY NMR spectrum of butanol in D2O showing the long-distance correlation 

between the methyl group and the methylene protons. 
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2.3 Liquid chromatography – mass spectrometry 

Liquid chromatography – mass spectrometry (LC-MS) is an analytical technique for the 

analysis of liquid mixtures25. LC-MS finds clinical application in the analysis of biological 

samples and is routinely employed in organic chemistry for monitoring reaction progression 

and purification of complex mixtures. This technique combines the ability of liquid 

chromatography (LC) to separate complex mixtures and analyte identification via mass 

spectrometry.  

Liquid chromatography (LC) and high-performance liquid chromatography (HPLC) are 

chromatography techniques employed for the separation of complex mixtures (Figure 2.8)26. 

Chromatography techniques are based on having two phases, a stationary and a mobile phase, 

Figure 2.7. 1H-13C HSQC NMR spectrum of butanol in D2O displaying the long-distance correlation 

between the methyl group and the methylene protons.  



80 
 

for which different analytes display different affinities. Herein, only reverse phase 

chromatography, which is commonly employed in organic chemistry, is described. In reverse 

phase chromatography, the stationary phase, which is packed inside a column, is apolar (as 

standard a C18 column). The mobile phase, or eluent, is passed through the column. The mobile 

phase is a polar system usually consisting of a mixture of water and acetonitrile or water and 

methanol. The composition of the eluent can be changed during the chromatographic run to aid 

in the separation of similar species, referred to as gradient elution. A mixture is loaded onto the 

column and the various components of the mixture will be separated based on their different 

affinities for the stationary phase versus the mobile phase. Thus, each component will be eluted 

out of the column at a distinct time referred to as retention time. Polar components, which do 

not display a strong affinity to the stationary phase, will be eluted more quickly and therefore 

present shorter retention times. Conversely, apolar components will present longer retention 

times as they present a higher affinity to the stationary phase and are retained in the column. 

Each component will be represented in the chromatogram as a peak with a corresponding 

retention time. The area beneath the peak can be calculated and utilised for quantification 

purposes27.  The mobile phase is then fed to the mass spectrometer for analysis25. The analytes 

present in the mobile phase are firstly ionised. Many are the possible ionisation methods, with 

the electrospray ionisation (ESI) method being one of the most widespread in LC-MS and 

HPLC-MS systems. Following ionisation, the ions are separated by an electromagnetic field, 

on the basis of their mass to charge ratio (m/z), in the mass analyser28-29. Ionisation of small 

molecules by electrospray generally affords singly charged ions with little to no fragmentation. 

Therefore, the m/z ratio obtained is representative of the molecular weight of the analyte as an 

ion. Indeed, in the ionisation process a proton or a cation is added to the analyte, for ionisation 

in positive ion mode. Therefore the m/z values correspond to the mass of the analyte plus a 
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proton [M + H]+, or plus a cation, usually sodium, [M + Na]+. Furthermore, when the ionisation 

is performed in negative ion mode a proton is lost from the analyte and the m/z value 

corresponds to the mass of the analyte minus a proton [M − H]−. The MS analysis can therefore 

provide a m/z value for each peak of the chromatogram allowing identification of the chemical 

compound, based on the molecular weight.  
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3. Chapter 3 - Sialic acid sensing by positively charged benzoboroxole 

receptors 

 

As discussed in the Introduction Chapter glycan recognition is a significant area of research in 

the attempt to detecting diseases more efficiently and more effectively. Glycans, which are 

polysaccharides chains attached to protein carriers, can be altered by pathological conditions in 

their composition and structure. One of the main modifications involves the alteration of the 

sialic acid content. Alteration of the expression of sialic acid can indicate underlying 

pathological conditions, such as cancer, neurodegenerative diseases and alcoholism1-5. 

Sialylated glycans have been linked to different tumours, whilst free sialic acid was found in 

high levels in certain neurodegenerative diseases, termed sialic acid storage diseases. In 

alcoholism both bound and unbound sialic acid levels are present at elevated levels. Thus, this 

monosaccharide is extremely relevant as a biomarker for diagnostic purposes and demand a 

highly effective and selective probe for its detection. Small synthetic molecules are deemed to 

be more suitable, when compared to natural lectins, to act as probes due to their higher 

availability6. Synthetic receptors should be obtained from inexpensive starting materials and 

straightforward synthetic routes. Moreover, the receptor should bind the sugar via multiple 

interactions including both covalent and non-covalent bonds. The multivalent nature of the 

binding interaction between receptor and sugar determines affinity and selectivity 

enhancement, within the so-called “cluster effect”7. Additionally, in order for the probe to be 

employed in diagnostics it should be compatible with biological fluids. Hence, the probe should 

be soluble in aqueous media and show activity at physiological pH.  
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Boron-based receptors have been extensively employed as detection tools in carbohydrate 

recognition7. Boronic acids (BAs) are small molecules which bind to saccharide diols in a 

covalent and reversible fashion. However, BAs find limited applicability in the glyco sensing 

field. Biologically relevant saccharides are primarily present in their pyranose conformation, 

whilst BA receptors interact predominantly with furanose rings8.  BAs can therefore mediate 

the recognition of monosaccharides, which often are present in the furanose form, but not the 

recognition of pyranose residues in oligosaccharides or glycans. In addition, BAs generally 

form boronate ester complexes with the sugar diols at pH values above the pKa of the boronic 

acid9, which for phenylboronic acid (pKa = 8.86)10 derivatives is basic. Thus, BA receptors bind 

saccharides primarily at basic pH. This is due to the different stability of the boronate ester 

formed with the sugar at different pH values11. For pH values below the pKa, the complex 

generated by the trigonal boron is unstable and prone to hydrolysis, whilst for pH > pKa the 

boronate ester display greater stability. This, in addition to their low solubility, limits their 

applicability in the analysis of biological samples. The issues of BAs are overcome by a class 

of analogues; benzoboroxoles12. Benzoboroxole (BOB) is a cyclic analogue of phenylboronic 

acid with the key advantage of interacting with pyranose rings13. In addition, the receptor BOB 

can interact with sugars at neutral pH due to the lower pKa value, of 7.2. Benzoboroxoles also 

generally present higher binding affinities towards saccharides, compared to the corresponding 

phenylboronic acids13. Despite the above-mentioned advantages not many examples of 

benzoboroxole receptors for sugar recognition are present in the literature14-18. Even fewer are 

the BOB-based receptors developed to target sialic acid despite its relevance as a biomarker in 

various diseases19.  

In the work presented herein, and published in The Journal of Organic Chemistry with the title 

of Cooperative Multipoint Recognition of Sialic Acid by Benzoboroxole-Based Receptors 
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Bearing Cationic Hydrogen-Bond Donors20, benzoboroxole receptors were developed for sialic 

acid recognition. Initially the binding site of boron-based receptors to sialic acid was 

investigated, as different and opposing theories are reported in literature21-23. This was 

performed by isothermal titration calorimetry (ITC) binding studies of non-functionalised 

benzoboroxole B1 and sialic acid derivatives (e.g. sialic acid, 2-O-methyl-α-sialic acid and 

sialic acid methyl ester). Isothermal titration calorimetry studies, alongside with nuclear 

magnetic resonance (NMR) and mass spectrometry (MS) studies, allowed unequivocal 

identification of the binding site. On this basis, a series of functionalised benzoboroxole 

receptors B2 – B7 were designed and synthesised. Their binding affinities to sialic acid were 

measured by calorimetry and a binding model, comprised of multivalent and cooperative 

interactions, was postulated. The selectivity of the receptors was assessed with different neutral 

and anionic monosaccharides. A functionalised benzoboroxole receptor was found to bind sialic 

acid with a 4.7-fold increase in the binding affinity and good selectivity, showing potential to 

be employed as detection probe.   

 

3.1 Optimisation of isothermal titration calorimetry experimental conditions 

Isothermal titration calorimetry measures the heat involved (released or absorbed) in a binding 

event allowing the assessment of the following thermodynamic parameters; n (number of 

binding sites), Ka (binding constant, M−1), ΔH (change in enthalpy, kcal mol−1) and ΔS (change 

in entropy, kcal mol−1 K−1)24. ITC, unlike other techniques, does not require labelling or 

immobilisation of the receptor25. Therefore, binding studies conducted in solution eliminate any 

possible artifacts caused by the receptor derivatisation. ITC was employed to assess the 

formation of the boronate ester complex in solution obtained by the reaction between a 

benzoboroxole receptor and sialic acid, usually this is an exothermic binding event 
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characterised by heat development19, 26-27. The ITC experiment consist of the titration of a ligand 

solution, the monosaccharide, into a solution of receptor, the benzoboroxole. The ligand is 

added in small aliquots (µl) to the cell containing the receptor. When the ligand binds the 

receptor, forming the boronate ester complex, heat is released in the system and a negative heat 

change is recorded. In the first few injections a large amount of heat is released as a larger 

fraction of receptor is available. The heat released reduces progressively, as a smaller fraction 

of receptor is free, until saturation is reached.  

Prior to performing the binding studies, the experimental conditions had to be optimised. The 

experimental conditions (e.g. concentrations, heat change and shape of the isotherm) are linked 

to a parameter called c-value28. The c-values is given by Equation 3.1 and should ideally 

be ≥ 10. For c-values ≥ 10 the titration data can be fitted with a sigmoidal shape which allow 

the all the thermodynamic parameters (n, Ka, ΔH and ΔS) to be calculated with accuracy.  

𝑐 = 𝑛[𝑅]𝑐𝑒𝑙𝑙𝐾𝑎           Equation 3.1 

The c-value can be arbitrarily selected in order to guarantee a sigmoidal binding curve. Once 

the c-value is selected the required receptor concentration can be calculated from Equation 3.2, 

provided Ka and n are known values.   

[𝑅]𝑐𝑒𝑙𝑙 =
𝑐

𝑛𝐾𝑎
        Equation 3.2 

The binding constant of benzoboroxole (BOB, B1) to sialic acid was not known prior to this 

work. Thus, for a preliminary estimation of the [R]cell the binding constant of PBA to sialic acid 

at pH 7.4 was considered (Ka = 21 M−1)29. Furthermore, the number of binding sites, n, was 

known to be 1, as one molecule of SA is bound exclusively by one boron-based receptor. Weak 

affinity systems (Ka < 104) such as the boronate ester formation, tend to present low c-values30. 
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Therefore, an initial c-value of 10, the lowest value to provide a sigmoidal curve, was selected. 

For c = 10 the required [R]cell was approximatively 470 mM. In addition, for c = 10 the molar 

ratio at the end of the titration should at least be 1:2. The molar ratio is the receptor 

concentration to the ligand concentration present in the sample cell at the end of the titration31, 

as per Equation 3.3.  

𝑚𝑜𝑙𝑎𝑟 𝑟𝑎𝑡𝑖𝑜 =
[𝑅]

[𝐿]
          Equation 3.3 

The required ligand concentration for the aforementioned conditions was 5.4 M. 

Understandably, these conditions cannot be met due to the low water solubility of the receptor 

and the large amount of material required. Thus, a lower c-value was selected. For a c-value 

of 1 the concentration of receptor required, despite being 10 times lower ([R]cell = 47 mM), was 

still too high given the low solubility of B1 in aqueous media. Consequently, a receptor 

concentration of 2 mM was arbitrarily selected. This concentration also matches the 

concentration employed in published ITC binding studies for the interaction of benzoboroxole 

to fructose26. For a 2 mM cell solution the resulting c-value becomes extremely low (c < 0.1). 

For systems with very low c-values two provisions must be adopted in order to obtain reliable 

results. The first one requires fixing the number of binding sites during the fitting31. Thus, the 

stoichiometry (n) was fixed to 1 for all experiments presented in this Chapter. The second 

provision is with regards to the molar ratio30. For weak binding systems with very low c-values, 

including these boron-based receptors, saturation is hardly ever achieved. Nevertheless, the 

system must be pushed towards the saturation state, thus a high molar ratio is required30. 

Additionally, the heat developed during an injection must be large enough to be detected by the 

instrument and present a high signal to noise ratio. The smallest quantity of heat that can be 

detected accurately by the VP-ITC instrument is between 3 and 5 μcal32.  
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A series of optimisation experiments for the binding of non-functionalised B1 to sialic acid (S1) 

(Figure 3.1) were conducted in 0.1 M PBS buffer at pH 7.4. Initially, a molar ratio of 1 : 7.5 

was selected resulting in a 2  mM solution of B1 and an 80 mM solution of sialic acid. The 

volume of injection was 5 μL for a total of 40 injections. In these conditions the heat released 

upon binding was below 2.5 μcal s−1. Thus, the concentration of titrant was increased to 

100 mM to give a higher molar ratio of approximatively 1 : 10. The titration was conducted 

with the same volume and number of injections of the previous experiment. With this higher 

molar ratio the heat released was approximatively 4 μcal s−1 which allowed accurate 

measurements with the VP-ITC instrument. Although a 100 mM solution of monosaccharide 

might be adequate when studying the inexpensive sialic acid, it is certainly not suitable for more 

expensive sugars (e.g. 2-O-methyl-α-sialic acid). Therefore, lower concentrations of ligand are 

required whilst maintaining a heat change above 3 μcal s−1, this was achieved by increasing the 

injection volume from 5 µl to 7 µl.  Thus, a 2 mM solution of receptor B1 was titrated with an 

80 mM solution of S1 with 35 injections of a volume of 7 µl resulting in a heat change of 

approximatively 5 μcal s−1. These conditions were deemed to be optimal for the system under 

investigation and were employed for all subsequent ITC experiments presented in this Chapter.  

Figure 3.1. Structure of a) benzoboroxole, BOB (B1); b) sialic acid, SA (S1).   
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In addition to the aforementioned conditions, the ITC experiments require other parameters to 

be selected (Table 3.1). Given an injection volume, the instrument automatically selects the 

appropriate duration of the single injection, which is 4.0 s for a 7 µl injection. The stirring speed 

was selected to be 307 RPM and the filter period to 2 s, as recommended in the VP-ITC 

manual32. The filter period is used to average the differential power (DP) signal24. The DP is 

the experimental data recorded during the titration and it represents the power provided to the 

sample cell24. The DP decreases when the heat is released during an exothermic event. The 

decrease in DP is represented on the titration graph as a negative peak (Figure 3.2), whilst in 

the absence of heat change the DP value rests on the baseline. The baseline value at the start of 

experiment is determined by the selected reference power. If a large exothermic reaction is 

expected, a large reference power (≈ 30µcal s−1) must be selected, whilst for endothermic 

reactions the reference power should be small (≈ 2 µcal s−1)32. All experiments presented herein 

have a reference power between 10 and 25 μcal s−1. A reference power of 10 μcal s−1
 and 

25 μcal s−1 were selected for small (≈ 5 μcal s−1) and large (≈ 25 μcal s−1) heat releases, 

respectively.  

Ligand concentration 80 mM 
Receptor concentration  2 mM 
Number of injections 35 
Cell temperature 25°C 
Reference Power 10 – 25 μcal s−1 

Initial delay  60 s 
Stirring 307 RPM 
Volume of each injection 7.0 μl 
Duration of each injection 4.0 s 
Spacing 280 – 480 s 
Filter  2.0 s 

 

Table 3.1.  Isothermal titration calorimetry experimental parameters.   
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The magnitude of the heat change also influences the spacing, or time interval, required between 

injections. The spacing must allow the DP to return to the baseline value prior the following 

injection. For titrations with small and large heat change the spacing was set at 280 s and 480 

s, respectively. Furthermore, the temperature, at which the titrations were performed, was set 

at 25 °C for all experiments presented here. The titration experiment does not begin until sample 

cell, reference cell and adiabatic jacket are all at 25 °C. In addition, for the experiment to start 

the baseline must be flat, with the DP value being stable. The system equilibrates the 

temperature and the DP and the experiment starts only when the differential temperature 

between the cells and the adiabatic jacket is 0 ± 0.05 °C and the DP is stable at a value equal to 

the selected reference power (± 1 µcal sec−1). Once the experiment starts there is an initial delay, 

set at 60 s, in which the instrument collects enough data points to establish a baseline. Only 

after this the titration of the ligand into the sample cell begins.  

In order to ensure that the data is reliable each experiment is repeated three times, with the 

binding constant calculated as the average value obtained in the three experiments, whilst the 

Figure 3.2. Titration graph with negative peaks corresponding to a decrease in the DP value determined 

by an exothermic binding event.   
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error is expressed as twice the standard deviation. This method applies to all the experiments 

presented in here. The binding of B1 to sialic acid in 0.1 M PBS buffer at pH 7.4 was measured 

three times (Table 3.2 Entry 1) with the average binding constant found to be 27.5 ± 0.2 M−1.   

 

Further to the collection of binding data, the heat of dilution was also recorded. When titrating 

a highly concentrate solution into the sample cell the dilution of the ligand into a bigger volume 

generally causes a heat change. This heat, known as heat of dilution, must be subtracted from 

the titration data of the binding experiment32. The heat of dilution was measured by titrating the 

ligand solution, 80 mM solution of ligand, into the buffer employing the same conditions of the 

binding experiment. The heat of dilution was then subtracted (Table 3.2 Entry 2) from each 

titration dataset and the thermodynamic parameters extracted from the fitting. The parameters 

of the three titrations are then averaged out, resulting in a modest increase of binding constant 

when titrating S1 into B1 (Ka = 30.1 ± 1.2 M−1) as shown in Entry 2 of Table 3.2. 

The effect of the ionic strength on the boronate ester formation between sialic acid and B1 was 

also assessed. The binding experiments were initially conducted in commercially available 

0.1 M PBS buffer, which contains 1.37 M of NaCl. When 0.1 M phosphate buffer (PB) was 

used instead a 1.3-times increase in the binding affinity was measured as in Table 3.2 Entry 3 

with a Ka value of 39.4 ± 0.6 M−1. In addition, different solutions in phosphate buffer containing 

 1st titration 2nd titration 3rd titration average 
Entry 1 27.6 ± 0.2 27.6 ± 0.2 27.4 ± 0.2 27.5 ± 0.2 
Entry 2 29.4 ± 0.4 30.6 ± 0.3 30.3 ± 0.3 30.1 ± 1.2 
Entry 3 39.4 ± 0.4 39.1 ± 0.2 39.7 ± 0.2 39.4 ± 0.6 

 

Table 3.2. Binding constants (Ka, M−1) measure by ITC by titrating a 80 mM solution of sialic acid S1 

into a 2 mM solution of benzoboroxole B1 under the following conditions; Entry 1: in 0.1 M PBS buffer 

without subtraction of the dilution of heat; Entry 2: in 0.1 M PBS buffer with subtraction of the heat of 

dilution; Entry 3: in 0.1 M PB buffer with subtraction of the heat of dilution. Each experiment consisted 

of three titrations with final Ka value being the average of the three titrations. 
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different concentrations of NaCl (0.34 M, 0.69 M and 1.03 M), corresponding to 25%, 50% and 

75% of the NaCl in PBS, were investigated. As shown in Figure 3.3, the binding affinity 

decreased proportionally with the increase in the NaCl concentration. The data collected here 

appears to suggest that the ionic strength of the solution has a negative effect on the boronate 

esterification. There does not appear to be any literature on the reasons for this, warranting 

further investigation into the cause. This, however, was not the focus of this particular project, 

therefore was not pursued further. Consequently, all experiments at pH 7.4 and 6.5 were 

conducted in 0.1 M PB buffer. Whilst, for experiments conducted at other pH values different 

buffers were utilised to allow pH control (see Section 3.2).  

 

In summary, all ITC experiments presented in this Chapter are conducted with a 2 mM solution 

of benzoboroxole-based receptor, which is placed in the sample cell. An 80 mM solution of 

sialic acid, or SA derivative, is placed in the syringe and titrated into the cell in 35 injections of 

volume 7 µl at 25 °C. Each ITC experiment consists of three reproducible titrations from which 

the heat of dilution is measured and subtracted. When fitting the data, the binding stoichiometry 

Figure 3.3. Graph representing the influence of the ionic strength (NaCl concentration, M) on the binding 

affinity (Ka, M−1) for B1 to S1.  
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n is fixed to 1. The thermodynamic parameters Ka, ΔH and ΔS calculated for each experiment 

are reported as the average of the three titrations with the error being twice the standard 

deviation.  

 

3.2 Binding site  

3.2.1 The pH dependency of the binding event 

Boronic acids and benzoboroxoles are reported to bind monosaccharides at basic pH through 

the negative tetrahedral boron11. This applies to all monosaccharides, excluding sialic acid, with 

the binding of boron-based receptors to sialic acid occurring preferentially at acidic pH21. To 

confirm the optimal pH for the boronate ester formation between B1 and S1, 5 different pH 

values were examined; 5.5 (0.1 M acetate buffer), 6.5 (0.1 M phosphate buffer), 7.4 (0.1 M 

phosphate buffer), 8.5 (0.1 M ammonium acetate) and 10.0 (0.1 M ammonium acetate). As seen 

in Table 3.3 the highest Ka was reached at pH 5.5 and 6.5, which presented, within error, the 

same binding constant of 51.2 M−1. Conversely, the binding affinity was progressively reduced 

at the increasing of the pH, with the lowest binding constant at pH 10 (Ka =12.5 ± 2.5 M−1). 

 

pH Ka (M−1) 
5.5 51.2 ± 1.2 
6.5 50.7 ± 1.3 
7.4 39.3 ± 0.6 
8.5 23.5 ± 2.1 
10.0 12.5 ± 2.5 

 

Table 3.3. Binding constants (Ka, M−1) measure by ITC by titrating an 80 mM solution of S1 into a 2 mM 

solution of B1 at 5 different pH values; 5.5 in 0.1 M acetate buffer, 6.5 in 0.1 M PB buffer, 7.4 in 0.1 M 

PB buffer, 8.5 in 0.1 M ammonium acetate and 10.0 in 0.1 M ammonium acetate. The experiments consist 

in three titrations and were conducted at 25 °C. The heat of dilution was measured and subtracted. 
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It was confirmed that the boronate ester formation with sialic acid occurs more favourably at 

acidic pH. With a pKa of 7.2 13 the boron centre of benzoboroxole at acidic pH is neutral and 

trigonal (Figure 3.4). Thus, the interaction between benzoboroxole and sialic acid occurs via 

the neutral and trigonal boron centre. Conversely, the binding to sialic acid via the tetrahedral 

boron, which is the predominant species at pH ≥ 7.4, is less favourable. 

 

The atypical binding for sialic acid was described by Otsuka et al.21. They depicted the binding 

of a phenylboronic acid derivative to sialic acid occurring via the cis-diols of the glycerol chain. 

At acidic pH the interaction with the trigonal boron would normally generate an unstable 

complex prone to hydrolysis. However, they proposed the presence of an intramolecular bond, 

between the sialic acid acetamide group and the boron centre, responsible for the stabilisation 

of the otherwise unstable complex. This hypothesis was later discredited 22-23, nevertheless this 

model is incorrectly referred to in many publications, including recent ones 19, 33-37. Indeed, 

most of boron-based receptors are believed to bind sialic acid through the diols of the glycerol 

chain. In particular, the binding is reported to occur either through the 1,2-cis diol in position 8 

and 9 or the 1,3-cis diol of position 7 and 9. On the other hand, the binding via position 8 and 

7 is not deemed possible due to the erythro configuration of this diol33. The binding to the 

hydroxyl groups in position 8 and 9 would be preferred as 5-membered boronate ester rings are 

more stable than 6-membered ones8. This model, despite being accepted by many, is in contrast 

with studies presenting low to no affinity for diols in linear chains. For instance, a Wulff-type 

boronic acid receptor showed very low, non-detectable, affinity towards 1,2-alkanediols27, 

Figure 3.4. Equilibrium between the trigonal and tetrahedral form of the boron centre of benzoboroxole.  
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whilst showing high affinity to catechol and α-hydroxyacid groups. The lack of binding to linear 

chains was also confirmed by NMR studies22.  In addition to the glycerol chain binding site 

model, two other models are described in the literature. In the model proposed by Nishitani 

et al. the binding is understood to occur exclusively with the α-hydroxyacid moiety of sialic 

acid 22. Conversely, Djanashvili et al. depict the binding site as being pH dependent 23. In this 

model the glycerol chain is the main binding site at pH > 8, whilst at lower pH, between pH 2 

and 8, the binding is via the α-hydroxyacid group. Hence, three different theories are debated 

in the literature with two possible binding sites being described; the glycerol chain and the 

α-hydroxyacid.  

 

3.2.2 The binding of non-functionalised benzoboroxole to sialic acid derivatives 

The binding site was clarified by assessing the binding affinity of B1 to different sialic acid 

derivatives by calorimetric and analytical techniques. Three different sialic acid derivatives 

were employed; sialic acid (S1), 2-O-methyl-α-sialic acid (S2) and sialic acid methyl ester (S3) 

(Figure 3.5). Sialic acid (S1) when free and unbound in solution is present predominately in the 

β anomer configuration (> 90%) with both proposed binding sites, the glycerol chain and the 

α-hydroxyacid, available. Conversely, when it is linked to another sugar residue, as in glycans, 

the hydroxyl group in position 2 is engaged in a glycosidic linkage and the α-hydroxyacid is 

unavailable.  

 
Figure 3.5. Structures of sialic acid (S1), 2-O-methyl-α-sialic acid (S2) and sialic acid methyl ester (S3).  
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To mimic the structure of sialic acid in chains the methyl glycoside of sialic acid, the 

2-O-methyl-α-sialic acid (S2), was selected. This derivative presents the sugar in the α 

configuration and the α-hydroxyacid group unavailable due to the methylation of position 2. 

The α-hydroxyacid is unavailable also in the esterified derivative of sialic acid, the sialic acid 

methyl ester (S3). Therefore, in both derivatives of sialic acid, S2 and S3, the only possible site 

of interaction for boron-based receptors is the glycerol chain. The 2-O-methyl-α-sialic acid was 

purchased, whilst the sialic acid methyl ester was synthesised following a published procedure 

in anhydrous methanol with 1.2 equivalent of TFA38, with a yield of 97% (Figure 3.6).   

 

 

For the methyl ester sialic acid, it was essential to verify the stability of the ester group in 

aqueous conditions, prior ITC studies, as the ester group could face hydrolysis. If the hydrolysis 

were to occur during the ITC experiment the released free S1, presenting both binding sites 

available, would affect the study conclusions. The stability of the ester S3 in aqueous conditions 

was assessed by NMR at two different pD 5.1 (~ pH 5.5) and 7.0 (~ pH 7.4)39. In Figure 3.7 the 

region between 2.50 ppm and 1.60 ppm was analysed showing the protons of position 3 giving 

two distinct signals for the equatorial (H3eq) and axial (H3ax) protons. The 1H NMR spectrum of 

sialic acid (Figure 3.7a) shows the equatorial (H3eq) and axial proton (H3ax) at chemical shift of 

2.22 ppm and 1.83 ppm, respectively. When the acid is esterified in S3 the H3eq and H3ax signals 

are shifted to 2.30 ppm and 1.90 ppm, respectively (Figure 3.7b). If the methyl ester is 

Figure 3.6. Esterification of sialic acid S1 with 1.2 equivalents of trifluoroacetic acid in methanol at room 

temperature for 72 hours to give S3.  
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hydrolysed to the corresponding acid new signals will appear at higher fields, as S1 is being 

formed. The stability of S3 was firstly assessed at pD 5.1 (approx. pH 5.5.) in 0.1 M CD3COOD 

buffer in D2O. Multiple NMR spectra were recorded over time for a total of 36 hours with no 

hydrolysis being detected, as no shifting of H3eq and H3ax signals was observed (Figure 3.7c). 

Therefore, S3 is stable in aqueous conditions at pH 5.5.   

Consequently, S3 was studied in 0.1 M PB buffer in D2O at pD 7.0. The 1H NMR spectra 

(Figure 3.7d) recorded 6 hours after sample preparation showed the presence of two peaks at 

2.30 ppm and 1.90 ppm corresponding to S3 and two other signals at 2.18 ppm and 1.81 ppm 

corresponding to the hydrolysed S1. Thus, after 6 hours S3 was partially hydrolysed. The full 

hydrolysis of the methyl ester was achieved in 36 hours, as shown by the loss of the signals at 

2.30 and 1.90 ppm (Figure 3.7e).  A single ITC titration, from sample preparation to the last 

injection, can require up to 5 hours, therefore sialic acid methyl ester cannot be employed for 

ITC studies at neutral or basic pH, due to the observed hydrolysis.  
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3.2.3 ITC studies of the binding site 

The binding affinity of B1 to different sialic acid derivatives was assessed by ITC across a wide 

pH range (5.5 – 10). In particular, the binding affinity to S1 and S2 was measured at pH 5.5 

(0.1 M acetate buffer), 7.4 (0.1 M phosphate buffer) and 10.0 (0.1 M ammonium acetate 

buffer). On the other hand, the affinity to sialic acid methyl ester was only measured at pH 5.5.  

a) 

b) 

c) 

d) 

e) 

Figure 3.7. 1H NMR spectra of the region between 2.50 ppm and 1.60 ppm of: a) sialic acid (S1) in 0.1 M 

CD3COOD buffer in D2O, pD = 5.1; b) sialic acid methyl ester (S3) in 0.1 M CD3COOD buffer in D2O, 

pD = 5.1, after 10 mins from sample preparation; c) sialic acid methyl ester (S3) in 0.1 M CD3COOD 

buffer in D2O, pD = 5.1, after 36 hours; d) sialic acid methyl ester (S3) in 0.1 M PB buffer in D2O, 

pD = 7.0, after 6 hours; e) sialic acid methyl ester (S3) in 0.1 M PB buffer in D2O, pD = 7.0, after 36 

hours. 
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If the glycerol chain were the main binding site, as reported in many publications 19, 21, 33-37, all 

three sugar derivatives should interact with B1 providing similar binding constants, as the 

glycerol chain is unaltered by the modification at the C1 or C2. On the other hand, if the binding 

site were pH dependent no binding would occur with S2 and S3, at pH ≤ 7.4, due the 

α-hydroxyacid group being not accessible. At basic pH, the binding site would switch to be the 

glycerol chain, hence the boronate ester formation with S2 would be observed. Conversely, if 

the α-hydroxyacid were the only site of interaction binding would only occur with S1. No 

significant binding was detected for S2 and S3 at any pH value (Table 3.4). The binding was 

observed solely for the S1 which is the only ligand presenting the α-hydroxyacid moiety 

available. Therefore, the calorimetric studies indicate the α-hydroxyacid as the only site of 

interaction for boron-based receptors. Once this was established, it was possible to interpret the 

anomalous binding profile of this class of receptors to sialic acid. The lower affinity observed 

at pH ≥ 7.4 can be ascribed to the charged state of the receptor and ligand. At pH above the B1 

pKa (pKa = 7.2)12 the boron centre is tetrahedral and negatively charged, whilst the 

α-hydroxyacid (pKa = 2.6)21 is negatively charged across the entire pH range. Therefore, at 

neutral and basic pH the repulsion between the two species hinders the binding40. On the other 

hand, at acidic pH the boron is trigonal and neutral, and no repulsion occurs with the binding 

 Ka (M−1) 
pH S1 S2 S3 
5.5 51.2 ± 1.2 1.6 ± 2.4 < 1.0 
7.4 39.3 ± 0.6 < 1.0 - 
10.0 12.5 ± 2.5 < 1.0 - 

 

Table 3.4. Binding constants (Ka, M−1) measure by ITC by titrating a 80 mM solution of S1, S2 or S3 into 

a 2 mM solution of B1 at three different pH values; 5.5 in 0.1 M acetate buffer, 7.4 in 0.1 M phosphate 

buffer and 10.0 in 0.1 M ammonium acetate. The experiments consist in three titrations and were 

conducted at 25 °C. The heat of dilution was measured and subtracted. 
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site, hence the higher affinity. This binding profile is consistent with the binding of 

phenylboronic acid receptors to other α-hydroxyacid-containing molecules41.   

 

3.2.4 NMR and MS studies of the binding site 

As further confirmation to the ITC studies, NMR and MS analysis were performed with the 

benzoboroxole receptor and the S1 and S2 ligands. The NMR studies required higher 

concentrations of benzoboroxole compared to the ITC experiments. Due to the low solubility 

in aqueous media an organic co-solvent was needed to fully dissolve B1. The receptor B1 has 

a reasonable solubility in methanol, therefore methanol-d4 was considered as a co-solvent. It 

was important to assess the effect of the methanol on the boronate equilibrium, thus it was 

necessary to evaluate the binding of a benzoboroxole receptor at different % of methanol-d4 

(0 – 30%). The receptor B1 cannot be employed for this particular study, as this is not soluble 

in samples containing low percentages of methanol (0 – 20%). Therefore, a benzoboroxole 

receptor with higher solubility in water was needed in order to evaluate if methanol negatively 

alters the binding compared to a sample in 100% D2O. For this reason, the receptor B2, which 

is highly soluble in water, was utilised (for its synthesis see Section 3.3.2). Different samples 

of a 1:1 mixture of B2 and S1 containing different percentages of methanol-d4 were analysed 

by NMR to assess the effect of the co-solvent in the boronate ester formation.  
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In the NMR spectra (Figure 3.8a) the unbound receptor B2 can be identified by the oxaborole 

ring CH2 signal being a double doublet at 5.45 ppm. When the receptor is bound to the sugar in 

the B2−S1 complex, the oxaborole CH2 signal is shifted at 5.25 ppm. With the boronate ester 

formation being an equilibrium both species, B2 and B2−S1, will be present in the sample and 

the spectra will present both CH2 signals at 5.45 ppm and 5.25 ppm (Figure 3.8b,c,d,e). The 

integral area of the free B2 peak at 5.45 ppm was set to 1, as an internal reference in all spectra. 

The peak of complex was then integrated, and the percentage of complex was measure with 

Equation 3.4 giving results in Table 3.5. 

% 𝑐𝑜𝑚𝑝𝑙𝑒𝑥 =  
𝑎𝑟𝑒𝑎𝑐𝑜𝑚𝑝𝑙𝑒𝑥

𝑎𝑟𝑒𝑎𝑢𝑛𝑏𝑜𝑢𝑛𝑑
       Equation 3.4 

Figure 3.8. 1H NMR spectra of; a) B2 in D2O; b) 1:1 mixture of B2 and S1 in D2O with 0% methanol-d4; 

c) 1:1 mixture of B2 and S1 in D2O with 10% methanol-d4; d) 1:1 mixture of B2 and S1 in D2O with 20% 

methanol-d4; e) 1:1 mixture of B2 and S1 in D2O with 30% methanol-d4.  

a) 

b) 

c) 

d) 

e) 
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When no methanol-d4 was present in the sample the percentage of complex was 77%. The 

addition of 10% methanol-d4 marginally promoted the boronate ester formation with the 

complex percentage increasing from 77% to 81%. The addition of methanol in higher 

concentration, 20% and 30%, did not significantly change the degree of complexation. These 

results are consistent with the routine use of methanol, and other organic solvents, to enhance 

boron-based receptor solubility33, 42. Consequently, it was concluded that the presence of 

methanol-d4 in the buffer does not negatively affect the boronate esterification. Thus, 

methanol-d4 can be employed as co-solvent for NMR studies of the interaction between 

benzoboroxole and sialic acids.   

The NMR studies of different 1:1 mixtures of B1 with S1 and S2 were conducted of at pD = 5.1 

(~ pH 5.5)39 in a 0.1 M deuterated acetate buffer with 30% methanol-d4. The 1H NMR spectra 

for the two separate species, receptor and ligand, were recorded to allow comparison with the 

mixtures12. Figure 3.9 shows the aromatic region of the spectrum between 7.75 ppm and 

7.15 ppm. This region of the spectrum presents signals solely from the aromatic protons of B1, 

as the sugar does not contain any aromatic protons. The sugar presents signals at higher fields, 

below 4.00 ppm. However, this region is not suited for assessing the complexation as is too 

crowded of overlapping signals rendering the identification and integrations of peaks difficult. 

Figure 3.9c show the spectra of B1, with three peaks corresponding to the four aromatic protons; 

a double triplet (dt) at 7.68 ppm, a triplet of doublet (td) at 7.48 ppm and a multiplet at 7.36 ppm. 

% CD3OD Areaunbound Areacomplex % complex 
0 1.00 3.35 77 

10 1.00 4.36 81 
20 1.00 4.40 81 
30 1.00 4.68 82 

 

Table 3.5. Peaks integrated area of unbound B2 and complex B2-S1 and corresponding % of complex at 

different concentrations of methanol-d4. 
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The 1H NMR spectra of sialic acid is not shown in Figure 3.9 as sialic acid has no aromatic 

protons. Figure 3.9b shows the aromatic region of a 1:1 mixture of B1 and S1. Receptor B1 

reacts with S1 to form the boronate ester. The complexation is an equilibrium and three species 

are present in solution: free B1, free S1 and the boronate ester complex. 

 

In Figure 3.9b the dt and the td peaks are shifted from 7.68 ppm and 7.48 ppm to 7.70 ppm and 

7.50 ppm, respectively. These peaks are slightly shifted (< 0.05 ppm) due to changes in the 

environment caused by the presence of other species in solution. The multiplet signal, only 

shifted by 0.02 ppm, is also broader. The new broad peak between 7.32 ppm and 7.18 ppm and 

the broader multiplet between 7.41 ppm and 7.34 ppm are ascribable to the boronate ester 

species. The broadness is caused by the overlapping of the peaks for unbound and bound B1 

species12. A 1:1 mixture of B1 and S2 was analysed by 1H NMR using the same conditions 

employed for the S1 mixture (Figure 3.9a). The mixture of B1 and S2 presents only three 

c) 

b) 

a) 

Figure 3.9. 1H NMR spectra recorded in 0.1 M CD3COOD (pD = 5.1) with 30% methanol-d4 a of; a) 1:1 

mixture of B1 and S2; b) 1:1 mixture of B1 and S1; c) B1. 
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signals, all of which are only slightly shifted (< 0.05 ppm) when compared to B1. No extra 

signals are present; hence no complexation was seen between B1 and S2.  

Furthermore, to confirm that the signals at 7.36 ppm and 7.24 ppm can be assigned to the 

complex different receptor : ligand ratios were explored. The integral area of these signals is 

expected to change upon changing the ratio. Mixtures with 1:1, 1:2 and 1:3 ratios of B1 and S1 

were analysed by NMR in 0.1 M CD3COOD buffer with 30% MeOD-d4 at pD 5.0 (Figure 3.10). 

 

The double triplet at 7.68 ppm of the unbound B1 (Figure 3.10d), was integrated to 1 as 

reference. The triplet of doublets at 7.48 ppm belongs to the unbound B1 as its integral value 

does not vary with the ratios (Figure 3.10a,b,c,d). On the other hand, the integrated areas of the 

broad multiplets at 7.36 ppm and 7.24 ppm increases with the change in the B1: S1 ratio. For 

Figure 3.10. 1H NMR spectra in 0.1 M CD3COOD with 30% methanol-d4 at pD 5.1 of mixtures of B1 

and S1 with ratio of; a) 1:3; b) 1:2; c) 1:1; d) 1:0.  

d) 

a) 

b) 

c) 
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instance, the peak at 7.36 ppm has an integral area of 2 in Figure 3.10d corresponding to two 

aromatic protons of B1, which upon boronate esterification increases with the ratio, up to 4.38 

for a 1:3 ratio (Figure 3.10a,b,c). This confirms that the signal is a result of the unbound B1 and 

complex peaks overlapping. Furthermore, the integral area of the broad peak at 7.24 ppm also 

increases with the ratio, with an area of 6.96 for the 1:3 ratio (Figure 3.10a,b,c). This peak is 

present solely in mixtures of B1 and S1, hence is ascribable entirely to the complex. It was 

therefore ascertained that the multiplets at 7.36 ppm and 7.24 ppm are signals of the boronate 

ester complex.  

In addition to the NMR studies, ESI(-) MS analysis was performed on both mixtures in 0.1 M 

acetate buffer. The MS spectra (Figure 3.11a) of a 1:1 mixture of B1 and S1 showed the 

unbound S1 peak at m/z = 308.10 [M]− and the boronate ester species at m/z = 424.14 [M]−. The 

B1 (m/z = 134.05) is not shown as its below the lower mass limit of the instrument. On the other 

hand, a mixture of B1 and S2 (Figure 3.11b) presented solely the peak of unbound S2 at 

m/z = 322.12 whilst the boronate ester peak at m/z = 437.15 was not observed.  

The NMR and MS analysis support the ITC findings by confirming the formation of the 

boronate ester for B1 occurs solely with free sialic acid (S1). It was therefore established that 

the α-hydroxyacid group is the only binding site. Thus, the binding of boron-based receptors 

can arise only with the free form of sialic acid, and no complexation can be seen with sialic acid 

in glycoforms. These outcomes are believed to apply not only for benzoboroxoles but also to 

all boron-based receptors, such as phenylboronic acids and Wulff-type boronic acids, due to the 

analogy in the structures and binding properties. Furthermore, it is reasonable to assume that 

boron-based derivatives reported to bind sialylated glycans are instead interacting with other 

sugar residues of the carbohydrate chains34, 43. Nevertheless, boron-based receptors play an 

important role in the detection of sialic acid in its free form, which is a biomarker for sialic acid 
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related neurodegenerative diseases, certain  kinds of tumours (e.g. prostate, urinary bladder and 

renal cell cancers)1 and alcoholism-related liver dysfunctions5.  

 

 

Figure 3.11. Electrospray ionisation (ESI) mass spectrometry (MS) in negative mode analysis in 0.1 M 

acetate buffer at pH 5.5 of a 1:1 mixture of; a) B1 and S1; b) B1 and S2.  

a) 

b) 
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3.3 Functionalised benzoboroxole receptors 

3.3.1 Design of functionalised benzoboroxole receptors 

Following the clarification of the binding site, a series of functionalised benzoboroxole 

receptors for sialic acid were designed and synthesised. The receptors were designed to contain 

multiple functional groups, which provide multipoint interactions with sialic acid and determine 

an enhancement in the affinity and selectivity. The benzoboroxole unit was selected in order to 

form a covalent and reversible boronate ester complex with the sugar13. Additional functional 

groups were designed to create supplementary non-covalent interactions with the ligand. To 

direct the rational design of the functionalised receptors, firstly the main points of interaction 

with sialic acid needed to be identified. These included hydroxyl groups, the carboxylic acid, 

the acetamide moiety and the carbon backbone. A variety of non-covalent interactions can be 

exploited to interact with the aforementioned functional groups. The hydroxyl and the 

acetamide groups can be bound via hydrogen bonds. Hydrogen bonds can be neutral or 

charge-reinforced, with the latter known to be stronger and therefore preferred44. Indeed, the 

hydrogen bond between two uncharged groups (e.g. hydroxyl groups) provides a small 

contribution to the binding energy of solely 0.5 - 1.5 kcal mol−1. Conversely, the 

charge-reinforced hydrogen bond between a charged group and a neutral group is a stronger 

interaction with energy up to 4.5 kcal mol−1. For instance, charge-reinforced hydrogen bonds 

have been shown to play an important role in, both natural and synthetic, sugar-binding 

lectins45-47. Furthermore, hydrophobic and CH-π interactions can be exploited to interact with 

the carbon backbone. On the other hand, the carboxylic acid cannot be a non-covalent point of 

interaction as it is engaged in the boronate ester. Thus, charged groups present in the receptor 

will only form charged-reinforced hydrogen bonds with the sugar polar group, and will not 

form any electrostatic interactions with the carboxylate.  
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Many boron-based receptors presented in the literature present functional groups linked to the 

phenyl ring of a boronic acid or benzoboroxole unit7, 16, 33. Functionalisation of benzoboroxoles 

at the oxaborole ring are less common. Nevertheless, functionalisation of the oxaborole, via 

position 7, can offer a greater flexibility of the side chain compared to aromatic functional 

groups. All the receptors presented herein were functionalised at the oxaborole ring. In position 

7, a side chain bearing a positively charged group was introduced in order to exploit 

charge-reinforced hydrogen bonds. Two different cationic moieties were selected; the amino 

and the guanidino group. The guanidino group was expected to have a great effect in enhancing 

the affinity as it can generate a wider network of hydrogen bonds with the ligand. The guanidino 

group, and other bidentate groups, charged or uncharged, have been employed in synthetic 

lectins to create networks of non-covalent interactions47-51.  In addition to the cationic group a 

phenyl ring was introduced in the side chain of two of the six receptors. Aromatic rings can be 

found in the binding pocket lectins and as core structure in synthetic receptors38, 45-46, 52. The 

phenyl group provides hydrophobic and CH-π interactions with the carbon backbone of sialic 

acid.  

Furthermore, it was important to establish the optimal distance between the two main binding 

units of the receptors, the benzoboroxole and the charged group. The distance between 

functional groups of a receptor can define the selectivity and affinity towards a specific ligand. 

The prime example of this is a diboronic acid receptor developed by Tsukagoshi et al.53 The 

binding affinity of boronic acids to glucose is low, with BA preferred ligand being fructose. 

However, when two boronic acids were linked together and appropriately distanced the 

selectivity was switched from fructose to glucose and this was associated also to affinity 

enhancement. Hence, the relative position of the functional groups in a receptor can 

significantly alter the binding properties. In order to maximise affinity and selectivity it was 
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pivotal to investigate the optimal distance between the receptor functional groups. For this 

reason, a variety of receptors with different distances between the benzoboroxole core and the 

charged group were synthesised (Figure 3.12).  In receptors B2 and B3 the two groups are in 

close proximity with the amino and guanidino groups, respectively, linked to the oxaborole ring 

via a methylene group, a 1 carbon chain. All other receptors were obtained from the 

corresponding B2 and B3 via amide coupling and therefore present an amide group. In receptors 

B4 and B5 the charged group is separated from the benzoboroxole ring by a chain containing 2 

extra carbon atoms. Whilst, in receptors B6 and B7 the side chain consists in a benzyl group 

linked to the amide. The presence of an amide in the side chain is a potential point of constraint 

for the receptor, but it is also provides an additional point of interaction for the sugar.  

 

 

 

3.3.2 Synthesis of amino-benzoboroxole receptors 

In order to synthesise the abovementioned functionalised benzoboroxole receptors a precursor 

with a functional group on the oxaborole ring, which can be further derivatised, is needed. 

Figure 3.12. Positively charged benzoboroxole receptors B2 – B7.  
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Benzoboroxole derivatives can be obtained through three main different synthetic strategies 

starting from ortho-substituted aromatic bromide (Figure 3.13a), 2-formylphenylboronic acid 

(Figure 3.13b), or boronic pinacol esters (Figure 3.13c)54. 

 

The synthesis of benzoboroxole derivatives from boronic pinacol esters is the most common 

route to obtain a benzoboroxole ring. However, this strategy does not allow functionalisation 

of the newly generated oxaborole ring. Conversely, the synthesis of benzoboroxole derivatives 

from ortho-substituted aryl bromide and 2-formylphenylboronic acid allows functionalisation 

of the oxaborole ring. The synthesis of benzoboroxole derivatives from an appropriate 

ortho-substituted aryl bromide requires a bromo-lithium exchange which is followed by 

trans-metalation with a source of boron. This is then followed by dehydration and cyclisation 

to give the substituted benzoboroxole ring. This method requires a strong base, such as 

butyllithium, which was not considered due to safety concerns relating to its extreme 

reactivity55. On the other hand, the 2-formylphenylboronic acid synthetic route affords a variety 

of benzoboroxole substituted in position 7 employing common and safer reagents. The 

functional groups which can be introduced on the oxaborole ring include phenyl and 

heterocyclic rings, amides, alkenes, tertiary amines, esters.  

Whilst the introduction of a primary amine, to give B2, is not directly possible. A primary amine 

can be obtained by reduction of a nitro group, which can be introduced through a nitroaldol 

reaction, also known as Henry reaction56. The nitro functionalised benzoboroxole (B8) was 

Figure 3.13. The different starting material for the synthesis of the oxaborole ring; a) Aromatic bromide; 

b) 2-Formylphenylboronic acid; c) Boronic pinacol ester.  
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obtained from 2-formylphenylboronic acid and nitromethane in basic aqueous solution. The 

reaction proceeds with the deprotonation of the nitromethane followed by the nucleophilic 

attack of the nitromethane anion at the carbonyl group of 2-formylphenylboronic acid, the 

resulting intermediates are then protonated to give the nitro alcohol56. The nitro alcohol 

undergoes spontaneous dehydration leading to the cyclisation of the oxaborole ring 

(Figure 3.14). Thus, the resulting benzoboroxole is functionalised in position 7 with a 

nitromethyl group. 

 

Furthermore, the functionalisation of position 7 renders this carbon a chiral centre with the 

reaction providing a racemic mixture. The two enantiomers were not separated at this or at any 

later stage, thus all benzoboroxole derivatives synthesised herein were employed as racemic 

mixtures.  

 

Figure 3.14. Henry reaction between nitromethane and 2-formylphenylboronic acid followed by 

dehydration leading to the formation of the oxaborole ring.    
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The synthesis of B8 (Figure 3.15) was performed following a literature procedure which was 

modified affording improved yield57. The reaction was performed in the presence of 

3 equivalents of nitromethane in order to promote completion. The reaction was stopped by 

acidification with 2 M hydrochloric acid and the precipitate filtered immediately after in order 

to avoid its partial dissolution in water. It was observed that the direct acidification of the 

reaction mixture generates by-products. In order to avoid this the solution must be diluted with 

water prior to acidification. This procedure afforded the pure B8 in high yields (92%). The 

1H NMR of B8 (Figure 3.16) presents the hydroxyl group of boron as a singlet at 9.51 ppm. 

The region between 7.80 ppm and 7.35 ppm shows the four aromatic protons of the 

benzoboroxole aromatic ring. The proton H7 of the CH of oxaborole ring gives a double doublet 

at 5.78 ppm. Furthermore, the CH2 present two stereochemically different protons, H8a and H8b, 

which gives two different signals, each of integral of 1, at 5.34 ppm and 4.58 ppm. 

 

Figure 3.15. Synthesis of B8 from the 2-formylphenylboronic acid with nitromethane under basic 

conditions.  
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The nitro group of B8 was then reduced to give the corresponding amino benzoboroxole 

derivative, B2. Initially, the reaction was attempted without success with common reductive 

strategies, such as H2 at atmospheric pressure with different palladium catalysts (i.e. Pd(OH)2 

and Pd/C). The reaction was also attempted with hydrazine and palladium catalysis. However, 

no conversion to the corresponding amino group was observed by TLC or NMR. This is due to 

the lower reactivity to hydrogenation of aliphatic nitro groups when compared to aromatic ones. 

For instance, the hydrogenation of B8, which proceed at atmospheric pressure for an aromatic 

nitro group, requires a high pressure of hydrogen for an aliphatic group. Transfer hydrogenation 

with ammonium formate was also attempted without any conversion being observed. The 

reduction of B8 was achieved in the presence of NiCl2 hexahydrate and NaBH4 in methanol 

(Figure 3.17)58. NaBH4 reduces NiCl2 to Ni2B which then catalyses the in situ release of H2 

from NaBH4
59.   

 

Figure 3.16. 1H NMR spectrum of B8 (300 MHz, DMSO-d6, 298 K). 
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Upon formation the amine is protected in situ with Boc2O according to the literature 

procedure60, this is necessary to avoid the dimerisation of the amine with the imine 

intermediate58 (Figure 3.18).  

 

Following the reduction, the catalyst was removed by filtration and the crude was directly 

deprotected by acidic treatment with 2 M hydrogen chloride in diethyl ether to afford the 

complete cleavage of the Boc group. The precipitate was then triturated with diethyl ether 

giving the pure derivative B2 as hydrochloride salt with a yield, over the two steps, of 78%.  

 

Figure 3.17. Two-step synthesis of B2 from B8.  

Figure 3.18. Side reaction of dimerisation between the amine B2 and imine intermediates in the reduction 

of the B8.   
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The reduction of the nitro group into the corresponding amino hydrochloride salt was confirmed 

by 1H NMR (Figure 3.19). The signals of the protons of the CH2 group, H8a and H8b, are shifted 

to a higher field from 5.34 ppm and 4.58 ppm to 3.51 ppm and 2.79 ppm. This is due to the 

increased shielding provided by the NH3
+ group compared to the nitro group. The H7 proton of 

the oxaborole ring is also shifted upfield, from 5.78 ppm to 5.35 ppm. Furthermore, the NH3
+ 

group presents a broad singlet peak of integral 3 at 8.16 ppm. The broadness of this peak is due 

to the exchange of protons with water, thus confirming the presence of the NH3
+ group. 

The derivative B2, in addition to being employed in the binding studies as receptor, was also 

the starting material for the synthesis of all other receptors via amide coupling or 

guanidinylation. Receptors B4 and B6 were synthesised via amide coupling of B2 with 

Boc-glycine-OH and 4-(Boc-aminomethyl)benzoic acid, respectively. The coupling reaction 

was performed with 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDCI) and 

4-dimethylaminopyridine (DMAP). DMAP mediated the deprotonation of charged amino 

Figure 3.19. 1H NMR spectrum of B2 (300 MHz, DMSO-d6, 298 K). 
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group rendering B2 available for the coupling. DMAP and EDCI both contribute towards the 

activation of the carboxylic acid. The solvent in which the amide coupling was performed was 

selected based on the high polarity of B2, which is insoluble in most organic solvents except 

for methanol and dimethylformamide (DMF). Methanol cannot be employed under these 

reaction conditions as it would react with the carboxylic acid to give the correspondent methyl 

ester via Steglich esterification61. Thus, DMF was selected as solvent for the coupling.  

Receptor B4 was synthesised by a two-step procedure. In the first step B2 reacted with an excess 

of Boc-glycine-OH (1.2 equivalent) to give the Boc-protected intermediate (Figure 3.20). 

DMAP and EDCI were easily removed by extraction with 1 M HCl, whilst the unreacted 

Boc-glycine-OH was removed by washing with a saturated solution of sodium bicarbonate. 

Unfortunately, this work up procedure was responsible for the low overall yield of this synthetic 

procedure, as the Boc-protected intermediate was partially lost during the acidic wash. This 

could be due to the compound being partially soluble in water. Alternatively, the hydrochloric 

acid could have mediated the deprotection of the Boc group giving the deprotected product B4, 

which has high water solubility. Following the extraction, the crude was treated with 

2 M hydrogen chloride in diethyl ether to cleave the Boc group. The deprotection was 

quantitative and no further purification was required. The B4 derivative was obtained with a 

yield of 31% across the two-step synthetic procedure.  
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The 1H NMR spectrum of B4 (Figure 3.21) shows the two protons, H8a and H8b as two doublet 

of doublet of doublets signals at 3.69 ppm and 3.24 ppm. These signals are shifted downfield 

as the amide group is more electron withdrawing than the amino group. The NH proton of the 

Figure 3.20. Amide coupling of B2 with Boc-Gly-OH followed by Boc deprotection under acidic 

conditions to give B4.  

Figure 3.21. 1H NMR spectrum of B4 (400 MHz, DMSO-d6, 298 K). 
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amide group is shown as a triplet at 8.59 ppm. The protons H9 present a quartet at 3.55 ppm, 

with an integral area of 2. The NH3
+ signal is a broad peak at 8.03 ppm. 

Benzoboroxole derivative B6 (Figure 3.22) was synthesised from B2 and 

4-(Boc-aminomethyl)benzoic acid with the same reaction conditions as described for the 

synthesis of B4.  

 

In spite of this, the work up of this reaction differed from the one previously described. Initially 

the organic phase was washed with 1 M HCl and then with saturated NaHCO3. However, the 

low water solubility of 4-(Boc-aminomethyl)benzoic acid only allowed partial removal of the 

unreacted reagent. Following extraction, the crude was purified by recrystallisation with a 

mixture of hexane and ethyl acetate to afford the Boc-protected intermediate B9 with a yield of 

31%. It was important for the purification to be performed prior to cleavage of the Boc 

protection. Had the acidic treatment been performed on the crude this would have produced a 

mixture of 4-(aminomethyl)benzoic acid and B6 which, due to their high polarity, could not be 

easily purified by recrystallisation or column chromatography.  

Figure 3.22. Amide coupling between B2 and 4-(Boc-aminomethyl)benzoic acid to give Boc protected 

intermediate B9 which is then treated under acidic conditions to afford B6.  
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The 1H NMR spectra of B9 (Figure 3.23) presents five aromatic multiplets, between 7.90 ppm 

and 7.25 ppm, corresponding to the protons of both phenyl groups. The proton of the amide NH 

shows a triplet signal at 8.73 ppm. Of the two protons H8a and H8b of the oxaborole ring only 

one signal at 3.69 ppm can be seen in the 1H NMR. The second signal of the oxaborole CH2 

group overlaps with the water peak. The protons H9 present a doublet of integral area of 2 at 

4.17 ppm. For the protected amine group the NH signal overlaps with the aromatic protons, 

whilst the Boc methyl groups present a singlet at 1.40 ppm. The B9 was then deprotected with 

a 2 M hydrogen chloride in diethyl ether to give the B6 as an off-white solid with quantitative 

yield. In the 1H NMR spectrum of B6 (Figure 3.24) the Boc signal at 1.40 ppm is not present, 

whilst a broad singlet corresponding to the NH3
+ is observed at 8.52 ppm. In addition, H9 is 

Figure 3.23. 1H NMR spectrum of B9 (400 MHz, DMSO-d6, 298 K).  
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shifted from 4.17 ppm to 4.07 ppm, hence the NMR analysis confirms the full deprotection of 

the Boc group.  

 

 

 

3.3.3 Synthesis of guanidino-benzoboroxole receptors  

The guanidino benzoboroxole receptors, B3, B5 and B7, were obtained by guanidinylation of 

the corresponding amino-benzoboroxole derivatives B2, B4 and B6. Their synthesis consists of 

two steps (Figure 3.25). The first step was the guanidinilation of the amino derivative with 

1.1 equivalent of N,N′-di-Boc-1H-pyrazole-1-carboxamidine in the presence of triethylamine. 

This was followed by the cleavage of the Boc groups in acidic conditions to give B3, B5 and 

B7.  

Figure 3.24. 1H NMR spectrum of B6 (400 MHz, DMSO-d6, 298 K).  
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The reagent 1H-pyrazole-1-carboxamidine is well known for guanidinylation of primary 

amines62. In this work the protected analogue, N,N′-di-Boc-1H-pyrazole-1-carboxamidine, is 

used instead. In this fashion the guanidinylated receptors are initially obtained in their 

Boc-protected form. The Boc-protected intermediates are less polar and therefore can be 

purified by column chromatography, whilst the unprotected derivative would require reverse 

phase chromatography due to their high polarity. Following purification, the protected 

intermediates B10 - B12 were treated in acidic condition to cleave the Boc groups. The cleavage 

of the Boc groups was initially attempted with common reagents such as TFA in DCM63, 

2 M HCl in diethyl ether60 and in dioxane64, however none of these methods were able to fully 

remove both protecting groups. According to the literature, this could be a result of low 

solubility of the reaction intermediates in the aforementioned solvents65. The full deprotection 

was achieved generating hydrochloric acid in situ by addition of acetyl chloride to a mixture of 

methanol and ethyl acetate. Acetyl chloride reacts with methanol to form hydrochloric acid gas 

and methyl acetate. The addition of acetyl chloride in the methanol and ethyl acetate mixture 

was performed at 0 °C to reduce evaporation of the HCl gas. The mixture of methanol and ethyl 

acetate ensures that starting material and intermediates are fully dissolved. The reaction was 

stopped by evaporation of the solvents under reduced pressure. The main limitation of this 

procedure is the requirement of multiple additions of acetyl chloride across 48 to 72 hours to 

achieve completion.  

Figure 3.25. Schematic representation of the two-step guanidinylation reaction. 
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Receptors B3, B5 and B7 were all synthesised following the procedures described above 

(Figure 3.25) but differ in the purification strategies due to the different polarities of the 

intermediates B10, B11 and B12.  

Intermediate B10 was synthesised from B2 following the procedure described above 

(Figure 3.26). The purification was performed by column chromatography in 85% hexane and 

15% ethyl acetate, with a yield of 25%. The low yield is caused by the high polarity of B10 

which is retained by the column.  

 

The 1H NMR spectrum of B10 (Figure 3.27) confirms the successful guanidinylation. In 

particular, the CH2NH signal is a triplet at 8.46 ppm, whilst the NHBoc signal is a singlet at 

11.48 ppm. The methyl protons of two Boc groups give two singlets at 1.47 ppm and 1.39 ppm. 

In addition, due to the conversion of the NH3
+ group into a Boc-guanidine, the protons H8a and 

H8b are shifted to lower fields, from 3.51 ppm and 2.79 ppm to 3.96 ppm and 3.25 ppm, 

respectively.  

Figure 3.26. Two-step guanidinylation of B2 to afford receptor B3. 
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Derivative B10 was deprotected in acidic conditions described previously to give B3. The 

complete cleavage of the protecting group was verified by 1H NMR (Figure 3.28). The two 

singlet peaks at 1.47 ppm and 1.39 ppm of the Boc groups are no longer present after the 

deprotection. Moreover, the NHBoc signal at 11.48 ppm is not present either, and the CH2NH 

is shifted at 7.61 ppm. The guanidino group presents only one broad peak at 6.96 ppm 

corresponding to the NH2
+, due to the resonance of the guanidino group. In addition, the broad 

water peak at 3.37 ppm indicates exchanging of protons with the guanidino moiety.  

 

Figure 3.27. 1H NMR spectrum of B10 (400 MHz, DMSO-d6, 298 K). 
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In the 1H NMR spectra of B3 small traces of impurities are present. Purification by 

recrystallisation was attempted with different mixtures of methanol and diethyl ether, ethyl 

acetate or chloroform but without success, probably due to the hygroscopic nature of the 

molecule. It was observed that even in the presence of small traces of moisture from air the 

compound turned into a sticky oil, preventing recrystallisation. Unfortunately, no other solvent 

was suitable for the recrystallisation of B3 and the compound was too polar to be purified by 

column chromatography. Since the impurities were present only in trace quantities (< 5%) the 

compound was not purified further.  

Derivative B4 was treated with N,N′-di-Boc-1H-pyrazole-1-carboxamidine to give the 

Boc-protected derivative B11 (Figure 3.29). This intermediate was purified by column 

chromatography with a gradient solvent system, 80% hexane and 20% ethyl acetate to 95% 

ethyl acetate and 5% methanol, to afford B11 in 61% yield. 

Figure 3.28. 1H NMR spectrum of B3 (400 MHz, DMSO-d6, 298 K). 
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The 1H NMR of B11 confirmed the guanidinylation of B4 (Figure 3.30). The amino group of 

B4 was converted into an amide group and the NH of the amide is a triplet at 8.69 ppm. The 

NHBoc shows a singlet at 11.43 ppm and the two Boc groups as two singlets at 1.48 and 1.38 

ppm. The guanidinylation caused a shift of the CH2 protons (H9) from 3.55 ppm to 3.93 ppm.  

 

Figure 3.29. Two-step guanidinylation of B4 to afford receptor B5.  

Figure 3.30. 1H NMR spectrum of B11 (400 MHz, DMSO-d6, 298 K). 
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The intermediate B11 was deprotected in acidic condition. The crude was recrystallised in a 

mixture of methanol and diethyl ether to afford the pure B5 with a yield of 30%. The full 

cleavage of both Boc groups was confirmed by 1H NMR (Figure 3.31) with no peaks being 

present in the region around 1.45 ppm. The NHBoc peak at 11.43 ppm is also not present, whilst 

the CH2NH is shifted to 7.57 ppm. The NH2
+ group presents a broad peak at 7.29 ppm, which 

partially overlaps with the aromatic signals.  

The synthesis of B7 consisted of the guanidinylation of B6 to give the Boc-protected derivative 

B12 (Figure 3.32). The crude was then purified by a gradient solvent system with increasing 

polarity, 80% hexane and 20% ethyl acetate to 100% ethyl acetate, to give the pure B12 with a 

yield of 55%.  

Figure 3.31. 1H NMR spectrum of B5 (400 MHz, DMSO-d6, 298 K). 
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The guanidinylation of B6 was confirmed by NMR. The 1H NMR of B12 (Figure 3.33) presents 

the two singlets of Boc methyl groups at 1.48 ppm and 1.37 ppm. The NHBoc signal is a singlet 

at 11.54 ppm whilst the CH2NH signal overlaps with the amide signal at 8.76 ppm. The protons 

H9 are shifted to lower fields from 4.07 ppm to 4.58 ppm, due to the guanidinylation of the 

amino group.   

 

Figure 3.32. Two-step guanidinylation of B6 to afford receptor B7. 

Figure 3.33. 1H NMR spectrum of B12 (400 MHz, DMSO-d6, 298 K). 
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Derivative B12 was deprotected in acidic conditions to give the pure B7 as an off-white solid 

with quantitative yield. The full deprotection is confirmed by 1H NMR analysis of B7 

(Figure 3.34). The two singlets of the Boc group at 1.48 ppm and 1.37 ppm are not present as 

well as the NHBoc signal at 11.54 ppm. The CH2NH signal is shifted at higher fields, with a 

chemical shift of 8.23 ppm. The NH2
+

 signal of B7 is a broad peak overlapping with other 

signals in the aromatic region.  

 

 

In addition, to the benzoboroxole receptors a control molecule was synthesised. The 

N-benzylguanidine (B13), as hydrochloride salt, was employed to assess the role of the charged 

and phenyl groups in the binding of sialic acid.  

Figure 3.34. 1H NMR spectrum of B7 (400 MHz, DMSO-d6, 298 K). 
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Compound B13 was synthesised from benzylamine with the same experimental conditions 

previously detailed for the guanidino receptors (Figure 3.35). Upon formation the 

Boc-protected intermediate a white precipitate was formed and filtered. This was deprotected 

with acetyl chloride to afford the molecule B13, with 18.0% yield. The 1H NMR spectrum of 

B13 (Figure 3.36) showed the NH2
+ peak as a broad peak overlapping with the aromatic signal 

and the the CH2NH as a triplet at 8.23 ppm.  

 

 

Figure 3.35. Two-step synthesis of control molecule B13.  

Figure 3.36. 1H NMR spectrum of B13 (400 MHz, DMSO-d6, 298 K). 
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3.4 ITC binding studies of positively charged benzoboroxole receptors  

3.4.1 Binding affinities 

The binding affinity of synthesised benzoboroxole receptors B2 – B7 to sialic acid was 

evaluated by ITC at four different pH values of 5.5 (0.1 M acetate buffer), 6.5 (0.1 M phosphate 

buffer), 7.4 (0.1 M phosphate buffer) and 8.5 (0.1 M ammonium acetate buffer). All 

experiments reported in Table 3.6 were repeated three times with the heat of dilution subtracted. 

The values reported in Table 3.6 were calculated as the mean of the three different 

measurements with the error corresponding to twice the standard deviation. 

 

All the functionalised receptors B2 – B7 displayed their highest affinity at pH 5.5 with the 

lowest binding occurring at pH 8.5 (Figure 3.37). This behaviour is consistent with the binding 

profile of non-functionalised B1, as the main binding event is the formation of the boronate 

ester. The formation of the boronate ester is enhanced at acidic pH, as no repulsion is present 

between the trigonal boron centre and the α-hydroxyacid binding site. Furthermore, when 

compared to B1, all functionalised receptors B2 – B7 presented increased binding affinities 

across the studied pH range (Figure 3.37), with the exception of B2 at pH ≥ 7.4. The affinity 

Receptor pH 5.5 pH 6.5 pH 7.4 pH 8.5 
B1 51.2 ± 1.2 50.7 ± 0.9 39.3 ± 0.6 23.5 ± 2.1 
B2 150.4 ± 7.9 64.7 ± 3.7 26.8 ± 2.1 21.9 ± 1.4 
B3 234.3 ± 8.0 105.0 ± 7.3 43.1 ± 4.8 37.5 ± 1.0 
B4 129.6 ± 0.8 84.7 ± 3.8 43.7 ± 0.9 28.1 ± 1.9 
B5 141.0 ± 6.8 112.0 ± 5.5 55.5 ± 1.0 33.7 ± 1.6 
B6 104.4 ± 5.2 85.9 ± 4.0 50.5 ± 2.1 36.3 ± 1.4 
B7 110.2 ± 3.4 82.8 ± 3.9 60.9 ± 4.3 41.4 ± 0.6 

 

Table 3.6. Binding constants (Ka, M−1) measure by ITC by titrating a 80 mM solution of S1 into a 2 mM 

solution of receptors B2 – B7 at four different pH values; 5.5 in 0.1 M acetate buffer, 6.5 in 0.1 M PB 

buffer, 7.4 in 0.1 M PB buffer and, 8.5 in 0.1 M ammonium acetate. The experiments consist in three 

titrations and were conducted at 25 °C. The heat of dilution was measured and subtracted. 
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enhancement was ascribed to the additional interactions that B2 – B7 created with sialic acid. 

Indeed, the receptors B2 – B7 bind to sialic acid via multipoint interactions comprising of 

covalent boronate ester formation and non-covalent interactions. The non-covalent interactions 

provided by B2 – B7 consists primarily of hydrogen bonding and CH-π interactions with the 

charged and aromatic groups, respectively. The formation of non-covalent interactions within 

the complex provide stabilisation of the boronate ester resulting in an increased affinity.  

The highest binding affinity of receptors B2 – B7 was observed at acidic pH, with the 

non-covalent interactions taking place at this pH providing the greatest stabilisation to the 

complex. On the other hand, at basic pH the affinity is reduced partially due to the lower 

proportion of boronate ester formed at pH ≥ 7.4, but also to weaker non-covalent interactions 

being formed. This effect can be distinctly observed when considering receptors B2 and B3, 

which present only one additional point of interaction, the charged moiety. The receptors B2 

and B3 showed the strongest binding to sialic acid at pH 5.5. Lacking any other point of 

interaction, such as amide or aromatic moieties, it is reasonable to ascribe the large increase in 

the affinity exclusively to the charged moiety. The electrostatically charged head creates 

charge-reinforced hydrogen bonds with the hydrogen bond acceptors of sialic acid20. 

Charge-reinforced hydrogen bonds are known to provide a higher contribution to the binding 

energy than their neutral counterparts66. For this reason, the strongest binding was observed at 

pH 5.5 where the contribution of charge-reinforced hydrogen bonds is especially significant. 

At basic pH the contribution of charge-reinforced hydrogen bonds is reduced, with neutral 

hydrogen bonds prevailing, however these are weaker bonds leading to lower binding affinities. 

In addition to hydrogen bonding, the cationic head can also promote ion pairing with the 

negatively charged boron centre of the boronate ester complex providing further stabilisation. 
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Ion pairing was shown to contribute to the stability of the complex in other positively charged 

boron-based receptors67. 

 

Furthermore, the nature of the charged head significantly influenced the affinity. Receptors 

bearing a guanidino head presented higher Ka than their corresponding amino derivatives across 

the entire pH range, excluding aromatic derivatives B6 and B7 at pH 6.5. It is proposed that the 

guanidino moiety creates wider networks of charge-reinforced hydrogen bonds with sialic acid 

acceptors, thus resulting in more stable boronate ester complexes. This is particularly clear at 

pH 5.5 with the receptor B3 (Ka = 234.3 ± 8.0 M−1) presenting a 1.6-fold increase in the affinity 

compared to the corresponding amino receptor B2 (Ka = 150.4 ± 7.9 M−1). In addition, the 

guanidino group can create stronger ion pairs with anionic groups, when compared to the amino 

moiety68.  

Figure 3.37. Isothermal titration calorimetry binding studies of receptors B1 and B2 – B7 with sialic acid 

(S1) at pH 5.5 (0.1 M acetate buffer), 6.5 (0.1 M phosphate buffer), 7.4 (0.1 M phosphate buffer), and 

8.5 (0.1 M ammonium acetate buffer) and 25 °C. Each experiment consists of three titrations. The heat 

of dilution was measured and subtracted. 
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Another parameter to consider is the distance between the boron-unit and the charged group 

and how this influences the binding affinity. This is particularly important at acidic pH where 

the charge head has an influential role in the binding. Conversely, at basic pH other types of 

non-covalent interaction (i.e. CH-π interactions and neutral hydrogen bonds) provide a greater 

contribution to the complex stabilisation. Thus, at basic pH the relative position of the charged 

head in relation to the boron centre is less relevant. At pH 5.5 all synthesised receptors B2 – B7 

showed an increased affinity compared to B1. In particular, B2 and B3 presented a 3- and 

4.5-fold affinity increase due to charge-reinforced hydrogen bonds. The increase is more 

marked for B3 as this can create a wider network of interactions. Given the large contribution 

provided by the charged head at this pH, it can be noticed that when this is further away from 

the benzoboroxole ring the binding affinity is reduced. Considering amino-functionalised 

benzoboroxoles B2, B4 and B6 it can be seen that the larger derivatives present decreased 

binding affinities. Receptor B2 presented a binding constant of 150.4 ± 7.9 M−1, whilst B4 and 

B6 have lower Ka of 129.6 ± 0.8 M−1 and 104.4 ± 5.2 M−1, respectively. This same trend was 

also observed for guanidino derivatives. Receptor B3 presented the highest affinity to sialic 

acid amongst all receptors, with Ka = 234.3 ± 8.0 M−1. Larger guanidino derivatives, B5 and 

B7, have lower binding affinities with Ka = 141.0 ± 6.8 M−1 and Ka = 110.2 ± 3.4 M−1, 

respectively. Despite the lower affinity of larger derivatives, the contribution to the binding 

offered by the guanidino moiety can still be observed for B5 and B7 with these presenting 

higher affinity to sialic acid than their corresponding amino derivatives B4 and B6. 

Nonetheless, for these derivatives the enhancement caused by the substitution of the amino with 

a guanidino group is modest, when compared to B2 and B3. Given the lower affinity of larger 

derivatives, it is reasonable to assume that the receptors B2 and B3 created charge-reinforced 

hydrogen bonds with groups in proximity to the boronate ester or with the boronate ester itself. 
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In the case of B4 – B7 the cationic group is too far away from the boronate ester to provide 

comparable non-covalent interactions to the ones formed by B2 and B3, hence a lower degree 

of stabilisation is provided. In addition to the distance, also the constraint to the flexibility of 

the side chain, provided by the amide and phenyl groups, could be responsible for the lower 

affinities of these derivatives. This could be particularly relevant for B6 and B7 which contain 

a phenyl ring in the side chain, reducing its flexibility. Indeed, these derivatives present the 

lowest binding constants at acidic pH. Nevertheless, B6 and B7 receptors still display a 2-fold 

increase in the binding affinity when compared to B1, suggesting that other non-covalent 

interactions (e.g. CH-π interactions and neutral hydrogen bonds), although weaker, are formed. 

Moreover, in derivatives synthesised via amide coupling, B4 - B7, the amide group can form 

hydrogen bonds with sialic acid providing and additional point of interaction. However, the 

effect of this group in the affinity is believed to be small due to the low binding energy provided 

by neutral hydrogen bonds66.  

At pH > 5.5 the binding affinities of the synthesised receptors decreased steadily, with 

increasing pH. The greatest reduction was observed for B2 and B3. This suggests that at a more 

basic pH the contribution of charge-reinforced hydrogen bonds and ion pairing on the binding 

is reduced. On the other hand, derivatives with additional points of interaction present higher 

binding affinities as they offer a more diverse range of interactions. Indeed, the contribution of 

non-covalent interactions (e.g. CH-π and neutral H bonds) in the binding is more relevant at pH 

> 5.5.  

At pH 6.5 receptor B2 presents the lowest binding constant (Ka = 64.7 ± 3.7 M−1), among the 

synthesised receptors, with a binding affinity 2.3 times lower compared to pH 5.5. This 

indicates that the contribution of the charge-reinforced hydrogen bonds is reduced, as these are 

partially substituted by weaker neutral hydrogen bonds. The stabilisation provided by the ion 
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pairing with the boron centre could also be reduced at this pH. At pH 6.5 the receptor B3 still 

displayed higher affinity than B2, with Ka = 105.0 ± 7.3 M−1, confirming that importance of the 

wider network of hydrogen bonds in the stabilisation of the boronate ester. Moreover, at pH 6.5 

the highest binding affinity for sialic acid is achieved by receptor B5, with Ka = 112.0 ± 5.5 M−1. 

This suggests that there is an increased contribution of additional points of interaction to the 

boronate ester stabilisation. Indeed, receptors B4 and B5 can provide additional neutral 

hydrogen bonds through the amide group. Moreover, receptors B6 and B7 can also form CH-π 

interactions with the apolar face of sialic acid. On the other hand, B2 and B3 do not contain 

other functional groups, aside from the charged moiety, resulting in fewer points of interaction 

with sialic acid. In addition to these considerations, the differences in the affinities between pH 

5.5 and 6.5 cannot neglect the influence of the different buffer solutions (e.g. sodium acetate, 

phosphate buffer)9. Acetate buffer, used for pH 5.5, has been reported to accelerate the reaction 

between boron-based receptors and a ligand via addition of the acetate ion to the boron69. Thus, 

the lower affinities at pH 6.5, compared to pH 5.5, could also be partially attributed to the 

different buffer employed as the boronate ester formation in phosphate buffer (pH 6.5) cannot 

take advantage of the support provided by the acetate ions. As different buffers are used for 

different pHs, the direct comparison of data from different pH values must be interpreted 

cautiously. Nevertheless, at a given pH, the comparison of Ka values for the different 

functionalised receptors is valid.  

At physiological pH, the binding affinity of all receptors B2 – B7 is greatly reduced. This is 

mainly determined by the lower affinity of the tetrahedral boron to the α-hydroxyacid caused 

by electrostatic repulsion (see Section 3.2.3). Furthermore, at neutral pH the contribution of 

charge-reinforced hydrogen bonds and ion pairing is further reduced. For instance, B2 with 

Ka = 26.8 ± 2.1 M−1 presents lower affinity to sialic acid than non-functionalised B1 
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(Ka = 39.3 ± 0.6 M−1), suggesting that the amino group plays no role in the binding at pH 7.4. 

The affinity of receptor B3 is greatly reduced, when compared to acidic pH, however it still 

presents a modest increase compared to B1, with Ka = 43.1 ± 4.8 M−1. This finding is in 

contradiction to that of the amino functionalised receptors, suggesting that there is a small 

contribution of the guanidino group in the binding, confirming the positive effect provided by 

hydrogen bonding network, even when in absence of charge-reinforced hydrogen bonds. 

Furthermore, receptors B4 and B5 display binding constants of 43.7 ± 0.9 M−1 and 

55.5 ± 1.0 M−1, respectively. Whilst the aromatic receptors B6 (Ka = 50.5 ± 2.1 M−1) and B7 

(Ka = 60.9 ± 4.3 M−1) have the highest binding affinity amongst functionalised receptors, 

respectively. The binding of these receptors to sialic acid is reinforced by CH-π interactions 

between the side chain phenyl ring and the sugar carbon backbone. The observations reported 

for pH 7.4 are also valid for pH 8.5 as the trend is the similar, though the binding constants are 

further reduced. At pH 8.5 the highest binding constant is shown by B7 (Ka = 41.4 ± 0.6 M−1), 

confirming the relevance of CH-π interactions at neutral and basic pH.  

Furthermore, the chirality of the receptors was examined. The functionalised benzoboroxole 

receptors B2 – B7 presented a chiral centre in position 7 of the oxaborole ring. The 

benzoboroxole compounds were synthesised and studied as racemic mixtures. However, the 

two enantiomers of a given receptor could theoretically display significantly different binding 

affinities to sialic acid. Furthermore, due to the chirality of the boron atom in the complexed 

species the receptor racemic mixture generates a mixture of four diastereomeric complexes 

which could present different stabilities and binding energies. The ITC data can be utilised to 

gauge whether the racemic mixture is formed by two enantiomers with significantly different 

binding affinities to sialic acid70. For the case in which two enantiomers exist with significantly 

different affinities the shape of the isotherm would be composed by two curves, which 
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manifests itself as a step in the ITC isotherm. On the other hand, when the two enantiomers 

have similar binding affinities the ITC graph is composed by one single curve, not presenting 

any step. Herein, all ITC curves comprised of a single curve, thus both enantiomers of receptors 

B2 – B7 present comparable binding constants to the racemic mixture.  

 

3.4.2 Enthalpy-entropy compensation 

The ITC experimental data can be used to extract other valuable thermodynamic data in relation 

to the binding event, in addition to the binding constant Ka. Statistical analysis of fits to the 

titration curve allow extraction of two other important thermodynamic parameters; the change 

in enthalpy (ΔH, kcal mol−1) and the change in entropy (ΔS, cal mol−1 deg−1). The Gibbs free 

energy (ΔG, kcal mol−1) of the system was then calculated through application of Equation 3.5 

with temperature T being 298.15 K and R being 1.98720×10−3 kcal K−1 mol−1. 

∆𝐺 =  −𝑅𝑇 ln 𝐾𝑎 = ∆𝐻 − 𝑇∆𝑆            Equation 3.5 

 

Table 3.7. Thermodynamic parameters ΔH (kcal mol−1), ΔS (cal mol−1 K−1), ΔG (kcal mol−1) for the binding 
of receptors B1, B2 – B7 to S1 at pH 5.5, 6.5, 7.4 and 8.5 at 25°C (298.15 K). 

 pH B1 B2 B3 B4 B5 B6 B7 
ΔH 

 
5.5 −5.6 ± 0.1 −3.3 ± 0.1 −3.5 ± 0.1 −4.9 ± 0.0 −4.6 ± 0.2 −3.9 ± 0.2 −3.3 ± 0.1 
6.5 −5.1 ± 0.1 −2.7 ± 0.1 −3.8 ± 0.3 −4.0 ± 0.0 −3.9 ± 0.1 −3.6 ± 0.1 −2.9 ± 0.1 
7.4 −4.7 ± 0.1 −2.9 ± 0.0 −2.8 ± 0.3 −3.7 ± 0.1 −2.4 ± 0.0 −3.4 ± 0.1 −2.9 ± 0.1 
8.5 −3.5 ± 0.2 −2.6 ± 0.1 −2.3 ± 0.2 −3.2 ± 0.1 −3.4 ± 0.1 −3.3 ± 0.1 −2.8 ± 0.1 

ΔS 5.5 −10.9 ± 0.4 −1.2 ± 0.3 −1.0 ± 0.2 −6.6 ± 0.2 −5.8 ± 0.8 −3.7 ± 0.4 −1.8 ± 0.3 
6.5 −9.3 ± 0.4  −0.7 ± 0.4 −3.4 ± 1.0 −4.7 ± 0.2 −3.9 ± 0.2 −3.2 ± 0.3 −1.1 ± 0.5 
7.4 −8.3 ± 0.5 −3.3 ± 0.2 −2.0 ± 1.1 −4.8 ± 0.4 −2.6 ± 0.1 −3.6 ± 0.5 −1.7 ± 0.5 
8.5 −5.3 ± 1.0 −2.7 ± 0.5 −0.5 ± 0.9 −4.1 ± 0.6 −4.3 ± 0.4 −4.0 ± 0.4 −2.0 ± 0.2 

ΔG 
 

5.5 −2.3 ± 0.2 −3.0 ± 0.2 −3.2 ± 0.1 −2.9 ± 0.1 −2.9 ± 0.4 −2.8 ± 0.2 −2.8 ± 0.2 
6.5 −2.3 ± 0.3 −2.5 ± 0.2 −2.8 ± 0.6 −2.6 ± 0.1 −2.8 ± 0.2 −2.6 ± 0.1 −2.6 ± 0.3 
7.4 −2.2 ± 0.3 −1.9 ± 0.1 −2.2 ± 0.6 −2.2 ± 0.2 −2.4 ± 0.8 −2.3 ± 0.3 −2.4 ± 0.3 
8.5 −1.9 ± 0.5 −1.8 ± 0.3 −2.1 ± 0.5 −2.0 ± 0.3 −2.1 ± 0.2 −2.1 ± 0.2 −2.2 ± 0.1 
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The binding event (i.e. the formation of the boronate ester) promotes the release of heat and, 

thus a negative change in the enthalpy of the system, as observed in Table 3.7. This was 

observed for all the ITC experiments presented within this study. The negative change in the 

enthalpy associated to the binding event indicates that the formation of the boronate ester is 

favourable and enthalpic driven. It must be noted that the change in the enthalpy of the system 

consist of a combination of various phenomena occurring during the binding event71, and it is 

not only ascribable to the boronate ester formation. The overall change in enthalpy is given by 

a combination of interactions that are being broken, between the unbound species in solution 

and the solvent, and others that are being formed, between receptor and ligand. In addition, 

different buffers, with different ionisation enthalpies, provide different reaction enthalpy 

changes. The obtained ΔH value is therefore a sum of the enthalpy of binding and the enthalpy 

of ionisation of the buffer72. Therefore, the enthalpy of system evaluated at different pH cannot 

be directly compared. Moreover, the interpretation of the enthalpy of systems with very low 

c-values, such as the ones studied herein (c = 0.04 - 0.46), must be performed with extra care. 

As described in Section 3.1, when the c-value is < 1 the number of binding site n must be fixed 

prior fitting of the data. However, in such cases the fitted ΔH values are reliable only if the 

following conditions are met; high molar ratio, appropriate levels of signal to noise and the 

concentration of ligand and receptors must be known with accuracy30. The experiments were 

designed to meet all these conditions (see Section 3.1). Thus, the experimental ΔH values are 

believed to be accurate and can be used for the thermodynamic interpretation of the binding 

event. 

The entropic component in Table 3.7 was negative for all experiments. The change of entropy 

(ΔS) represents the disorder of the system and is a combination of solvent release and changes 

in the conformational, translational and rotational freedom of the species upon binding. In 
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particular, the formation of the boronate ester caused a loss of degrees of freedom of the species 

in solution which resulted in an overall negative change in the entropy. The negative entropy 

indicates that the binding is not favourable from the entropic point of view. The Gibbs free 

energy (Table 3.7) is negative for all experiments indicating that the formation of the boronate 

ester, between receptor B1 – B7 and sialic acid, is a spontaneous event. Furthermore, in system 

where covalent bonds are formed the ΔG is dominated by the enthalpic component73, as 

observed in these studies.   

 

 

The complexation causes a favourable negative change in the enthalpy, whilst simultaneously 

causing an unfavourable negative change of the entropy. Thus, the enthalpic component is 

compensated by the entropic one with this resulting in a moderate change in the free energy 

Figure 3.38. Enthalpy (ΔH, kcal mol−1) against entropy (TΔS, kcal K−1 mol−1) plot at pH 5.5 (0.1 M 

acetate buffer), 6.5 (0.1 M phosphate), 7.4 (0.1 M phosphate buffer), and 8.5 (0.1 M ammonium acetate 

buffer) and 25 °C. 
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(from −1.8 to −3.2 to kcal mol−1) 71,74. Furthermore, the ΔG is linked to the binding constant Ka 

by Equation 3.5. Greater binding constants correspond to more negative values of ΔG therefore 

in order to achieve higher affinities the negative change in ΔG should be larger. However, in 

the boronate ester formation, as in many other systems73, greater changes in the ΔG are 

prevented by the compensation between enthalpy and entropy. This effect is called 

enthalpy-entropy compensation (EEC). The EEC effect is the linear relationship existing 

between the enthalpic component ΔH and the entropic component TΔS. The ΔH data were 

plotted against the TΔS values for receptors B1 – B7 at a selected pH. A linear dependency was 

found for all four pH values (Figure 3.38), with the slope of the linear dependency indicating 

the degree of compensation. For slopes of 1 the EEC is complete, as observed at pH 7.4.  Slopes 

> 1 indicate that the binding is driven by entropy and is more sensitive to the enthalpic 

component75, whilst slopes below 1 indicate that the binding is enthalpic driven and more 

sensitive to changes in the entropy of the system27, 74. The latter condition (slopes < 1) was 

observed at pH 5.5, 6.5 and 8.5 with slopes of 0.80, 0.92 and 0.86, respectively. The EEC effect 

was initially reported as a property of the solvent, particularly water, and to be independent 

from the species in solution73. Further studies described the EEC effect as a characteristic of all 

systems based on weak interactions 73. The EEC has been extensively observed for 

protein-ligand interactions76 and was also shown for boronic acid-based receptors27. The 

analysis of the thermodynamic data showed that the boronate ester formation between 

benzoboroxole receptors B1 – B7 and sialic acid is enthalpy driven and subject to 

enthalpy-entropy compensation.  
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3.4.3 Cooperativity of the binding event 

The binding of functionalised-benzoboroxole receptors to sialic acid consists of a combination 

of covalent and non-covalent interactions and the cooperative nature of these interactions was 

investigated. As multiple binding events occur in the binding process these can be distinguish 

in a primary and a secondary event. Herein, the formation of the boronate ester is defined as the 

primary binding event, whilst the sum of the non-covalent interactions (e.g. H-bonds, CH-π 

interactions, ion pairing) are defined as the secondary binding event. The two binding events 

could be independent or dependent with respect to each other. If the events are independent the 

secondary binding event would occur regardless of the formation of the boronate ester. 

Alternatively, one event can be dependent on the other, hence the non-covalent interaction will 

occur only as a consequence of boronate esterification. In particular, the aim was to assess 

whether the formation of non-covalent interactions is dependent on the boronate ester 

formation.  

A control molecule B13 was synthesised (see Section 3.3.3) and the binding of this to sialic 

acid was measured by ITC. The control molecule B13 contains solely an aromatic ring 

functionalised with a methyl guanidino group. The guanidino group was chosen, rather than the 

amino, due to its greater effect on the binding affinity. The compound B13 can interact with 

sialic acid solely through non-covalent interactions as it lacks the boron-unit. The cationic and 

aromatic moieties can offer charge-reinforced hydrogen bonds and CH-π interactions. In 

addition, the guanidino could form electrostatic interactions with the carboxylate as this will 

not be engaged in a boronate ester. The non-covalent interactions which provided the highest 

contribution to the binding are charge-reinforced hydrogen bonds and these are particularly 

relevant at pH 5.5. Therefore, the binding of B13 to S1 was measured at pH 5.5. If the two 

binding events, boronate esterification and non-covalent interactions, were independent B13 



144 
 

would bind S1 through non-covalent interactions despite the absence of the boronate ester. The 

formation of non-covalent interactions would be confirmed by significant, albeit weaker, 

binding being observed by ITC. On the other hand, if the secondary binding event can only 

occur exclusively following the covalent complexation no significant binding would be present 

for B13. Experimental ITC data showed that there was not a significant change in heat detected 

when titrating an 80 mM solution of sialic acid into a 2 mM solution of B13, with Ka < 1.0 M−1. 

Hence, the secondary binding event appears dependent on the primary one with the 

non-covalent interactions occurring solely after the boronate ester formation. Thus, the binding 

of the positively charged receptors B2 – B7 to sialic acid was found to be cooperative.  

 

3.4.4 Selectivity studies 

In order to assess the selectivity of positively charged benzoboroxoles towards sialic acid the 

binding affinity to neutral (e.g. fructose, galactose, glucose and mannose) and negatively 

charged (glucuronic acid) monosaccharides (Figure 3.39) was assessed. 

 

 
Figure 3.39. Neutral and anionic monosaccharides.     
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The binding of boron-based receptors to neutral monosaccharides occurs preferentially for pH 

values above the pKa (pKa = 7.2 for B1)13. Therefore, at physiological and basic pH the binding 

arises between the tetrahedral boron and the sugar diols9. For instance, the binding of 

benzoboroxole B1 to fructose at physiological pH is reported to be Ka = 508.0 ± 7.0 M−1 26, via 

the 2,3 diol77, whilst with glucose the binding is with the trans-4,6 diol (Ka = 31 M−1)13. The 

binding affinity to galactose varies between the α and β anomeric configurations, with Ka in the 

20-30 M−1 range, and occurs with the 3,4 cis-diol or with the 4,6 cis-diol, with the former being 

the preferred 13. Finally, the Ka for mannose is Ka = 24 M−1.13 

The selectivity studies were conducted by ITC at pH 5.5, as at this pH the functionalised 

receptor presents the highest binding affinity to sialic acid (Table 3.8).  

 

Three receptors were selected for the study: B1, B2 and B3. The non-functionalised 

benzoboroxole B1 was employed to assess the sole contribution of the boronate ester formation. 

Whilst cationic benzoboroxole receptors B2 and B3 were chosen as they offer the highest 

affinity to sialic acid. The binding of benzoboroxole receptors B1, B2 and B3 to the 

aforementioned neutral monosaccharides at acidic pH was expected to be low to negligible. 

 B1 B2 B3 

S1 51.2 ± 1.2 150.4 ± 7.3 234.3 ± 8.0 

D-Fructose 18.5 ± 0.6 198.6 ± 16.1 162.6 ± 12.6 

D-Galactose 7.5 ± 0.4 10.6 ± 4.1 5.6 ± 2.4 

D-Glucose < 1.0 10.1 ± 4.4 10.0 ± 0.9 

D-Mannose < 1.0 9.6 ± 4.2 4.8 ± 1.1 

D-Glucuronic acid < 1.0 11.6 ± 2.2 12.5 ± 0.3 

 

Table 3.8. Binding constants (Ka, M−1) measure by ITC by titrating a 80 mM solution of D-fructose, 

D-galactose, D-glucose, D-mannose or D-glucuronic acid into a 2 mM solution of B1, B2 or B3 at pH 5.5 

in 0.1 M acetate buffer, The experiments consist in three titrations and were conducted at 25 °C. The heat 

of dilution was measured and subtracted. 
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Indeed, the binding affinity of B1 to fructose and galactose was greatly reduced, with 

Ka = 18.5 ± 0.6 M−1
   and Ka = 7.5 ± 0.4 M−1, respectively, whilst the binding to glucose and 

mannose was too low to be detected (Ka < 1.0 M−1). The presence of the amino group in B2 

caused an increase in the affinity of the benzoboroxole to the neutral monosaccharides. This 

increase led to modest binding constants for galactose, glucose and mannose, whilst the affinity 

to fructose saw a 10-fold increase. The binding affinity of B2 to fructose 

(Ka = 198.6 ± 16.1 M−1) is higher than the binding affinity to sialic acid (Ka = 150.4 ± 7.3 M−1). 

This indicated that positively charged groups, through charge-reinforced hydrogen bonds, can 

enhance the affinity also for other monosaccharides. Hence, charge-reinforced hydrogen bonds 

have the potential to be highly valuable tools in the design of sugar probes. Interestingly, when 

comparing the amino to the guanidino, the latter functionality caused no further enhancement 

in the binding affinity for glucose (Ka = 10.0 ± 0.9 M−1) whilst it displayed a reduced affinity 

for fructose (Ka = 162.6 ± 12.6 M−1), galactose and mannose. Consequently, B3 is observed to 

selectively bind sialic acid amongst the neutral monosaccharides.   

In addition to the aforementioned monosaccharides, the binding affinity to glucuronic acid was 

also measured. Glucuronic acid is a glucose derivative with the CH2OH group in position 6 

oxidised to a carboxylic acid. Thus, it is an anionic sugar and was employed to verify the cross 

reactivity with anionic species. It is important to note that the carboxylic acid of glucuronic acid 

is not a α-hydroxyacid as no OH group is present in the α position; thus, this cannot be bound 

by the boron unit. In addition, the oxidation of position 6 renders the 4,6 diol, the preferred 

binding site, unavailable. Hence, only the less favourable trans-3,4 diol is accessible13. The 

binding to glucuronic acid is expected to be consistent or lower than the binding to glucose, 

unless the interaction of the positively charged moiety with the carboxylic acid is significant. 

As reported in Table 3.8 all three receptors B1, B2 and B3 present negligible or low binding 
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constants to glucuronic acid, which are consistent with the Ka values observed for glucose. 

Hence, it is reasonable to conclude that no significant interaction occurs between the cationic 

moieties and the carboxylic acid, as already shown by the cooperative studies 

(see Section 3.4.3).  

There was no evidence of cross reactivity of the positively charged receptor B2 and B3 with 

galactose, glucose, mannose and the negatively charged glucuronic acid. Whilst receptor B2 

was found to preferentially bind fructose at pH 5.5, suggesting a lack of selectivity for sialic 

acid. Conversely, B3 has been shown to be selective for sialic acid under acidic conditions. 

 

3.5 Summary and outlook 

Initially the binding affinity of non-functionalised receptor B1 to sialic acid was measured by 

ITC confirming that the highest affinity could be achieved under acidic conditions, due to lack 

of repulsion between ligand and receptor. The formation of the boronate ester was proven to 

arise exclusively with the α-hydroxyacid group and no binding with the glycerol chain was 

detected at any pH value. Following these studies, functionalised benzoboroxole receptors 

bearing cationic groups were synthesised and their affinity to sialic acid was assessed by ITC. 

The highest binding was recorded at pH 5.5. At this pH the neutral, trigonal boron reacts with 

the negatively charged α-hydroxyacid group to form the boronate ester complex with 

elimination of one equivalent of water. Furthermore, functionalised receptors B2 – B7 provide 

additional interactions with sialic acid resulting in stabilisation of the reversible boronate ester 

and, thus enhanced binding affinities. Particularly relevant at acidic pH are charge-reinforced 

hydrogen bonds and the ionic pairing. The charge-reinforced hydrogen bonds are formed 

between the amino or guanidino groups and the polar groups of sialic acid20. Ionic pairing 
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occurs between the cationic group and the negative boron centre in the complex. Hence, the 

binding of functionalised benzoboroxole to sialic acid is characterised by multivalent 

interactions and a cooperative nature. Indeed, the formation of the boronate ester is essential 

for the non-covalent interactions to occur and in the absence of the benzoboroxole unit no 

binding was detected. Furthermore, it is reasonable to assume that the charge-reinforced 

hydrogen bonds occur in close proximity to the boron centre as the smaller derivatives B2 and 

B3 present greater binding affinities. In particular, B3 presents the highest binding affinity 

among synthesised benzoboroxoles, with Ka = 234.3 ± 8.0 M−1. The guanidino moiety enhances 

the binding by providing a wider network of hydrogen bonds which further stabilise the 

complex. For receptors B4 – B7, which present longer side chains, the affinity is decreased at 

pH 5.5 as they cannot provide comparable interactions and stabilisation to B2 and B3. 

Conversely, at more basic pH, receptors B4 – B7 presented higher affinity than B2 and B3. This 

is due to the charge-reinforced hydrogen bonds being less relevant at higher pH values with 

other interactions prevailing. Indeed, receptors B4 – B7 present additional functional groups 

(e.g. amide and phenyl groups) offering additional points of interaction with sialic acid. 

Nevertheless, neutral hydrogen bonds and CH-π interaction interactions provide a lower 

contribution to the binding. This, combined with the repulsion at basic pH, results in an overall 

progressive decrease of the affinity at more basic pH values. 

It was concluded that the optimal pH for the detection of sialic acid by boron-based receptors 

is 5.5. At this pH the benzoboroxole receptors B1 and B3 have shown to be selective towards 

sialic acid versus other monosaccharides, with the exception of B2 binding preferentially 

fructose. Consequently, the best receptor for sialic acid was determined to be B3 as it presents 

the highest binding affinity to sialic acid (Ka = 234.3 ± 8.0) and good selectivity.  
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4. Chapter 4 - Towards the detection of sialylated glycans with 

scaffold-based receptors 
 

Glycoproteins are proteins presenting one or more oligosaccharide chains, named glycans, 

linked to the peptide backbone1. Many different types of glycans have been identified, such as 

hybrid and complex types, mono-, bi- and multiantennary2. Among these, sialylated glycans 

are polysaccharide chains terminating with a sialic acid unit and have been identified as relevant 

biomarkers for cancerous conditions3, such as colon, stomach, pancreatic, lung, breast and 

prostate cancers4-6. Cancer-associated sialylated glycans are structurally very similar to glycans 

expressed by normal cells, with the main difference being the glycosidic linkage configuration 

anchoring the sialic acid residue to a galactose (Gal) or a N-acetylgalactosamine (GalNAc) 

unit6. Sialic acid can be bound to galactose in α2-3 fashion, in which the glycosidic bond is 

between the 2-OH group of sialic acid and the 3’-OH group of galactose (Figure 4.1a). The 

α2-3 sialylated glycans have been found to be expressed by abnormal cancerous cells in, 

prostate cancer6 and pancreatic adenocarcinoma metastasis7. On the other hand, non-altered 

cells display α2-6 sialylated glycans, in which the sialic acid residue is linked to the galactose 

through position 6 (Figure 4.1b). 

 
Figure 4.1. Representation of a) α2-3 sialylated glycans; b) α2-6 sialylted glycans. 

a) 

b) 
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For instance, the Prostate-Specific Antigen (PSA) of patients with prostate cancer (PCa) is rich 

in α2-3 sialylated glycans, whilst patients with Benign Prostatic Hyperplasia (BHP) present an 

abundancy of α2-6 linkages6. The current diagnostic test for prostate cancer is based on 

measuring the PSA levels, however the PSA levels can be enhanced not only in PCa patients 

but also in BHP patients resulting in high rates (up to 20%)8 of false positive results9-11. On the 

other hand, the analysis of the PSA glycans can overcome this issue resulting in a more specific 

diagnosis and therefore reducing misdiagnosis and the associated negative consequences10. It 

must be noted that other cancerous conditions, such as breast cancer5, are characterised by 

increased expression of α2-6 sialosides compared to non-altered cells which display α2-3 

sialylated glycans. The differences in the sialylation of glycans can be exploited as biomarkers 

in the diagnosis of cancer. In order to achieved this, a highly selective diagnostic tool able to 

specifically target a certain glycan structure over the other glycoforms is required.  

In order to achieve high affinity and selectivity, the receptor must provide multivalent 

interactions with the sialoside12-14. Indeed, multivalency is at the basis of the interactions 

between saccharides and their natural binders, lectins. Lectins are able to bind saccharides with 

µM affinities and display reasonable selectivity by forming a network of non-covalent 

interactions with the sugars15. Indeed, non-covalent interactions are weak interaction, and it is 

solely in a multivalent context that these become relevant allowing sugar recognition, with this 

being known as cluster effect16. This effect was also exploited in synthetic receptors17-18, with 

one of the prime example of how this principle significantly affects the selectivity described by 

Tommasone et al.19. Within their work they developed molecular imprinted surfaces presenting 

high affinity and selectivity for a particular glycan over other oligosaccharides which share high 

structural analogy with the targeted one. Conversely to lectins, the cluster effect is achieved via 

multiple covalent interactions between the oligosaccharide and benzoboroxole units of the 
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surface binding pocket. In particular, each sugar unit is bound to at least one benzoboroxole 

affording dissociation constants comparable to lectins. The affinity and selectivity enhancement 

offered by cooperative binding was also demonstrated in Chapter 3 of this work. A receptor 

combining both covalent and non-covalent interactions displayed good affinity and selectivity 

for the monosaccharide sialic acid. When targeting oligosaccharides, a higher degree of 

multivalency is required compared to monosaccharides. In particular, a receptor with at least 

one functional group, or point of interaction, per sugar unit is needed. Unlike the case for small 

molecules, scaffold-based receptors are particularly suitable when targeting oligosaccharides, 

as they can be modified with different functional groups and therefore offer several points of 

interactions20. Many functional groups can be included in the receptor to promote additional 

binding, as glycans can engage in a variety of interactions, including hydrogen bonds, 

electrostatic and hydrophobic interactions, and covalent bonds. Given the great variety of 

potential scaffolds and functional groups there are many possible receptors requiring 

independent design, synthesis and testing. Such approach can be extremely time consuming, 

hence in order to overcome this issue dynamic combinatorial chemistry (DCC) was proposed 

as a promising technique for the discovery of oligosaccharide receptors. Dynamic 

combinatorial chemistry was first applied by Huc and Lehn in 1997 for the target-driven 

generation of carbonic anhydrase inhibitors21. In this approach the independent synthesis and 

testing of a large quantity of different potential inhibitors is replaced by the in situ formation of 

different adducts, obtained via a reversible reaction between different small molecules 

(i.e building blocks). The addition of the target protein, also known as template, to the library 

determines amplification of the best binders amongst the other adducts. DCC is a versatile 

technique which can be tailored to different substrates. Indeed, DCC has not only found 

application in medicinal chemistry22, but also in the field of sensing specially focusing on ions 
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and small molecules23. Nevertheless, its applications in glycosensing are very limited and only 

apply to mono- and disaccharides24-25, making this an unexplored technique for the generation 

of biologically relevant oligosaccharide receptors. 

The aim of this work is to lay the foundations for the development of a universal system to 

generate highly specific receptors for biologically relevant glycans. In order for the 

development to proceed glycan analogues must first be synthesised. The cancer related α2-3 

sialoside, and the associated α2-6 glycoform, were synthesised at Utrecht University under the 

supervision of Prof. Dr. Boons within a placement funded by the Erasmus program. 

Furthermore, consideration of the DCC components, including the synthesis of a 

peptidomimetic scaffold and the selection of sugar-binding building blocks, for the future 

application of this technique are also detailed within. This work will enable the future 

application of DCC in glycosensing.  

Unfortunately, the COVID-19 pandemic significantly affected the progress of the research 

planned within this Chapter. In particular, the University closure in March 2020, due to the 

national lockdown, and the restrictions in place within the laboratories once the University 

re-opened in mid-July substantially limited my ability to perform further experimental work for 

this Chapter.   

 

4.1 Enzymatic synthesis of sialylated epitopes 

In this section the enzymatic synthesis of sialylated epitopes is detailed, alongside with the 

enzyme expression and NMR analysis. This work was performed within an Erasmus-funded 

placement at Utrecht University under the supervision of Prof. Dr. Boons, a world-leading 

expert in carbohydrate synthesis. 
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4.1.1 Glycan synthesis overview 

The synthesis of di- or oligosaccharides involves the condensation of two sugar units, with 

formation of a glycosidic bond, to obtain a glycoside which can be achieved by chemical means. 

The chemical synthesis of a glycoside requires a sugar donor and a sugar acceptor26. The sugar 

donor must present a good leaving group in the anomeric position. In addition, both donor and 

the acceptor must present protecting groups in all the positions not involved in the glycosidic 

linkage to guarantee a strict control of the reaction regiochemistry. During the condensation, 

the donor leaving group is displaced by the nucleophilic free hydroxyl group of the acceptor 

through a SN1 mechanism27. In particular, the leaving group is firstly activated by a promoter 

which supports the dissociation of the leaving group. The resulting glycosyl cation is stabilised 

via oxocarbenium ion intermediate which is then attacked by the acceptor nucleophilic OH 

group resulting in the formation of the glycosidic bond (Figure 4.2).  

 

Figure 4.2. Glycosylation reaction mechanism; the sugar donor is firstly activated by a promoter 

(PR) resulting in the dissociation of the leaving group (LG) and formation of the oxocarbenium 

ion. The cation is then attacked by the acceptor nucleophilic OH resulting in the formation of 

the glycoside.  
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Hence, the chemical synthesis of a glycoside requires, prior to the glycosylation, the synthesis 

of the appropriate donor and acceptor derivatives and must then be followed by cleavage of the 

protecting groups. This synthetic procedure can be extremely time consuming and low 

yielding26. Yet, the biggest challenge in the glycosylation is controlling the anomeric 

stereochemistry of the linkage in order to afford solely the natural glycoside with minimal or 

no formation of the unnatural anomer26. In glycosylation reactions the anomeric selectivity is 

primarily controlled by the donor auxiliary group in position C2, which participate in the 

glycosylation by stabilising the oxocarbenium ion intermediate 26-27. The stereochemistry can 

also be influenced by extra factors including reaction conditions (e.g. solvent, temperature), 

saccharide nature, protecting and leaving groups26. When performing a sialylation (i.e. addition 

of sialic acid) the equatorial glycoside, or α anomer, is the natural and desired one. However, 

in sialylations the stereochemistry is extremely hard to control due to the lack of an auxiliary 

group in position C326. For this reason, the sialylation is the most challenging of all 

glycosylation reactions and rarely affords anomerically pure glycosides. In addition, the 

sialylation is also hampered by the presence of the electron withdrawing carboxylic acid on the 

anomeric carbon which renders the oxocarbenium ion unstable and thus susceptible to 

2,3-elimination with formation of the corresponding glycal (Figure 4.3)28.  

 

The glycosylation is also sterically hindered by the tertiary anomeric centre and by the glycerol 

chain28. Chemical ways to control the sialylation stereochemistry have been developed and 

Figure 4.3. Oxocarbenium ion 2,3-elimination to afford the corresponding glycal.  
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consist of introducing a leaving group and an auxiliary group in position C2 and C3, 

respectively26. However, the synthesis of a suitable SA derivative and subsequent removal of 

the auxiliary group renders the synthesis of sialylated glycans exceptionally long and 

challenging.  

To overcome these issues and achieve better anomeric purity enzymatic methods have been 

developed for the synthesis of sialylated glycans. The enzymatic synthesis exploits 

glycosyltransferase enzymes which provide high regio- and  stereo- selectivity without 

requiring saccharide derivatisation26.  

 

4.1.2 Sialyltransferase enzymes 

Glycosyltransferases are enzymes which catalyse the reaction between two sugar derivatives, a 

donor and an acceptor, to afford a glycoside. The donor is a sugar nucleotide, from which the 

sugar unit is transferred to the acceptor. Enzymes that transfer sialic acid from the sugar 

nucleotide, cytidine-5′-monophospho-sialic acid (CMP-sialic acid), to the acceptor are named 

sialyltransferases (STs) and they mediate the formation of α2-3 or α2-6 glycosidic linkages. 

The ST enzyme mediates the attack of the acceptor onto the donor anomeric carbon which is 

subject to an inversion of its configuration, from the β configuration of the CMP-sialic acid to 

the α configuration of the sialoside29. During the sialylation the phosphorylated nucleotide 

(CMP) is released and acts as an ST inhibitor limiting the glycosylation yield30. In order to 

avoid the enzymatic inhibition, Calf Intestinal Alkaline Phosphatase (CIAP) is generally added. 

This phosphatase hydrolyses the 5’-phosphate groups to afford the dephosphorilated nucleotide 

which does not display an inhibitory effect, resulting in improved yields30.  



165 
 

Many sialyltransferases, either of bacterial or mammalian origin, have been employed in the 

enzymatic or chemoenzymatic synthesis of glycans29. Herein, we focus on Pasteurella 

multocida STs as these present significant advantages compared to other bacterial STs. The first 

sialyltransferase produced from the Pasteurella multocida was the recombinant multifunctional 

sialyltransferases PmST1, also known as tPm0188Ph31. The activity of this enzyme was found 

to be highly pH dependent with the α2-3 sialyltransferase activity being predominant at neutral 

to basic pH. Conversely, at acidic pH the PmST1 possess α2-6 sialyltransferase activity, 

although less efficient, and a sialidase activity which hydrolyses exclusively α2-3 linkages. The 

abovementioned activities are also displayed, to some extent, at neutral pH alongside the 

α2-3 sialyltransferase activity. In addition to this, the wild-type PmST1 catalyse the hydrolysis 

of the sugar donor CMP-sialic acid. All of the aforementioned side reactions significantly affect 

the α2-3 sialylation yield32. Nevertheless, the wild-type PmST1 present a series of advantages 

when compared to other bacterial STs, including the ability of acting as a catalyst on a broad 

variety of substrates, high expression levels in Escherichia coli and high kinetic constants31-33. 

The broad substrate specificity is a particularly attractive feature when glycans bearing 

unnatural sugar residues are required31. From the wild-type PmST1, two different mutants, the 

M144D and the P34H/M144L, have been engineered by the Chen group31-32. The single mutant 

PmST1 M144D had improved α2-3 sialylation yields due to the lower donor hydrolysis and 

lower α2-3 sialydase activity32. Whilst the double mutant PmST1 P34H/M144L was engineered 

to display exclusively α2-6 ST activity31.  

Compared to mammalian glycosyltransferases, the bacterial ones are more easily expressed, 

more stable and have broader acceptor specificity34 29. Nevertheless, mammalian 

sialyltransferases have also been successfully employed in the enzymatic synthesis of 

sialoglycans35-38. Human ST3Gal enzymes found application in the synthesis of α2-3 sialylated 
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epitopes, as they mediate the transfer of a sialic acid residue from the CMP donor to the 

galactose residue of different acceptors39. In particular, the enzymes ST3Gal 3, 4 and 5 mediate 

the sialylation of Galβ1-4GlcNac structures, with the ST3Gal4 enzyme affording the highest 

conversion rate39.  

 

4.1.3 Expression of PmST1 M144D enzyme 

The bacterial enzymes PmST1 M114D and PmST1 P34H/M144L as well as the mammalian 

ST3Gal4 were employed in the synthesis of sialylated epitopes. The enzymes ST3Gal4 and 

PmST1 P34H/M144L were previously expressed by the Boons group and stored at -80°C. 

Conversely, the PmST1 M144D was not available and was therefore expressed with the help 

of Boons team members following a published procedure31. A preculture of E. coli cells 

containing the plasmid with the genetic information for the expression PmST1 M144D was 

employed. The preculture of cells was added to lysogen broth rich medium to promote their 

growth. To this the antibiotic ampicillin was added to prevent the growth of other bacteria. The 

medium was incubated at 37 °C and the cell growth was monitored by UV every 30 mins. The 

cell growth was measured through the parameter OD600. The OD600 is a measurement of the 

optical density of a sample at 600 nm and it is routinely employed to measure cell growth40. 

When the OD600 value reached a value above 0.6 the cell growth was stopped, and the protein 

expression induced by addition of isopropyl β-D-1-thiogalactopyranoside (IPTG). The IPTG 

induces the expression of the recombinant protein from the plasmid in E. coli41. The cells were 

incubated overnight at room temperature whilst shaking and then harvested by centrifugation. 

The cells were then treated with a solution of Triton X-100 and addition of lysozyme and DNase 

in order to promote lysis of cells and cellular components31. This was followed by 

centrifugation and collection of the supernatant which was then loaded on nickel-nitrilotriacetic 
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acid affinity column (Ni2+-NTA) to allow purification of the enzyme of interest. The enzyme, 

which was His-tagged, was retained by the solid phase whilst the rest of the component of the 

lysate were washed with MilliQ water. Then an imidazole buffer with increasing concentration, 

from 5 to 200 mM, was employed to elute the enzyme through the imidazole replacing the 

enzyme in binding the Ni2+ resin. The collected vials were analysed by UV to verify the 

presence of the enzyme. From the measured absorbance value it was possible to roughly 

estimate the concentration of the different vials by using the relationship relating the absorbance 

to the protein concentration; 1 A280 = 1 mg/ml42. According to this, the vials were found to have 

a concentration between 0.6 and 0.9 mg/ml.  The purified enzyme was denatured and analysed 

by sodium dodecyl sulphate–polyacrylamide gel electrophoresis (SDS-PAGE) at 200 V for 

30 minutes31 and then stained with Coomassie Blue stain to reveal the presence of the PmST1 

enzyme in the sampled vials. The PmST1 M144D was stored in a fridge at 4 °C and utilised 

within a month of expression.  

 

4.1.4 Sialylation of β-methylgalactose 

Cancer-associated sialylated glycans are polysaccharide chains terminating with a sialic acid 

unit3. In various cancerous conditions these display a α2-3 glycosidic bond between sialic acid 

and galactose residues. Conversely, the α2-6 isoforms are produced by non-altered cells. The 

simplest epitopes retaining the key discrepancy between the aforementioned glycosides are the 

disaccharide units consisting of sialic acid and galactose; SAα2-3Gal or SAα2-6Gal. These 

small epitopes can be employed to mimic the terminal end of sialylated glycans. Furthermore, 

in glycans the galactose residue is anchored to the oligosaccharide chain via a β glycosidic 

linkage between its the anomeric hydroxyl group and the third to last sugar unit1. To mimic 

this, the disaccharide epitopes must present the galactose anomeric hydroxylic group engaged 
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in a glycosidic linkage. The simplest β glycoside of galactose is the β-methylgalactose, in which 

the anomeric hydroxyl group is methylated. Hence, the two simplest sialylated epitopes consist 

of a sialic acid unit linked, α2-3 or α2-6, to β-methylgalactose. Herein, the synthesis of the 

sialylated disaccharides SAα2-3GalβMe (Figure 4.4a) and SAα2-6GalβMe (Figure 4.4b) is 

discussed.  

 

The enzymatic synthesis of the SAα2-6GalβMe epitope consist in the α2-6 sialylation of the 

acceptor β-methylgalactoside with the donor CMP-sialic acid (Figure 4.5). The bacterial 

sialyltransferase Pasteurella multocida PmST1 double mutant (P34H/M144L) was selected33 

for its broader acceptor promiscuity. In particular, the sialylation of GalβMe by this enzyme 

was not already validated. Hence, the ST activity of PmST1 P34H/M144L was tested with the 

donor GalβMe and the acceptor CMP-sialic acid. The enzymatic reaction was performed at pH 

7.3 with addition of the cofactor MgCl2 and the phosphatase CIAP. The reaction was incubated 

overnight at 37 °C and then analysed by LC-MS in positive ion mode. 

Figure 4.4. Sialylated disaccharides: a) SAα2-3GalβMe; b) SAα2-6GalβMe. 

a) 

b) 
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The LC-MS analysis allows identification of the species presented in the reaction mixture by 

analysis of their m/z ratio. If the enzymatic sialylation were successful the SAα2-6GalβMe 

disaccharide would be detected alongside with the unreacted CMP-sialic acid, which was added 

in excess. On the other hand, if any unreacted GalβMe was still present in the mixture this 

would not be observed by MS analysis as its molecular weight (MW = 194.2) is below the 

instrument’s lower mass limit. The analysis of the reaction mixture showed solely the presence 

of the CMP-sialic acid with signals of m/z = 635.1 [M + Na]+ and m/z = 681.1 [M + 3Na]+, with 

no disaccharide being detected (MW = 484.4).  

Furthermore, the same experimental conditions were employed when the testing of Pasteurella 

multocida PmST1 single mutant (M144D)32 in the synthesis of the α2-3 epitope, 

SAα2-3GalβMe. The LC-MS analysis of this mixture in positive ion mode revealed solely the 

presence of the unreacted CMP-sialic acid without traces of the sialylated epitope. 

Consequently, it was concluded that despite the broader acceptor promiscuity of the PmST1 

mutants they were not able to catalyse the sialylation of the unnatural β-methylgalactoside 

acceptor.  

In spite of the limited acceptor substrate specificity of mammalian enzymes, the ST3Gal4 

activity in the sialylation of β-methylgalactoside was tested (Figure 4.6). This reaction was 

performed at pH 7.5 in the presence of CIAP and BSA. BSA is added to prevent adhesion of 

the enzyme to the tube walls which would decrease its availability43. The reaction was 

Figure 4.5. Enzymatic synthesis of SAα2-6GalβMe.  
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performed with an excess of donor and incubated at 37 ºC. The reaction progression was 

monitored by LC-MS. After 3 hours the sialylated disaccharide was observed, m/z = 508.2 

[M + Na] + and m/z = 530.2 [M + 2Na]+, alongside with the unreacted donor (m/z = 681.1 

[M + 3Na]+). The analysis in negative ion mode also confirmed the presence of the sialylated 

disaccharide, m/z = 484.1 [M − H]−.  

 

The unreacted GalβMe cannot be detected by MS analysis, hence in order to assess the rate of 

conversion the mixture was analysed by thin layer chromatography (TLC). Following staining 

with a 5% H2SO4 ethanolic solution a spot attributable to the disaccharide was revealed whist 

the acceptor GalβMe was not observed, thus implying full conversion (Figure 4.7).    

 

From the above-described test reactions it was concluded that the SAα2-3GalβMe can be 

successfully synthesised with the mammalian enzyme ST3Gal4. Whilst the PmST1 double 

mutant did not display α2-6 ST activity towards the GalβMe acceptor. In addition, α2-6 

sialylation of GalβMe with mammalian enzymes could not be explored as no α2-6 mammalian 

Figure 4.6. Enzymatic synthesis of SAα2-3GalβMe.  

Figure 4.7.  Representation of TLC plate run in 4:2:1 EtOAc:MeOH:water and stained with 5% 

H2SO4 in ethanol. A = acceptor, β-methylgalactoside; D = donor, CMP-sialic acid; R = reaction 



171 
 

STs were available to us. Consequently, a different strategy needed to be investigated as both 

α2-3 and α2-6 sialylated epitopes were required.  

The enzymatic sialylation of unnatural sugar is particularly challenging as enzymes tend to 

favour natural acceptors. The use of galactose as acceptor, rather than its methylated 

counterpart, could offer greater compatibility with the STs. However, the corresponding 

epitopes, SAα2-3Gal and SAα2-6Gal, would present the galactose anomeric hydroxyl group 

exposed, thus diminishing the analogy to glycan terminal ends. Thus, it was decided to link 

galactose to another sugar unit, the N-acetylglucosamine in order to afford the disaccharide 

N-acetyllactosamine (LacNAc). This was then sialylated to give the SAα2-3LacNAc and 

SAα2-6LacNAc trisaccharide epitopes.  

 

4.1.5 Synthesis of N-acetyllactosamine 

The N-acetyllactosamine (LacNAc) disaccharide consists of a galactose unit linked β1-4 to 

N-acetylglucosamine (GlcNAc), Galβ1-4GlcNAc38. This epitope can be found in many glycans 

with its sialylated analogue observed in cancer-related glycans44-45. LacNAc is a natural sugar 

and therefore presents higher compatibility with sialyltransferases. 

LacNAc was enzymatically synthesised from the N-acetylglucosamine acceptor and the uridine 

diphosphate galactose (UDP-Gal) donor (Figure 4.8). The galactosyltranferase B4GalT1 was 

employed for this reaction. B4GalT1 is a mammalian enzyme belonging to the 

β4-Gal-transferases family34 which catalyse the transfer of galactose from UDP-Gal to GlcNAc, 

creating a glycosidic linkage between the galactose anomeric position and GlcNAc position 4. 

The enzymatic synthesis of LacNAc was performed at pH 7.5 in 50 mM TRIS buffer with the 

addition of CIAP, BSA and the cofactor MnCl2. The UDP nucleoside released during the 
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reaction was dephosphorylated by the CIAP enzyme with the phosphate salt being visible as a 

white precipitate after overnight incubation at 37 ºC.  

 

The LC-MS analysis of the mixture revealed presence of the LacNAc product (MW = 383.4) 

with m/z = 406.1 [M + Na]+ and m/z = 789.3 [2M + Na]+ corresponding to the monomer and 

dimer, respectively. However, due to the low molecular weight (MW = 221.2) of GlcNAc it 

was not possible to verify the rate of conversion for this reaction by mass spectrometry. 

Consequently, the mixture was analysed by TLC and following staining with 5% H2SO4 in 

ethanol no starting material was observed suggesting full conversion.  

The enzymatic reaction was stopped by freeze drying the mixture. The crude was purified by 

size exclusion chromatography to separate the LacNAc from salt, enzyme, and the remaining 

sugar nucleotide. The collected fractions were analysed by TLC and the ones containing the 

disaccharide were also analysed by LC-MS to confirm their composition and purity. The 

fractions containing LacNAc, m/z = 406.1 [M + Na]+ and m/z = 789.3 [2M + Na]+, were 

collected and freeze dried overnight.  

 

4.1.6 Synthesis of sialylated epitopes 

The ST enzyme presents higher activity towards natural sugar acceptors, thus the sialylation of 

LacNAc was preferred to the unnatural GalβMe. In addition, the sialylation of a disaccharide 

Figure 4.8. Enzymatic synthesis of LacNAc (Galβ1-4GlcNAc).  
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presents a practical advantage over monosaccharide sialylations. As described in Section 4.1.4, 

the rate of conversion for the sialylation of a monosaccharide is hard to monitor by LC-MS as 

the acceptor, which is the limiting reagent, has a low molecular weight. Thus, other methods, 

such as thin layer chromatography, are required to assess the conversion. On the other hand, 

the progression of the LacNAc sialylation can be easily monitored by LC-MS as its molecular 

weight is above the instrument’s lower mass limit. 

The α2-6 sialylation of LacNAc to afford the SAα2-6LacNAc epitope was performed with the 

PmST1 P34H/M144L enzyme and the CMP-sialic acid donor (Figure 4.9). In the mixture the 

cofactor MgCl2 and the phosphatase enzyme CIAP were added, and the reaction was incubated 

for 3 hours at 37 °C and monitored by LC-MS.  

 

The positive MS spectra presented two signals at m/z = 697.2 and m/z = 384.1 corresponding 

respectively to the trisaccharide ([M + Na] +) and the acceptor ([M + H]+). From the relative 

intensity of the two signals, it was established that the conversion was near completion 

(80 – 90%) and therefore the reaction was stopped by freeze drying the mixture. The crude was 

dissolved in water and filtered through a spin filter to remove the enzyme from the mixture. 

The retrieved solution was freeze dried and then purified by ion exchange column 

chromatography. The column was initially eluted with MilliQ water allowing the elution of 

unreacted LacNAc, whilst the negatively charged sialyl-LacNAc was retrained by the column 

via interaction with the solid-phase cationic heads. Once the elution of LacNAc and salts was 

Figure 4.9. Enzymatic synthesis of SAα2-6LacNAc.  
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complete the solvent system was changed to 20 – 50 mM ammonium carbonate buffer in order 

to disrupt the interaction between the sialyl-LacNAc and the amino groups of the stationary 

phase, hence allowing elution of the pure trisaccharide SAα2-6LacNAc (79.7 mg, 53.7%). 

For the synthesis of the SAα2-3LacNAc epitope the mammalian enzyme ST3Gal4 was 

employed. The mammalian enzyme was preferred over the bacterial PmST1 M144D due to the 

significant sialidase side-activity that this display. Contrary to PmsST1, the mammalian enzyme 

ST3Gal4 does not display sialidase activity, offering a more efficient sialylation. The ST3Gal4 

activity towards LacNAc of was previously confirmed by the Boons group38. The synthesis of 

SAα2-3LacNAc was performed with an excess of CMP-sialic acid and in the presence of CIAP 

and BSA in 50 mM TRIS buffer at pH 7.6 (Figure 4.10). The mixture was incubated at 37 °C 

for 3 hours and then analysed by LC-MS in positive and negative ion mode. In negative ion 

mode a signal of m/z = 673.4 [M – H]− confirmed the presence of the SAα2-3LacNAc. The 

trisaccharide was also observed in positive ion mode with m/z = 697.2 [M + Na]+. However, 

the LacNAc was revealed to be the predominant component of the mixture with m/z = 406.1 

[M + Na]+ and m/z = 789.3 [2 M + Na]+. In order to drive the reaction towards completion, a 

further 200 µl of ST3Gal4 were added. Following overnight incubation at 37 °C, the LC-MS 

analysis showed the predominant presence of product (m/z = 697.2 [M + Na]+) and a small 

amount of acceptor (m/z = 406.1 [M + Na]+).  

 
Figure 4.10. Enzymatic synthesis of SAα2-3LacNAc.  
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The mixture was freeze dried overnight and then purified by size exclusion chromatography, 

which was preferred to spin filtering as the latter can be extremely time consuming when a large 

amount of enzyme is present. The purification via size exclusion chromatography allowed 

separation of the enzyme and the sugar nucleotide from the mixture. The resulting solution, 

containing primarily LacNAc and sialylated-LacNAc, was initially freeze dried and then 

purified by ion exchange column chromatography to afford the pure trisaccharide 

SAα2-3LacNAc (55.4 mg, 23.7%).  

 

4.1.7 NMR analysis of sialylated trisaccharides 

The synthesised epitopes, SAα2-3LacNAc and SAα2-6LacNAc (Figure 4.11), were analysed 

by Nuclear Magnetic Resonance (NMR) analysis in order to confirm their structure and 

anomeric configuration. The NMR analysis of the synthesised trisaccharides comprised of 1H, 

1H-1H Correlation Spectroscopy (1H-1H COSY), 1H-1H Total Correlation Spectroscopy 

(1H-1H TOCSY) and 1H-13C Hetereonuclear Single Quantum Coherence Spectroscopy 

(1H-13C HSQC), for spectra see Appendix. The 1H NMR alone is not very informative given 

the crowded region between 4.01 ppm and 3.55 ppm, and between 4.00 ppm and 3.48 ppm for 

the α2-3 and α2-6 sialosides, respectively. Due to the overlapping of signals, in the 1H NMR 

only a few signals can be identified unequivocally. These include the acetamide CH3 protons, 

the sialic acid H3eq and H3ax and the anomeric protons of galactose and N-acetylglucosamine. It 

must be noted that the configuration of GlcNAc anomeric carbon is not fixed, hence both 

anomers are present and can be observed in the NMR spectra. The anomeric proton (H1) for the 

α-GlcNAc was found at 5.21 ppm and 5.22 ppm for the SAα2-3LacNAc and SAα2-6LacNAc, 

respectively. Whilst the H1 signal for the GlcNAc β anomer was found at 4.73 ppm and 

4.72 ppm, for the α2-3 and α2-6 glycans, respectively. Following the assignment of the 



176 
 

aforementioned signals, all other signals (Table 4.1 and Table 4.2) were assigned by analysis 

of the correlation with nearby protons via 1H-1H COSY and 1H-1H TOCSY NMR analysis.  

 

The 1H-1H COSY NMR reveals the coupling of vicinal or geminal protons, whilst the 

1H-1H TOCSY shows the coupling of protons which are part of the same chain even when not 

vicinal or geminal46. For instance, the COSY spectrum of SAα2-6LacNAc shows the 

correlation between galactose H1, which was previously assigned, and a peak at 3.52 ppm which 

is therefore the vicinal H2. The TOCSY NMR reveals H1 correlating with the vicinal H2 but also 

with two other signals at 3.65 ppm and 3.90 ppm (Figure 4.12). In order to assign these two H3 

and H4, the cross peaks intensities were considered, since the correlation is higher for protons 

separated by fewer bonds. The more intense cross peak of the signal at 3.65 ppm was assigned 

to H3, since this is in closer in the chain to H1. Conversely, the signal at 3.90 ppm is weaker 

indicating that the proton is further away from H1, thus this was ascribed to H4.  

Figure 4.11. Structures of a) SAα2-3LacNAc, b) SAα2-6LacNAc. 
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The assignment of the peaks based on the 2D NMR spectra was applied for all other sugar units 

of both trisaccharides (Table 4.1 and Table 4.2). Furthermore, the 13C signals were assigned via 

1H-13C HSQC, which display the coupling between a given carbon and any protons directly 

bound to it (see Experimental section 5.2.3)46. It must be noted that in this fashion only 

non-tertiary carbon signals could be identified. The 13C spectra were not recorded as the 

intensity of the signals would not been sufficient for accurate identification. 

Figure 4.12. 1H-1H TOCSY NMR spectrum of SAα2-6LacNAc recorded in D2O at 600 MHz 

for the assignment of galactose proton H1, H2, H3 and H4 by cross peak analysis.  
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The NMR analysis also provides crucial information on the glycosidic linkage anomeric 

configuration. The anomeric configuration is normally determined by the coupling constants 

3JH−1,H−2 and 1JC−1,H−1, however this is not possible for sialylated glycans as the sialic acid 

anomeric position does not bear any hydrogen26. For sialylated glycans other parameters can be 

assessed to verify the anomeric configuration26. The most clear-cut parameter is the chemical 

shift of the equatorial proton in position 3 (H3eq). Indeed, the protons in position 3 of sialic acid 

Table 4.1. 1H NMR peak assignment of SAα2-3LacNAc recorded at 500 MHz in D2O.  
 H1 H2 H3 H4 H5 H6 H7 H8 H9 NHAc 

GlcNAc 
α 

5.21 
(d, J = 2.3 
Hz, 1H) 

3.91 3.76 3.98 3.91 3.90 
3.85 

 

- - - 2.04 

GlcNAc 
β 

4.73 
(d, J = 7.9 
Hz, 1H) 

3.73 3.76 3.61 3.75 3.98 
3.90 

- - - 2.04 

Gal 4.56 
(dd, J = 7.9, 
2.9 Hz, 1H) 

3.59 4.13 
(dt, J = 9.9, 
3.2 Hz, 1H) 

3.97 n/a 3.74 
 

- - - - 

Neu5Ac - - 2.77 – eq  
(dd, J = 12.5, 
4.5 Hz, 1H) 

1.81 – ax  
(t, J = 12.7 

Hz, 1H) 

3.71 3.65 3.86 3.98 3.84 3.88 
3.65 

 

2.05 

 n/a = not assigned 

Table 4.2. 1H NMR peak assignment of SAα2-6LacNAc recorded at 600 MHz in D2O.  
 H1 H2 H3 H4 H5 H6 H7 H8 H9 NHAc 

GlcNAc 
α 

5.22 
(d, J = 2.7 
Hz, 1H) 

3.90 3.65 3.95 3.89 3.87 
3.82 

 

- - - 2.00 

GlcNAc 
β 

4.72 
(d, J = 7.7 
Hz, 1H) 

3.70 3.60 3.80 3.95 3.95 
3.87 

- - - 2.00 

Gal 4.43 
(dd, J = 7.9, 
2.1 Hz, 1H) 

3.52 3.65 3.90 n/a 3.98 
3.53 

 

- - - - 

Neu5Ac - - 2.65 – eq  
(dd, 

J  = 12.4, 
4.7 Hz, 1H) 

1.70 – ax  
(t, J = 12.2 

Hz, 1H) 

3.63 3.68 3.79 3.98 3.54 3.86
3.63 

 

2.04 

 
n/a = not assigned 
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can be unequivocally identified as they are at higher fields compared to the other proton signals. 

In α anomers the H3eq is found downfield (δ = 2.67 – 2.72 ppm) compared to β anomers 

(δ = 2.25 – 2.40 ppm)47. In the α2-3 and α2-6 sialylated trisaccharides, the H3eq has a chemical 

shift of 2.77 ppm and 2.65 ppm, respectively. Furthermore, the chemical shift of the sialic acid 

proton in position 4 (H4) can also provide indication of the anomeric configuration. This appears 

between 3.60 ppm and 3.80 ppm for α anomers and between 3.90 ppm and 4.20 ppm for the β 

ones48. The H4 signal is present in a crowded area of the spectra overlapping with other proton 

signals. Therefore, the identification of the H4 requires analysis by its correlation with the 

vicinal H3. The H3 protons were found to correlate in the 1H-1H COSY spectrum with a signal 

at 3.71 ppm and 3.63 ppm for the α2-3 and α2-6 glycans, respectively. The chemical shift of 

the H4 protons is consistent with the anticipated value for α anomers. Alternatively, the 

anomeric conformation can be evaluated via the proton signals of position 9, H9a and H9b. The 

two protons in position 9 provide two distinct signals as they are diastereotopic protons. The 

difference in the chemical shift of the two signals can offer information on the anomeric 

configuration. Literature states that α anomers present a difference in the chemical shift (Δδ) 

between H9a and H9b below 0.5 ppm, whilst this is about 1.00 ppm for the β configuration49. 

The H9a and H9b protons were identified via 2D NMR analysis. The 1H-13C HSQC spectrum 

reveals protons bound to their corresponding carbon atom. When two protons are bound to the 

same carbon atom this is observed in the HSQC spectrum. Each trisaccharide, considering both 

the presence of α and β GlcNAc, presents 4 CH2 signals. Three of these signals were attributed 

to the α-GlcNAc, β-GlcNAc and Gal units via 1H-1H COSY and 1H-1H TOCSY analysis. The 

remaining signals at 3.88 ppm and 3.65 ppm, for the α2-3 glycan, and at 3.86 ppm and 

3.63 ppm, for the α2-6 glycan, were ascribed to the H9a and H9b protons. Their assignment was 

also corroborated by 1H-1H COSY and 1H-1H TOCSY analysis. The Δδ of proton H9a and H9b 
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was calculated to be 0.23 ppm for both sialylated glycans and was therefore consistent with the 

α anomeric configuration. The NMR analysis therefore confirms the structure and anomeric 

configuration of the synthesised SAα2-3LacNAc and SAα2-6LacNAc epitopes.  

 

4.2 Scaffold-based dynamic combinatorial chemistry 

The target-driven dynamic combinatorial chemistry approach was explored for the 

development of highly selective carbohydrate receptors. This Section includes the design and 

synthesis of a peptidomimetic scaffold and the selection of templates and building blocks to be 

employed in future technique development.  

 

4.2.1 Dynamic combinatorial chemistry overview 

Dynamic combinatorial chemistry is a technique employed for the in situ generation of libraries 

of chemical compounds from which the best binder, for a given target, is selected 

(Figure 4.13)21. DCC is based on two sets of building blocks (BBs), which are formed by 

commercially available molecules, presenting complementary reactivity. The BBs react in situ, 

via a reversible reaction, to generate a library of adducts, known as dynamic combinatorial 

library (DCL)21. Alternatively to having two sets of small molecules, one of the two BB set can 

be replaced by a scaffold molecule50. The scaffold will react with a set of BBs and generate 

different appended scaffolds.  
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A great variety of reversible reactions can be exploited in DCC including imine, hydrazone, 

oxime and disulfide exchanges, Michael addition, Dies-Alder, alkene metathesis and boronate 

esterification22, 51. Furthermore, the DCL composition (i.e. the concentration of each adduct) is 

governed by the thermodynamic equilibrium of the system and when this is perturbated by 

external stimuli the library composition will be consequently altered21. The addition of a target, 

known as template, to the library triggers a shift in the library equilibrium. The molecular 

recognition between the template and one (or more) adduct(s) will determine the amplification 

of these adducts amongst the others. Thus, the composition of the templated library will be 

significantly different to the untemplated, or unbiased, library. The DCLs are then analysed by 

chromatography and spectrometric techniques in order to assess the nature of the amplified 

adducts52. 

Herein, the DCC approach was applied to glycosensing with the aim of developing a universal 

method for sugar recognition which can be adapted to different biologically relevant glycans. 

It is anticipated, as also shown by Rauschenberg et al.24, that the addition of different 

carbohydrates to a particular BB mixture will generate DCLs with distinct compositions and 

amplified adducts. The DCC method under development here consist of five main components: 

a scaffold molecule, a library of building blocks, a reversible reaction, a template and an 

analytical method. Instead of the classical methodology, which utilises two sets of small 

building blocks, a scaffold-based approach was adopted, due to the high degree of multivalency 

Figure 4.13. Schematic representation of the dynamic combinatorial chemistry (DCC) 
approach.  
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offered by this system50, 53. A high degree of multivalency is particularly important for glycan 

recognition due to the weak nature of individual non-covalent interactions. Indeed, strong 

binding can only be achieved when many non-covalent interactions are formed, within the 

so-called “cluster effect”16. Among the possible scaffolds (i.e. calixarenes, peptides, dendrites 

and polymers)20 peptidomimetic scaffolds were deemed more suitable for glycan recognition 

due to their structural analogy to lectins. In addition, libraries of building blocks were 

constructed to comprise of a variety of different small molecules containing sugar-binding 

functionalities.  

The DCC approach was based on imine exchange. Imines, also known as Schiff bases54, are 

formed by reaction of a carbonyl group, aldehyde or ketone, with a primary amine in a two-step 

mechanism. In the first step the addition of the amine to the aldehyde gives the hemiaminal 

intermediate which, in the second step, undergoes water elimination to yield the corresponding 

imine (Figure 4.14)55.  

 

When this reaction is performed in organic solvent the equilibrium is pushed towards the 

condensation product56. On the contrary, for DCC purposes, the imine exchange is performed 

in aqueous media to guarantee its reversibility56. The imine exchange can be performed between 

b) 

a) 

Figure 4.14. The imine formation consists of two steps; a) addition of the amine to the aldehyde 

with formation of the hemiaminal intermediate; b) elimination of water with formation of the 

imine. 
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pH 5.0 and 8.557. Consequently, there is scope for the DCC to be performed at physiological 

conditions, where the receptors will find their ultimate application in diagnostics. Due to the 

commercial availability of the building blocks and the peptidomimetic synthetic strategy, a 

choice was made to assign the aldehyde moiety to the scaffold and for the building blocks to 

bear a primary amine. 

Unfortunately, due to the thermodynamically instability of imines under aqueous conditions, 

the DCL cannot be directly analysed. In order to have detectable concentrations of the adducts 

for analytical purposes, the imine equilibrium must be frozen57. This is achieved via reductive 

amination to the corresponding secondary amine with sodium cyanoborohydrate21. It must be 

noted that in this process the information regarding the double bond conformation (E and Z) are 

lost and the resulting secondary amine could present different affinity for the template 

(Figure 4.15). Nevertheless, this issue is rarely encountered, and the amines are generally found 

to retain the activity of the corresponding imines21.  

 

An analytical method is required to determine the composition of the DCL. In order to identify 

the amplified members a comparative approach must be adopted. This consists of the 

generation, under the same experimental conditions, of two libraries. One containing the 

template and the other being a control library without template addition52. The DCL analysis is 

Figure 4.15. Formation of E and Z imines and consequent reductive amination with NaBH3CN 

to the corresponding secondary amine.  
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generally conducted by high performance liquid chromatography (HPLC) or liquid 

chromatography (LC) combined with mass spectrometry (MS) to allow assignment of the 

peaks. Comparison of the relative peak area (RPA) from the two libraries allows the 

determination of amplified peaks52, whilst the MS allows identification of the adduct structure 

via their m/z ratio22. To allow comparison of the HPLC traces of biased and unbiased libraries 

the adduct-template complexes must be disrupted prior analysis22. Without disruption of the 

complex the most effective binders will not present amplified peak in the chromatogram. For 

protein templates the disruption is generally achieved by protein denaturation. Conversely, a 

glycan-adduct complex could be disrupted by a pH change perturbating both covalent and non-

covalent interactions.  

 

4.2.2 Scaffold-based DCC approach 

The DCC approach presented herein is based on a linear scaffold which will form a library of 

adducts by reacting, via imine exchange, with a set of small building blocks. Linear scaffolds 

were preferred to cyclic ones as they can provide a higher degree of multivalency20. Each 

building block, when bound to the scaffold, represents a potential point of interaction for the 

glycan. The receptor must display at least one point of interaction per sugar unit19. Thus, the 

scaffold must contain a number of aldehyde groups at least equal to the number of template 

sugar units. For instance, if the template is an hexasaccharide the scaffold will require at least 

six points of interaction and the scaffold must bear at least six aldehyde groups and be appended 

by six building blocks. Consequently, the building blocks linked to the scaffold will act as 

interaction points for the hexasaccharide. It is pivotal that all the scaffold carbonyl groups 

display the same reactivity towards the imine exchange in order to avoid biases in the library 

composition. Therefore, the same scaffold cannot contain a combination of aliphatic and 
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aromatic aldehydes due to their different reactivities. Thus, the scaffold must be formed by 

equivalent units which can be defined as repeating unit. A repeating unit is a unit bearing the 

aldehyde moiety and it is repeated a number of times equal to the number of sugar units present 

in the glycan. In order to develop a universal system that can be tuned for different templates, 

the synthesis of scaffolds with different number of repeating units must be easy and 

straightforward. Polymers50, 58, peptides59 and oligonucleotides60-61 can all be synthesised by 

well-established methodologies and have already found application in DCC, though not in the 

field of glycan recognition. Due to their analogy with lectins, peptides were selected as scaffolds 

for the target-driven DCC. The peptide backbone consists of aspartic acids residues to which 

benzaldehyde units are linked via the Asp side chain, thus forming the peptidomimetic scaffold. 

The aspartic acid backbone was preferred to other amino acids as it allows straightforward 

functionalisation with the aldehyde moiety via amide coupling.  

The benzaldehyde moiety was preferred to aliphatic aldehydes as they provide more stable 

imines57. Indeed, aliphatic aldehydes tend not to react with amines, as in aqueous solution the 

hydration competes with the imine formation56. Therefore, the scaffold repeating unit consists 

of an aspartic acid residue bearing a benzaldehyde unit in α position. Moreover, it must be noted 

that the repeating units at the N and C termini differ slightly in their structures from the central 

repeating units. The N and C terminal residues are acetylated and esterified, respectively. The 

protection of the N terminal is required in order to prevent the amine group partaking in 

intermolecular and intramolecular imine exchange which would result in the formation of 

chains of peptides or cyclic peptides, respectively. Various stable protections in aqueous 

conditions are available at the N terminal, such as t-butyl and benzyl carbamate (Boc and Cbz, 

respectively), and benzylation (Bn). The acetylation of the N terminal was preferred to 

minimise the steric hindrance. Additionally, the C terminal carboxylic acid requires protecting 
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during the synthetic procedure to prevent side reactions at this end. Thus, the C terminal was 

methyl esterified as this group can be easily hydrolysed to reinstate the acid moiety, once the 

synthesis is complete. Alternatively, the esterified scaffold can be directly employed in the DCC 

experiment. It must be noted that due to the methyl ester being hydrolysed at pH ≥ 7.4, this 

group is only suitable for studies under acidic conditions. If an esterified scaffold is to be 

employed at neutral or basic pH the benzyl group is more appropriate. Other derivatisations of 

the C terminal are also possible, such as addition of a charged ammonium ion head which could 

improve the scaffold solubility if required.  

The number of repeating units forming the scaffold is defined by the template and this 

consequently determines the number of adducts generated, for a given set of BBs. For instance, 

a set of five BBs binding a scaffold with two aldehyde units will afford 15 adducts 

(Figure 4.16), whilst if the number of aldehyde units was equal to three, 75 adducts will be 

formed.  

 

The number of adducts in the library significantly impact the DCL analysis by HPLC-MS. In 

order to evaluate the amplification of the adducts, via the relative peak area, a good separation 

Figure 4.16. Schematic representation of a dynamic combinatorial library (DCL) resulting from 

the imine exchange of a scaffold with n = 2 and 5 different amine building blocks.  
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of the peaks is pivotal. Achieving a good separation in large libraries is particularly challenging, 

and usually only small libraries (5 - 50 adducts) are studied22. Moreover, the HPLC-MS 

analysis, with electrospray ionisation (ESI) provides a m/z ratio, corresponding to the parent 

ion for each adduct allowing the unequivocal identification of adducts with unique molecular 

weight. Given this, the structure of dipeptide adducts, which can be considered symmetric, can 

be established by their m/z ratio. However, scaffolds with more than three repeating units will 

generate adducts which are positional isomers presenting the same m/z ratio (Figure 4.17). 

Therefore, when n ≥ 3 additional studies, more advance techniques such as MS-MS analysis, 

are required to elucidate the structure of the adducts of interest by analysis of their 

fragmentation patterns62. 

 

These considerations go beyond the scope of this work, the aim of which is to validate the 

applicability of DCC for the target-driven generation of glycans receptors. For this reason, 

initial studies were performed on a simplified system to validate and investigate the 

optimisation of the proposed approach. Consequently, a dipeptide-based system was initially 

studied, as its adducts can be easily and unambiguously identified. For this reason, as a first 

Figure 4.17. Schematic representation of adducts which are isomers with the same molecular 
weight.  
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instance the SAα2-3LacNAc template was not employed, as this will require a tripeptide as 

scaffold, but a disaccharide template was employed instead (see Section 4.2.4).  

 

4.2.3 Dipeptidomimetic scaffold synthesis  

The dipeptidomimetic scaffold presented herein consists of a peptide backbone, formed by two 

aspartic acid residues, to which aromatic aldehydes were appended. This scaffold was entirely 

synthesised in solution, which is suitable for small peptide backbones, whilst larger peptides 

can be obtained via automatic solid-state synthesis and then derivatised in solution. The 

dipeptide backbone and the benzaldehyde derivatives were synthesised separately and then 

linked via amide coupling to give the peptidomimetic scaffold (Figure 4.18). In order to partake 

in the coupling, with the scaffold carboxylic acid groups, the benzaldehyde must bear a primary 

amine. In addition, the benzaldehyde presented the aldehyde moiety masked, as the 

corresponding acetal, to avoid side reactions during the synthesis. The aldehyde group was then 

restored only after coupling to the backbone.  

 

The peptide backbone was synthesised via amide coupling of two different aspartic acid 

derivatives, which are both benzylated in α position (Figure 4.19). The Asp derivative situated 

at the C terminal displayed the γ carboxylic acid methylated and the free amine group. On the 

Figure 4.18. Retrosynthetic scheme for the synthesis of the dipeptidomimetic scaffold S17.  



189 
 

other hand, the N-terminal amino acid was acetylated in the amine position, whilst the γ 

carboxylic acid was unprotected. Consequently, the coupling of two aforementioned Asp 

derivatives affords the dipeptide backbone, which is debenzylated prior to benzaldehyde 

functionalisation.  

 

The aspartic acid derivatives S3 and S5 were synthesised from the commercially available 

precursor N-α-Fmoc-L-aspartic acid α-benzyl ester (S1). The S1 presented the α carboxylic 

acid and the amine groups protected with a benzyl and a Fmoc group, respectively. A different 

aspartic acid derivative, with the carboxylic acid protected with an allyl group, was initially 

trialled. However, the deallylation of the Fmoc-Asp(OAll)-OH was troublesome. Both a soluble 

and a resin-bound form of the tetrakis(triphenylphosphine)palladium(0) catalyst were trialled 

without affording full deprotection. Consequently, the Fmoc-Asp-OBzl (S1) was selected on 

the basis that debenzylation reactions, performed with hydrogen and the Pd/C catalyst, are 

usually a high yielding and clean.  

From Fmoc-Asp-OBzl both S3 and S5 were derived. The γ carboxylic acid was esterified with 

methanol in the presence of a catalytic amount of DMAP to provide the pure 

Figure 4.19. Retrosynthetic scheme for the synthesis of the dipeptide backbone S7.  
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N-Fmoc-1-(phenylmethyl)-4-methylester-L-aspartic acid (S2) with 96.1% yield (Figure 4.20). 

Subsequently, the Fmoc group was cleaved in 20% piperidine in DMF and the resulting crude 

purified by column chromatography with 50% hexane and 50% ethyl acetate eluent system, to 

give the pure 1-(phenylmethyl)-4-methylester-L-aspartic acid (S3), 89.3%. 

 

 

The second aspartic acid derivative, S5, was also synthesised from the starting material S1 

(Figure 4.21). Initially, the Fmoc group was cleaved in 20% piperidine in DMF to afford the 

pure 1-(phenylmethyl)-L-aspartic acid S4 (86.2%). Consequently, the free amine of S4 was 

acetylated with acetic anhydride to quantitatively yield the pure 

N-acetyl-1-(phenylmethyl)-L-aspartic acid S5.  

 

 

Figure 4.20. Synthesis of aspartic acid derivative S3. 

Figure 4.21. Synthesis of aspartic acid derivative S5. 
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The coupling of the two derivatives S3 and S5 was performed with standard coupling reagents, 

1-hydroxybenzotriazole (HOBt) and 1-ethyl-3-(3′-dimethylaminopropyl)-carbodiimide 

hydrochloride (EDCI). The EDCI activates the carboxylic acid by firstly transferring a proton 

from the carboxylic acid and secondly forming a O-acylisourea intermediate with the 

carboxylate (Figure 4.22)63. EDCI was preferred to other carboimidines, such as 

N,N'-dicyclohexylcarbodiimide, as its urea by-product is water soluble and can be efficiently 

removed by aqueous washing. The HOBt auxiliary was added in order to activate the carboxylic 

acid and prevent the epimerization of the α-stereocenter63. In addition, HOBt also prevents the 

conversion of the active O-acylisourea into the inactive N-acylurea which is responsible for low 

yields.  

 

The crude resulting from the coupling reaction was purified by column chromatography with a 

gradient starting from 50% hexane 50% ethyl acetate to 35% hexane 65% ethyl acetate. The 

pure benzylated dipeptide S6 was obtained with a yield of 92.5% (Figure 4.23). Compound S6 

was debenzylated with H2 and Pd/C to afford the pure dipeptide backbone S7 in quantitative 

yield.  

Figure 4.22. Amide coupling mechanism driven by EDCI and HOBt.  
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The benzaldehyde molecule, which was appended to the dipeptide, was also synthesised. This 

molecule must present a free amine group in order to be coupled to the backbone. In addition, 

the aldehyde group must be protected as an acetal to prevent any possible side reactions. The 

dimethyl acetal was selected, as the protecting group, due to easy cleavage under acidic 

condition.  

Initially, the synthesis of 4-(dimethoxymethyl)benzenamine S9 was attempted. The procedure 

for the synthesis of S9 consisted of a two-step synthesis from the commercially available 

4-nitrobenzaldehyde. The 4-nitrobenzaldehyde was firstly treated with methanol in the presence 

of a catalytic amount of p-toluenesulfonic acid to quantitatively afford the corresponding acetal 

S8. Compound S9 was then hydrogenated in the presence of Pd/C in order to reduce the nitro 

group. Unexpectedly, the hydrogenation afforded 4-aminotoluene instead of the desired 

4-(dimethoxymethyl)benzenamine S10 (Figure 4.24).  

 

Figure 4.23. Synthesis of dipeptide backbone S7. 

Figure 4.24. Attempted synthesis of 4-(dimethoxymethyl)benzenamine (S9) via hydrogenation 

resulting in the 4-aminotoluene (S10) being obtained.  



193 
 

Consequently, a different approach was designed concluding in the coupling of the 

4-(dimethoxymethyl)benzylamine S15 to the peptide backbone. Compound S15 was 

synthesised in a 4-step synthetic route from the 4-(bromomethyl)benzonitrile S11. The nitrile 

group was reduced to the aldehyde with diisobutylaluminium hydride (DIBAL). DIBAL acts 

by partially reducing the nitrile group to the imine (Figure 4.25) which is then hydrolysed to 

give the corresponding aldehyde64, to afford the pure S12, 63.2%.  

 

 

The aldehyde moiety was protected as previously described and the crude purified by column 

chromatography to afford the pure 1-(bromomethyl)-4-(dimethoxymethyl)benzene S13, 57.7% 

(Figure 4.26). Subsequently, the bromo halide was substituted, via an SN2 reaction, with 

sodium azide to give the corresponding 1-(azidomethyl)- 4-(dimethoxymethyl)benzene S14 

(81.5%).  

Figure 4.25. Reduction of nitrile with DIBAL to the corresponding imine and subsequent acid 

hydrolysis to afford the aldehyde group.  
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The azide group was reduced with triphenylphosphine via the Staudinger reaction65. The 

triphenylphosphine reacts with the azide in a mixture of methanol and water to generate a 

phosphazide which is followed by elimination of N2 to give the iminophosphorane 

(Figure 4.27)66. The hydrolysation of iminophosphorane affords the primary amine.  

 

In order to separate the 4-(dimethoxymethyl)benzylamine S15 from the unreacted 

triphenylphosphine the crude was diluted in chloroform and washed with pH 3 phosphate 

buffer. In this fashion, the protonated S15 and entered the aqueous phase, whilst the PPh3 was 

separated in the organic layer. The water phase was then basified to pH 12 to deprotonate the 

Figure 4.26. Synthesis of amino-functionalised benzaldehyde unit S15.   

Figure 4.27. Staudinger reaction mechanism.  
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amine and the 4-(dimethoxymethyl)benzylamine S15 was extracted with chloroform and 

obtained as pure with a yield of 71.6%.  

The 4-(dimethoxymethyl)benzylamine S15 was then coupled to the peptide backbone 

(Figure 4.28). The coupling reaction was initially attempted with 1.10 equivalent of amine and 

1.05 equivalent of HOBt and EDCI per carboxylic acid unit. Under these conditions only partial 

functionalisation was observed with unreacted S7 still present. In order to promote the full 

functionalisation of the peptide the equivalents of S15 employed were increased to 1.20 per 

COOH group. After overnight stirring, the reaction was analysed by TLC and the presence of 

unreacted carboxylic groups was still detected by staining with bromocresol green. Thus, 

1.20 equivalent of N,N-diisopropylethylamine (DIEA) per COOH were added to the reaction 

mixture. DIEA acts as a proton scavenger to maintain the primary amine deprotonated and 

allow this to partake in the coupling with the acid67. Following overnight stirring, the TLC 

analysis showed no staining with bromocresol green suggesting full functionalisation of the 

carboxylic acid residues. The crude was taken up in dichloromethane and washed with water 

and brine. The resulting material was recrystallised in a mixture of ethyl acetate and methanol 

to give the pure acetal protected peptidomimetic S16, 84.9% yield. The acetal protection was 

then cleaved by acidic treatment with 2 M HCl in diethyl ether to quantitatively afford the pure 

peptidomimetic S17.  

 
Figure 4.28. Synthesis peptide scaffold S17.   
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4.2.4 Template selection 

The dipeptidomimetic scaffold detailed in Section 4.2.2 will provide two points of interaction 

for glycan recognition and therefore is suitable to target disaccharide templates. It is expected 

that, given the same set of BBs, different templates will provide different DCL compositions 

by amplifying different adducts24. In order to probe this, three disaccharide templates differing 

greatly in their structure were selected (Figure 4.29); lactose (T1), lactal (T2) and lactulose 

(T3).  

 

The templates present a galactopyranoside unit β linked to a second sugar unit in which they 

differ greatly. In lactose the second unit consists of a glucose residue, whilst lactal displays a 

1,2-dideoxy glucose derivative. Furthermore, lactose and lactal comprise exclusively of 

pyranose rings, whilst lactulose presents the galactopyranoside linked to the furanose ring of 

fructose. As the three templates differ greatly in their structure, they are expected to provide 

amplification of distinct adducts. For instance, the lack of two hydroxyl groups in the lactal 

might deprive this saccharide of certain non-covalent interactions, such as hydrogen bonds, that 

would otherwise be present in lactose, resulting in unique amplified binders. Furthermore, 

boronic acids, which are included in the building block sets (see Section 4.2.6) present different 

Figure 4.29. Structure of disaccharide templates; D-lactose (T1), D-lactal (T2), D-lactulose 

(T3), D-epilactose (T4). 
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reactivities towards pyranose and furanose rings and possibly determining different adduct 

amplification between lactose and lactulose. Moreover, the DCC approach should not only 

discriminate amongst templates with large structural differences but should also be appreciative 

of more subtle differences between templates. Discriminating between positional isomers, such 

as the cancer-related α2-3 sialylated glycans against the α2-6 isoforms, is of great relevance in 

the development of diagnostic probes. Given the challenges presented by employing the DCC 

platform for trisaccharide templates (see Section 4.2.2), the ability to discriminate positional 

isomers must be, as a first instance, tested on disaccharides. For this scope, lactose and its 

isomer epilactose (T4, Figure 4.29), were selected. These templates are C2’ epimers differing 

solely in the stereochemistry of the hydroxyl group in position 2’.  

Within the DCC experiments the template is generally added to the library in stoichiometric 

amounts to the scaffold concentration22. However, lower concentrations of template can 

enhance the competition between adducts increasing the prospect of affording the best binder 

for the given template68. This might be required for templates which are structurally very 

similar, such as lactose and epilactose. Furthermore, it is important to verify that the shift in the 

thermodynamic equilibrium is ascribable to the molecular recognition between template and 

amplified adduct. This can be verified by utilising a higher concentration of template which 

will result in a higher degree of amplification if adduct amplification is triggered by molecular 

recognition69.  

 

4.2.5 Building blocks selection 

In the development of a DCC method, as described by Huc and Lehn, building blocks known 

for their affinity to the template are often employed21. In this fashion, the DCC method can be 



198 
 

optimised and validated. It is only after the optimisation of the method that different building 

blocks can be trailed to identify new binder species. Due to the novelty of the work presented 

herein, in the first instance it was important to validate the approach, thus BBs containing sugar 

binding units were selected. A series of BBs bearing sugar-binding groups and representing a 

wide chemical space were selected in order to maximise the molecular recognition with the 

template21. The selected building blocks included aromatic, heterocyclic, linear, hydrophobic, 

polar and charged compounds. In addition, boron-based molecules were also introduced as BBs 

(see Section 4.2.6).  

All building blocks required a primary amine in order participate in the imine exchange with 

the aldehyde-appended scaffold. Aliphatic and aromatic amines present different reactivity 

towards the imine exchange56, 70. Aromatic amines are less reactive in the imine exchange, 

compared to the aliphatic counterpart, due to their lower nucleophilicity. More nucleophilic 

amines present higher formation constants as they afford more stable imines. However, some 

studies suggested that the opposite is true, with fully protonated aliphatic amines driving the 

imine hydrolysis57. Due to the contradicting evidence both set of amines, aromatic and aliphatic, 

were selected for the validation studies. In order to avoid biases, amines with different reactivity 

were segregated in different sets of BBs. Hence, two different sets of BBs were designed, one 

containing solely aliphatic amines and the other aniline-like molecules. The two libraries of 

BBs will be probed in separate DCC experiments.  

In the BB selection process, there are additional factors that require consideration. For instance, 

building blocks must be soluble in aqueous media. If required, small percentages (5 - 10%) of 

organic solvents (i.e. DMSO) can be employed without altering the library composition52, 71-72. 

It is in fact crucial to maintain all the library components (i.e. scaffold, BBs and adducts) in 

solution as the precipitation of one or more compounds will shift the library equilibrium and 
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generate a bias52. In addition, for the library to be isoenergetic and unbiased, the building blocks 

must be added in equimolar concentrations with the equivalents of each BB being at least equal 

to the number of aldehyde groups21,52, 68. For instance, the dipeptidomimetic scaffold requires 

at least 2 equivalents of each amine, one per aldehyde group, in order to allow the formation of 

all possible adducts. Furthermore, the building blocks of a given set must present different 

molecular weights in order to allow unequivocal identification of the adducts via their m/z ratio 

following HPLC-MS analysis51. The analysis by HPLC-MS is generally limited to small 

libraries (5 – 50 members) as it is more challenging to achieve a good separation of peaks in 

the chromatogram for larger libraries22. For the scope of this study, BBs were divided in 

sub-sets containing less than 5 compounds. These sub-sets can be independently tested in the 

DCC experiments. The BBs included in the amplified adducts for each sub-set will then be part 

of an advance sub-set which will be further tested. The above will be repeated until ultimately 

the best adduct for the given target will be obtained. This will then be independently synthesised 

and tested by isothermal titration calorimetry to assess the binding affinity.   

The selected BBs, containing groups which are known to provide non-covalent interactions 

with carbohydrates, are presented and divided based on the aliphatic or aromatic nature of the 

amine group. Boronic acids and their analogues, which bind covalently to sugars will be part 

of their corresponding aromatic or aliphatic libraries along with the other building blocks and 

are described in Section 4.2.6. The BBs selection was inspired by lectins and synthetic 

receptors. Natural and synthetic lectins frequently comprise of aromatic groups, through which 

they generate CH-π interactions with the target18. For this reason, an array of aromatic 

compounds was selected as BBs. The BBs were divided into aromatic and aliphatic sets based 

solely on the nature of the amine group, and not for the presence or lack of an aromatic moiety. 

Indeed, aniline-like molecules will be segregated into the aromatic set, whilst aromatic or 
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non-aromatic compounds bearing an aliphatic amine will be part of the aliphatic set. The 

aliphatic and aromatic sets will then be divided in sub-sets to allow easier DCL analysis 

(Figure 4.30). Aliphatic and aromatic BBs will never be mixed in the same set or sub-set given 

the different reactivity of the two amines. Whenever possible, the two sets of libraries will 

contain analogous molecules. For instance, aniline (AR1) was selected to mimic lectins 

phenylalanine residues and provide CH-π interactions14. Consequently, the aliphatic analogue, 

benzylamine (AL1), was introduced in the aliphatic BBs set. Heterocyclic building blocks were 

introduced in the libraries, as these retain the hydrophobic nature but also offer an additional 

point of interaction via the heteroatom. The molecule 2-aminopyridine (AR2) was selected, as 

it was previously shown to promote interaction with saccharides by mimicking the asparagine 

and glutamine side chains of lectins73. Consequently, the aliphatic analogue 

2-(aminomethyl)pyridine (AL2) was introduced in the aliphatic set. Bicyclic heteroaromatic 

compounds 2-quinolinamine (AR3) and 2-(aminomethyl)quinoline (AL3),were introduced in 

their respective sets as this moiety was shown to interact with sugars74. The analogues 

2-naphthalenamine (AR4) and 1-(2-naphthyl)methanamine (AL4) were instead selected to 

assess the relevance of the nitrogen proton acceptor of quinoline in the sugar interaction. Indeed, 

building blocks which are not expected to offer advantageous interactions compared to other 

library members were also introduced to probe the role of certain functional groups in the 

binding. Furthermore, it is important that analogous molecules such as AR3 and AR4 will be 

part of the same initial sub-set in order to evaluate the above-mentioned consideration. The 

five-membered heterocyclic ring imidazole was included to mimic histidine75.  
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Figure 4.30. Aromatic (AR) and aliphatic (AL) non-covalent building blocks. 

Aromatic (AR) set Aliphatic (AL) set 
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Two imidazole rings bearing a primary amine were selected; the 2-aminoimidazole (AR5) and 

the 2-(aminomethyl)imidazole (AL5). The bicyclic imidazole analogue, indole, was also 

introduced in the libraries. Indole represents the side chain of tryptophan (Trp), which is one 

of the main amino acid residues contributing to the binding of sugars in lectin pockets14, 76-77. 

However, when tryptophan is used as a building block it will present the free carboxylic acid 

group, unlike in lectins where this is engaged in the peptide backbone. Therefore, an analogue 

without the acid group, the 3-(aminomethyl)indole (AL6), was also included to mimic more 

closely the tryptophan structure in lectins. The corresponding aromatic analogue, 

5-aminoindole (AR6), was introduced in the aromatic set. The indole analogues 

2-aminobenzimidazole (AR7) and the 2-(aminomethyl)benzimidazole (AL7) were also 

included78.  

Additionally, polar and charged building blocks were also introduced. For instance, BBs 

functionalised with hydroxyl groups were selected to mimic tyrosine residues79. These included 

4-aminophenol (AR8) 4-(hydroxymethyl)aniline (AR9) and their corresponding analogues 

4-(aminomethyl)phenol (AL8) and 4-hydroxymethylbenzylamine (AL9). Positively charged 

building blocks were selected on the basis of their interactions with polar groups on the sugar, 

as shown in Chapter 3. However, molecules with an ammonium ion, NH3
+, in addition to the 

primary amine cannot be introduced in the library as this will partake in the imine exchange 

and act as a linker between scaffold molecules. The trimethylammonium ion N(CH3)3
+

 was 

therefore selected as an ammonium ion analogue. There exists, however, a significant 

difference between the two groups, with the ammonium ion being able to provide both 

charge-reinforced hydrogen bonds and electrostatic interactions whilst the trimethylammonium 

ion can only provide the latter. In particular, the 2-amino-N,N,N-trimethylethanaminium 

(AL10) was selected as one of the charged building blocks. This compound does not display 
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any other functional groups with its inclusion solely to evaluate the effect of a charged group 

in the DCL formation. The uncharged analogue, N,N-dimethylethylenediamine (AL11) was 

also introduced. The 2-amino-N,N,N-trimethylethanaminium (AL10) was synthesised through 

a 3-step synthetic route (Figure 4.31). The N,N-dimethylethylenediamine (AL11) was firstly 

Boc protected to the tert-butyl 2-(dimethylamino)ethylcarbamate and then methylated to the 

corresponding trimethylammonium ion in presence of iodomethane to give 

tert butyl 2-(trimethylamino)ethylcarbamate as iodide salt. The Boc group was then removed 

in acidic conditions with the addition of acetyl chloride in methanol to afford the pure AL10 as 

the dihydrochloride salt (overall yield across 3 steps of 57.0%).  

 

Similarly, an aromatic analogue of AL10, the 4-amino-N,N,N-trimethyl-

benzenemethanaminium (AR10), was introduced into the library alongside its uncharged 

precursor, the 4-amino-N,N-dimethyl-benzenemethanamine (AR11). The 4-amino-N,N,N-

trimethyl-benzenemethanaminium can be obtained from its precursor in a similar fashion to 

AL10. Furthermore, guanidino analogues to AL10 and AR10 were also considered; the 

N-(2-aminoethyl)-guanidine (AL12) and 1-(4-aminobenzyl)guanidine (AR12). The guanidino 

group is particularly relevant in sugar binding as it can offer strong charge-reinforced hydrogen 

bonds80-81, as seen in Chapter 3.  

Figure 4.31. Synthesis of aliphatic building block AL10 from the precursor AL11.  
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4.2.6 Boron-based building blocks 

Generally, target-driven DCC is based solely on cooperative non-covalent interactions with the 

target, with only few examples of adducts binding covalently to the template82-84. In 

carbohydrate recognition covalent interactions can be of great value in sugar recognition, as 

demonstrated in Chapter 3. For this reason, boron-based compounds were introduced in the BB 

sets. The boronate esterification has previously found applications in DCC but always as the 

reversible reaction for the generation of adducts and never as point of interaction with the 

template85-89.  For instance, boronic acids were employed as BBs, along with diol BBs, to 

generate a series of adducts via boronate esterification for protein inhibition87. On the other 

hand, within this work the boron-based BBs are employed to provide molecular recognition 

with the template, whilst the DCC is based on a different reversible reaction 

(i.e. imine exchange). Nevertheless, the boronate esterification between building blocks and 

template will constitute a secondary, or orthogonal, equilibrium (Figure 4.32). Therefore, when 

boron-based compounds are introduced as building blocks two different, orthogonal, equilibria 

will be present; the imine exchange and the boronate esterification. In this fashion, the number 

of species present in the DCC mixture will be greater. Each library component, such as scaffold, 

BB and template, will be present as free species but also engaged with other library components. 

The adducts generated by imine exchange between the scaffold and the BBs, defined herein as 

scaffold-based adducts, will be present both in the free form and bound to the template via non-

covalent interactions. Furthermore, the scaffold-based adducts containing a boron unit will be 

covalently bound to the template and therefore governed by both the imine and boronate 

equilibrium. In addition, free boronic acids, not linked to a scaffold molecule, can 

independently bind the sugar template generating boronate esters. Nonetheless, these small 

boronate esters will be less favourable than scaffold-based adducts as the latter provide a higher 
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degree of multivalency and therefore it is expected that the presence of these aforementioned 

small boronate esters will be negligible. Despite the many species formed in solution, this will 

not result in the analysis of highly complex mixtures, as the number of species will be 

significantly reduced prior analysis. Indeed, the imine exchange will be frozen, via reductive 

amination, obtaining stable forms of the scaffold-based adducts. Following this, the complexes 

between the scaffold-based adducts and the sugar will be disrupted to allow more 

straightforward analysis. This can be performed by changing the pH of the mixture and will 

result not only in the disruption of the scaffold-based adducts covalently and non-covalently 

bound to the template, but also of the small boronate ester complexes, if present in significant 

amounts.  

 

Another important consideration when combining the imine exchange and boronate ester 

formation in the same system, is with regards to the pH. The imine DCC are typically performed 

at pH between 5.0 and 8.557, whilst the boronate equilibrium requires neutral to basic pH16. 

Indeed, the boronate esterification occurs at pH values above the pKa of the boronic acid 

Figure 4.32. Representation all the possible species in solution in a DCC presenting two 

equilibria; imine exchange and boronate esterification.  
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(phenylboronic acid pKa = 8.86)90, with the only exception being sialic acid81. Thus, a pH > 7.4 

is necessary for the boron-based BBs to engage with the disaccharide templates and with 

sialylated targets, such as SAα2-3LacNAc and SAα2-6LacNAc. In Chapter 3 it was 

demonstrated that boron-based receptors cannot bind sialic acid in sialosides and therefore the 

covalent BBs will bind to the other sugar residues for which they require neutral to basic pH. 

Consequently, studies are necessary to determine the pH at which both the imine exchange and 

boronate esterification occur significantly in order to avoid biased libraries. If the DCC were 

performed at acidic pH the adducts will be formed via imine exchange, but the amplified ones 

will not display boron units as, under these conditions, they do not provide molecular 

recognition. On the other hand, if a basic pH above 8.5 were employed no scaffold adducts will 

be obtained via imine exchange, rendering the DCC unfeasible.  

In order to participate in the imine exchange with the aldehyde-appended scaffold the 

boron-based building blocks must contain a primary amine. Two main class of boron-based 

compounds were considered, phenylboronic acids and benzoboroxoles comprising of both 

aromatic and aliphatic amines (Figure 4.33).  

 
Figure 4.33. Covalent building blocks.  
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The 4-aminophenylboronic acid (C1) and the aliphatic analogue analogues 

4-(aminomethyl)phenylboronic acid (C2) were selected. Moreover, benzoboroxole compounds 

were also included, as they are more advantageous than phenylboronic acid derivatives due to 

their higher binding constants and ability to bind pyranose rings91-92. In particular the aromatic 

6-aminobenzoboroxole (C3) and the aliphatic B2 were selected. Receptor B2 presents the 

amine functionality in close proximity to the boron atom, which could result in steric hindrance 

when this is bound to the scaffold, for this reason the benzoboroxole B4 was introduced into 

the library to overcome the potential steric issues. The phenylboronic acid derivatives C1 and 

C2 and the 6-aminobenzoboroxole C3 are commercially available, whilst the B2 and B4 were 

synthesised as described in Chapter 3.  

 

4.3 Summary and outlook 

The detection of specific cancer-related glycans holds a great potential in diagnostics, however 

tools to discriminate between closely related glycoforms are limited. In particular, herein the 

focus is on developing a tool to selectively discriminate the cancer-related α2-3 sialylated 

glycans over α2-6 glycoforms. It is therefore pivotal, for the tool development, primarily to 

obtain the sialoside of interest and the corresponding control glycoform. A small epitope 

consisting of three saccharide units, SAα2-3LacNAc, was identified as representing the 

terminal end of cancer-related α2-3 sialylated glycans and was obtained via enzymatic 

synthesis. The enzymatic synthesis consisted of 2 steps with the first affording the disaccharide 

LacNAc via a B4GalT1 catalysed reaction between the acceptor N-acetylglucosamine and the 

donor UDP-Galactose. In the second step LacNAc was sialylated in α2-3 and α2-6 fashion with 

the ST3Gal4 and PmST1 P34H/M144L enzymes, respectively, to obtain the corresponding 

epitopes SAα2-3LacNAc and SAα2-6LacNAc. The selective recognition of the α2-3 
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trisaccharide requires scaffold-based receptors, as these can provide a high degree of 

multivalency with the sialoside. The generation of scaffold-based receptors for carbohydrate 

recognition was pursued by dynamic combinatorial chemistry, a technique which allows in situ 

generation and selection of the best binder for a given template. Due to the novelty of the DCC 

application in glycan recognition a series of preliminary studies and constructs were detailed. 

In particular, a peptidomimetic scaffold was designed and synthesised. A series of building 

blocks were selected on the basis of their sugar-binding properties and their reactivity towards 

the aldehyde-appended scaffold. In addition, different templates presenting different degrees of 

similarity in their structure were selected to be employed in the evaluation of the method 

selectivity. Reaction and analysis conditions, including possible limitations and issues, were 

also reviewed. This work can be considered the foundation for the future development of glycan 

diagnostic tools by dynamic combinatorial chemistry means. 
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5. Chapter 5 – Experimental 

 

5.1 Synthetic procedures 

5.1.1 Materials and methods 

Reagents were purchased from Sigma-Aldrich, Acros Organics and Alfa Aesar. 

N-acetylneuraminc acid and 2-O-methyl-α-D-N-acetylneuraminic acid were purchased from 

Carbosynth Limited. Fmoc-Asp-OBzl was purchased from Fluorochem Ltd. All the reagents 

were used without further purification. 1H NMR and 13C NMR spectra were recorded at room 

temperature on the following spectrometers:  Bruker AVIII at 300 MHz, Bruker AVIII400 at 

400 MHz and 101 MHz, Bruker AVANCE NEO at 400 MHz and 101 MHz and Bruker 

AVANCE NEO at 500 MHz and 126 MHz. Thin layer chromatography (TLC) was performed 

using commercially available Macherey-Nagel aluminium backed plates coated with a 0.20 mm 

layer of silica gel 60 Å with fluorescent indicator UV254. TLC plates were visualized using 

ultraviolet light of 254 nm wavelength. TLC plates were stained with the following stains; 

permanganate, ninhydrin, coumarin and bromocresol green. Silica gel column chromatography 

was carried out using Sigma-Aldrich 60 Å silica gel (35-70 µm). Mass spectra were recorded 

with a Bruker Daltonics MicroTOF-Q II and Waters Xevo G2-XS spectrometer. 
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5.1.2 Synthesis of benzoboroxole receptors 

Synthesis of B81 

 

2-formylphenylboronic acid (1.92 g, 12.82 mmol) was dissolved in water (12.78 ml). The 

solution was cooled to 0 °C and nitromethane was added (2.08 ml, 38.33 mmol) followed by 

the addition of sodium hydroxide (0.54 g, 13.50 mmol). The reaction mixture was stirred for 

3 hours, diluted with water and acidified with 2 M HCl. The precipitate was filtered to give the 

pure B8 as a white-yellow solid (2.37 g, 92.0%). 1H NMR (300 MHz, DMSO-d6, 298 K) 

δ ppm 9.51 (s, 1 H), 7.74 (dt, J = 7.3 Hz, 1.1 Hz, 1 H), 7.53 (m, 2 H), 7.42 (m, 1 H), 5.78 (dd, 

J = 9.2 Hz, 2.8 Hz, 1 H), 5.34 (dd, J = 13.4 Hz, 2.8 Hz, 1 H), 4.85 (dd, J = 13.5 Hz, 9.2 Hz, 

1 H). 1H NMR is in agreement with literature2.  

 

Synthesis of receptor B23 

 

A solution of B8 (0.50 g, 2.59 mmol) in anhydrous methanol (20 ml) was cooled to 0 °C. 

(Boc)2O (1.20 ml, 5.22 mmol) and NiCl2 ∙ 6 H2O (0.62 g, 2.96 mmol) were added and the 

mixture was stirred under argon for 20 min. NaBH4 (0.59 g, 15.59 mmol) was added and the 

mixture was stirred overnight at room temperature under argon. The solvent was evaporated 
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under reduced pressure and the crude dissolved in ethyl acetate and filtered through Celite. The 

solution was concentrated under reduced pressure and the crude deprotected overnight with 2 M 

HCl in diethyl ether (15 ml). The precipitate was filtered and triturated with diethyl ether to 

give derivative B2 as an off-white solid (0.40 g, 78.0%). 1H NMR (300 MHz, DMSO-d6, 

298 K) δ ppm 9.55 (s, 1 H), 8.16 (s, 3 H), 7.82 (dt, J = 7.3 Hz, 1.1 Hz, 1 H), 7.53 (m, 2 H), 7.42 

(m, 1 H), 5.35 (dd, J = 9.3 Hz, 2.8 Hz, 1 H), 3.51 (m, 1 H), 2.79 (m, 1 H). 1H NMR is in 

agreement with literature3.  

 

Synthesis of receptor B4     

 

Derivative B2 (0.10 g, 0.50 mmol) was dissolved in DMF (5 ml). DMAP (0.15 g 1.25 mmol) 

was added, followed by the addition of Boc-Gly-OH (0.11g, 0.6 mmol) and EDCI (0.12 g, 

0.60 mmol). The reaction mixture was stirred overnight, and the solvent was evaporated under 

reduced pressure. The crude was dissolved in ethyl acetate and washed with 1 M HCl (3 × 5 ml) 

and the with sat. NaHCO3 (3 x 5 ml). The organic layer was dried with MgSO4 and concentrated 

under reduced pressure. The resulting oil was stirred overnight with 2 M HCl in diethyl ether 

(10 ml). The solution was filtered, and the precipitate triturated with diethyl ether to give B4 

the as an off-white solid. (40.2 mg, 31.4%). 1H NMR (400 MHz, DMSO-d6, 298 K) δ ppm 9.38 

(s, 1 H), 8.67 (t, J = 5.5 Hz, 1 H), 8.18 (s, 3 H), 7.79 (d, J = 7.3 Hz, 1 H), 7.49 (m, 2 H), 7.38 

(m, 1 H), 5.19 (dd, J = 7.4 Hz, 4.0 Hz, 1 H), 3.68 (ddd, J = 9.9 Hz, 5.6 Hz, 4.3 Hz, 1 H), 3.53 

(q, J = 16.3 Hz, 1 H), 3.24 (m, 1 H). 13C NMR (100 MHz, DMSO-d6, 298 K) δ ppm 166.1, 
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154.0, 132.2, 130.7, 130.7, 127.5, 121.7, 78.6, 44.4, 40.1. ESI+MS m/z 221.11 [M]+. HRMS 

(ESI) m/z [M]+ calculated for C10H14BN2O3 221.1092, found 221.1091. 

 

Synthesis of derivative B9 

 

Derivative B2 (0.30 g, 1.52 mmol) was dissolved in DMF (5.0 ml). DMAP (0.47 g, 3.82 mmol) 

was added, followed by the addition of 4-(Boc-aminomethyl)benzoic acid (0.38 g, 1.52 mmol) 

and EDCI (0.28 g, 1.83 mmol). The reaction mixture was stirred overnight and concentrated 

under reduced pressure. The crude was then dissolved in ethyl acetate and washed with 1 M HCl 

(3 × 5 ml) and then with NaHCO3 (5 ml). The organic layer was dried with MgSO4 and 

concentrated under reduced pressure. The crude was recrystallised with hexane/ethyl acetate to 

give the pure B9 as an off-white solid (0.184 g, 30.6%). 1H NMR (400 MHz, DMSO-d6, 298 K) 

δ ppm 9.27 (s, 1 H), 8.73 (t, J = 5.60, 1 H), 7.81 (d, J = 8.20, 2 H), 7.73 (dt, J = 7.24, 1.04, 1 H), 

7.46 (m, 3 H), 7.37 (m, 1 H), 7.31 (d, J = 8.12, 2 H), 5.32 (dd, J = 7.84, 4.52, 1 H), 4.17 (d, 

J = 6.20, 2 H), 3.69 (dt, J = 13.6, 5.08, 1 H), 3.35 (1 H), 1.40 (s, 9 H).  13C NMR (100 MHz, 

DMSO-d6, 298 K) δ ppm 166.30, 155.86, 154.65, 143.55, 132.78, 130.67, 130.60, 127.47, 

127.28, 126.69, 121.77, 77.96, 78.76, 45.43, 43.16, 28.27. ESI+MS m/z 419.17 [M + Na]+. 

HRMS (ESI) m/z [M + Na]+ calculated for C21H25BN2O5Na 419.1749, found 419.1721. 
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Synthesis of receptor B6 

 

Derivative B9 (184.50 mg, 0.47 mmol) was dissolved in ethyl acetate (5.0 ml). 2 M HCl in 

diethyl ether (10.0 ml) was added and the mixture was stirred overnight. The solvent was 

removed under vacuum, to give the pure B6 as an off-white solid (0.155 mg, quant.). 1H NMR 

(400 MHz, DMSO-d6, 298 K) δ ppm 9.30 (s, 1 H), 8.85 (dt, J = 5.6 Hz, 1 H), 8.52 (s, 3 H), 7.90 

(d, J = 8.3 Hz, 2 H), 7.76 (dt, J = 7.3 Hz, 1.1 Hz, 1 H). 7.58 (m, 2 H), 7.45 (m, 2 H), 7.36 (dt, 

J = 7.0 Hz, 1.10 Hz, 1 H), 5.34 (dd, J = 7.7 Hz, 4.40 Hz, 1 H), 4.07 (s, 2 H), 3.71 (dt, J = 5.0 Hz, 

13.64 Hz, 1 H), 3.40 (m, 1 H). 13C NMR (100 MHz, DMSO-d6, 298 K) δ ppm 165.9, 154.6, 

137.2, 134.2, 130.7, 130.6, 128.8, 127.4, 121.7, 78.7, 45.4, 41.8. ESI+MS m/z 297.14 [M]+. 

HRMS (ESI) m/z [M] + calculated for C16H18BN2O3 297.1405, found 297.1402. 

 

Synthesis of derivative B10  

 

Derivative B2 (0.20 g, 1.00 mmol) was dissolved in methanol (15 ml). 

N,N′-Di-Boc-1H-pyrazole-1-carboxamidine (0.27 g, 1.1 mmol) and triethylamine (324 μl) 

were added and the mixture was stirred overnight. The solvent was removed under vacuum, 
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and the crude purified by column chromatography 85% hexane 15% ethyl acetate to give B10 

as an off-white solid (0.10 g, 24.6%). 1H NMR (400 MHz, DMSO-d6, 298 K) δ ppm 11.48 (s, 

1 H,), 9.38 (s, 1 H), 8.46 (t, J = 5.2 Hz, 1 H), 7.73 (dt, J = 7.3 Hz, 1.1 Hz, 1 H), 7.48 (m, 2 H), 

7.39 (td, J = 7.1 Hz, 1.3 Hz, 1 H), 5.32 (dd, J = 8.2 Hz, 3.5 Hz, 1 H), 3.97 (ddd, J = 13.7 Hz, 

6.1 Hz, 3.6 Hz, 1 H), 3.26 (ddd, J = 13.7 Hz, 8.2 Hz, 4.5 Hz, 1 H), 1.47 (s, 9 H), 1.39 (s, 9 H). 

13C NMR (100 MHz, DMSO-d6, 298 K) δ ppm 163.0, 155.5, 153.7, 152.2, 130.8, 130.7, 127.7, 

121.7, 83.2, 78.4, 78.3, 45.8, 28.0, 27.6. ESI+MS m/z 406.22 [M + H]+. HRMS (ESI) m/z 

[M + H]+ calculated for C19H29BN3O6 406.2144, found 406.2164.  

 

Synthesis of receptor B3 

 

Derivative B10 (0.10 g, 0.25 mol) was dissolved in a mixture of ethyl acetate (5.0 ml) and 

methanol (2.0 ml). The mixture was cooled to 0 °C and acetyl chloride (0.50 ml) was added 

dropwise. The reaction was stirred at room temperature for 48 hours. The mixture was 

concentrated under vacuum to give B3 as an off-white hygroscopic solid (59.6 mg, quant.). 

1H NMR (400 MHz, DMSO-d6, 298 K) δ ppm 9.43 (s, 1 H), 7.78 (dt, J = 7.2 Hz, 1.0 Hz, 1 H), 

7.61 (t, J = 6.0 Hz, 1 H), 7.52 (m, 2 H), 7.39 (m, 2 H), 6.96 (s), 5.23 (dd, 1 H, J = 7.7 Hz, 

3.3 Hz), 3.77 (ddd, J = 14.2 Hz, 6.0 Hz, 3.4 Hz, 1 H), 3.28 (ddd, J = 13.8 Hz, 7.6 Hz, 5.9 Hz, 

1 H). 13C NMR (100 MHz, DMSO-d6, 298 K) δ ppm 157.2, 153.2, 130.8, 130.7, 127.7, 121.8, 

78.6, 46.0. ESI+MS m/z 206.11 [M]+. HRMS (ESI) m/z [M]+ calculated for C9H13BN3O2 

206.1095, found 206.1099. 
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 Synthesis of derivative B11 

 

Derivative B4 (0.21 g, 0.83 mmol) was dissolved in methanol (15.0 ml). 

N,N′-Di-Boc-1H-pyrazole-1-carboxamidine (0.26 g, 0.84 mmol) and triethylamine (259 μl) 

were added and the mixture was stirred overnight. The solvent was removed under vacuum, 

and the crude purified by gradient column chromatography, 85% hexane 15% ethyl acetate to 

98% ethyl acetate 2% methanol to give B11 as an off-white solid (0.232 g, 60.7%). 1H NMR 

(400 MHz, DMSO-d6, 298 K) δ ppm 11.43 (s, 1 H), 9.26 (s, 1 H), 8.69 (t, J = 4.8 Hz, 1 H), 8.35 

(t, J = 5.6 Hz, 1 H), 7.72 (dt, J = 11.4 Hz, 5.6 Hz, 1 H), 7.45 (m, 2 H), 7.36 (dt, J = 7.2 Hz, 

1.5 Hz, 1 H), 5.17 (dd, J = 7.1 Hz, 4.4 Hz, 1 H), 3.93 (dd, 1 H, J = 9.6 Hz, 4.8 Hz, 2H), 3.56 

(ddd, J = 13.7 Hz, 5.8 Hz, 4.5 Hz, 1 H), 3.24 (ddd, J = 13.3 Hz, 7.2 Hz, 5.7 Hz, 1 H), 1.48 (s, 

9 H), 1.38 (s, 9 H). 13C NMR (100 MHz, DMSO-d6, 298 K) δ ppm 167.9, 162.9, 155.0, 154.3, 

151.9, 130.6, 130.5, 127.4, 121.8, 83.0, 78.7, 78.3, 44.5, 43.5, 28.0, 27.6. ESI+MS m/z 463.24 

[M + H]+. HRMS (ESI) m/z [M + H]+ calculated for C21H32BN4O7 463.2359, found 463.2378. 

 

Synthesis of receptor B5 
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Derivative B11 (0.23 g, 0.50 mol) was dissolved in a mixture of ethyl acetate (10.0 ml) and 

methanol (5.0 ml). The mixture was cooled to 0 °C and acetyl chloride (1.0 ml) was added 

dropwise. The reaction was stirred at room temperature for 48 hours. The mixture was 

concentrated under vacuum and the crude recrystallised with a mixture of methanol and diethyl 

ether to give the B5 as an off-white solid (45.4 mg, 30.4%). 1H NMR (400 MHz, DMSO-d6, 

298 K) δ ppm 9.27 (s, 1 H), 8.73 (t, J = 5.6 Hz, 1 H), 7.81 (d, J = 8.2 Hz, 2 H), 7.73 (dt, 

J = 7.2 Hz,  1.0 Hz, 1 H), 7.46 (m, 3 H), 7.37 (m, 1 H), 7.31 (d, J = 8.1 Hz, 2 H), 5.32 (dd, 

J = 7.8 Hz, 4.5 Hz, 1 H), 4.17 (d, J = 6.2 Hz, 2 H), 3.69 (dt, J = 13.6 Hz, 5.1 Hz, 1 H), 3.35 

(1 H), 1.40 (s, 9 H). 13C NMR (100 MHz, DMSO-d6, 298 K) δ ppm 166.3, 155.9, 154.7, 143.6, 

132.8, 130.7, 130.6, 127.5, 127.3, 126.7, 121.8, 78.8, 78.0, 45.4, 43.2, 28.3. ESI+MS m/z 263.12 

[M]+. HRMS (ESI) m/z [M]+ calculated for C11H16BN4O3 263.1310, found 263.1312. 

 

Synthesis of derivative B12 

 

Derivative B6 (0.16 g, 0.47 mmol) was dissolved in methanol (15.0 ml). 

N,N′-Di-Boc-1H-pyrazole-1-carboxamidine (0.16 g, 0.52 mmol) and triethylamine (163 μl) 

were added and the mixture was stirred overnight. The solvent was removed under vacuum and 

the crude purified by column chromatography, 80% hexane 20% ethyl acetate to 100% ethyl 
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acetate, to give B12 as an off-white solid (0.139 g, 55.1%). 1H NMR (400 MHz, DMSO-d6, 

298 K) δ ppm 11.54 (s, 1 H), 9.27 (s, 1 H), 8.80 – 8.71 (m, 2 H). 7.83 (m, 2 H), 7.73 (dt, J = 7.3 

Hz, 1.1 Hz, 1 H), 7.46 (m, 2 H), 7.39 – 3.34 (m, 3 H), 5.32 (dd, J = 7.8 Hz, 4.6 Hz, 1 H), 4.58 

(d, J = 6.0 Hz, 2 H), 3.69 (dt, J = 13.6 Hz, 5.1 Hz, 1 H), 3.40 (m, 1 H), 1.48 (s, 9 H), 1.37 (s, 

9 H). 13C NMR (100 MHz, DMSO-d6, 298 K) δ ppm 166.2, 163.1, 155.6, 154.5, 152.0, 141.8, 

133.1, 130.7, 130.6, 127.5, 127.4, 126.9, 121.8, 83.0, 78.7, 78.4, 45.4, 43.3, 28.0, 27.7. ESI+MS 

m/z 539.24 [M + H]+. HRMS (ESI) m/z [M + H]+ calculated for C27H36BN4O7 539.2672, found 

539.2697. 

 

Synthesis of receptor B7 

 

Derivative B12 (0.14 g, 0.26 mol) was dissolved in a mixture of ethyl acetate (10.0 ml) and 

methanol (5.0 ml). The mixture was cooled to 0 °C and acetyl chloride (1 ml) was added 

dropwise. The reaction was stirred at room temperature for 72 hours. The mixture was 

concentrated under vacuum to give the B7 as an off-white solid (87.4 mg, quant.). 1H NMR 

(400 MHz, DMSO-d6, 298 K) δ ppm 9.28 (s, 1 H), 8.80 (t, J = 5.5 Hz, 1 H), 8.25 (t, J = 6.3 Hz), 

7.88 (m, 2 H), 7.76 (dt, J = 7.3 Hz, 1.0 Hz, 1 H), 7.46 (m, 2 H), 7.37 (m, 3 H), 5.33 (dd,  J = 7.8 

Hz, 4.5 Hz, 1 H), 4.46 (d, J = 6.3 Hz, 2 H), 3.70 (dt, J = 13.6 Hz, 5.0 Hz, 1 H), 3.39 (m, 1 H). 

13C NMR (100 MHz, DMSO-d6, 298 K) δ ppm 166.0, 157.2, 154.6, 140.6, 133.5, 130.6, 130.6, 
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127.5, 127.4, 126.9, 121.7, 78.7, 45.4, 43.60. ESI+MS m/z 339.16 [M]+. HRMS (ESI) m/z [M]+ 

calculated for C17H20BN4O3 339.1623, found 339.1614. 

 

Synthesis of receptor B13    

 

Benzylamine (0.20 g, 1.87 mmol) dissolved in methanol (10 ml). 

N,N′-Di-Boc-1H-pyrazole-1-carboxamidine (0.64 g, 2.06 mmol) and triethylamine (210 μl) 

were added and the mixture was stirred overnight. The precipitate was filtered and dissolved in 

a mixture of ethyl acetate (5 ml) and methanol (2 ml). The mixture was cooled to 0 °C and 

acetyl chloride (1 ml) was added dropwise and the mixture stirred at room temperature for 

24 hours. The solvent was removed under vacuum to afford compound B13 as a white solid 

(51.6 mg, 18.0%). 1H NMR (400 MHz, DMSO-d6, 298 K) δ ppm 8.23 (t, J = 5.9 Hz, 1 H), 7.38 

(m, 2 H), 7.31 (m, 2 H), 4.39 (d, J = 6.2 Hz, 2 H). 13C NMR (100 MHz, DMSO-d6, 298 K) 

δ ppm 157.2, 137.3, 128.5, 127.5, 127.2, 43.9. ESI+MS m/z 150.09 [M]+. HRMS (ESI) m/z 

[M]+ calculated for C8H12N3 150.1026, found 150.1024.  

 

5.1.3 Synthesis of sialic acid methyl ester, S3 4 
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Sialic acid (S1) (5.00 g, 16.7 mmol) was suspended in anhydrous methanol (125 ml). TFA 

(1.50 ml, 19.40 mmol) was added and the reaction was stirred at room temperature for 72 hours. 

The solvent was evaporated under reduced pressure. The crude was triturated with diethyl ether 

to give the sialic acid methyl ester (S3) as white solid (5.05 g, 97.0%). 1H NMR (300 MHz, 

DMSO-d6, 298 K) δ ppm 4.02 (m, 2 H), 3.90 (d, J = 10.2 Hz, 1 H), 3.80 (m, 4 H), 3.69 (ddd, 

J = 9.8 Hz, 6.2 Hz, 2.49 Hz, 1 H), 3.57 (dd, J = 11.7 Hz, 6.2 Hz, 1 H), 3.51 (dd, J = 9.2 Hz, 

0.7 Hz, 1 H), 2.27 (dd, J = 13.14 Hz, 4.38 Hz, 1 H), 2.00 (s, 3 H), 1.87 (dd, J = 13.0 Hz, 11.7 Hz, 

1 H). 1H NMR is in agreement with literature4.  

 

5.1.4 Synthesis of peptidomimetic scaffold 

Synthesis of 4-(bromomethyl)benzaldehyde, S12 5 

 

 

4-(bromomethyl)-benzonitrile (1.00 g, 5.10 mmol) was dissolved in anhydrous toluene (10 ml). 

The mixture was cooled to 0 °C and stirred under argon. A solution of 0.1 M DIBAL in hexanes 

(6.6 ml) was added dropwise and the reaction was stirred to 0 °C for 1 hour. Chloroform (13 ml) 

and 10% HCl (33 ml) were added and the reaction stirred for 1 hour. The two phases were 

separated and the organic layer washed with water (3 x 15 ml), dried over MgSO4 and 

concentrated under vacuum to give the 4-(bromomethyl)benzaldehyde S12 (0.64 g, 63.2%) as 

an off-white solid. 1H NMR (400 MHz, DMSO-d6, 298 K) δ ppm 10.00 (s, 1 H), 7.90 (dt, 

J = 8.2 Hz, 1.8 Hz, 2 H), 7.67 (dt, J = 8.3 Hz, 2.0 Hz, 2 H), 4.78 (s, 2 H). 13C NMR (100 MHz, 
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DMSO-d6, 298 K) δ ppm 192.7, 144.6, 135.8, 130.0, 129.9, 33.16. ESI+MS m/z 198.98 

[M + H]+. HRMS (ESI) m/z [M + H]+ calculated for C8H8BrO 198.9759, found 198.9758.  

 

Synthesis of 1-(bromomethyl)-4-(dimethoxymethyl)-benzene, S13 

 

4-(bromomethyl)benzaldehyde S12 (0.64 g, 3.22 mmol) was dissolved in anhydrous methanol 

(35 ml) and p-toluenesulfonic acid (61.3 mg, 0.32 mmol) was added. The reaction was stirred 

overnight under argon. The solvent was removed under reduced pressure and the crude 

dissolved in diethyl ether and washed with of sat. NaHCO3 (3 x 25 ml) and water (3 x 25 ml). 

The crude was purified by column chromatography, 94% hexane 6% ethyl acetate. The solvent 

was removed under vacuum to afford the pure 1-(bromomethyl)-4-(dimethoxymethyl)-benzene 

S13 (0.46 g, 57.7%) as a colourless oil. 1H NMR (400 MHz, DMSO-d6, 298 K) δ ppm 7.46 (dt, 

J = 8.2 Hz, 1.8 Hz, 2 H), 7.37 (m, 2 H), 5.37 (s, 1 H), 4.71 (s, 2 H), 3.24 (s, 6 H). 13C NMR 

(100 MHz, DMSO-d6, 298 K) δ ppm 138.3, 138.1, 129.1, 126.9, 102.3, 52.6, 34.1. ESI+MS 

m/z 245.00 [M + H]+. HRMS (ESI) m/z [M + H]+ calculated for C10H14BrO2 245.0001, found 

245.0000.    

 

Synthesis of 1-(azidomethyl)-4-(dimethoxymethyl)-benzene, S14 
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1-(bromomethyl)-4-(dimethoxymethyl)-benzene S13 (0.46 g, 1.86 mmol) was dissolved in a 

3:1 acetone:water mixture (20 ml) to which sodium azide (0.18 g, 2.70 mmol) was added. The 

reaction was stirred for 2 hours. Dichloromethane (40 ml) was added and the reaction was 

stirred for 1 hour. The mixture was extracted, washed with of water (3 x 20 ml) and dried over 

MgSO4. The solvent was removed under vacuum to afford the pure 1-(azidomethyl)-4-

(dimethoxymethyl)-benzene S14 (0.31 g, 81.5%) as a colourless oil. 1H NMR (400 MHz, 

DMSO-d6, 298 K) δ ppm 7.42 (m, 2 H), 7.38 (m, 2 H), 5.39 (s, 1 H), 4.46 (s, 2 H), 3.24 (s, 6 H). 

13C NMR (100 MHz, DMSO-d6, 298 K) δ ppm 138.1, 135.7, 128.2, 126.9, 102.4, 53.3, 52.6.  

 

Synthesis of 1-(aminomethyl)-4-(dimethoxymethyl)-benzene, S15 

 

To a solution of 1-(azidomethyl)-4-(dimethoxymethyl)-benzene S14 (0.31 g, 1.52 mmol) in 

methanol with 5% water (20 ml), triphenylphosphine (0.52 g, 1.97 mmol) was added and the 

mixture stirred overnight. The solvent was removed under vacuum and the crude dissolved in 

chloroform (30 ml) which was then washed with 0.1 M PB buffer pH 3 (4 x 20 ml). The aqueous 

phase was basified to pH 11 with 5 M NaOH and then extracted with chloroform (4 x 20 ml). 

The organic phase was concentrated under reduced pressure to give the 

1-(aminomethyl)-4-(dimethoxymethyl)-benzene S15 (0.20 g, 71.6%) as a colourless oil. 

1H NMR (400 MHz, DMSO-d6, 298 K) δ ppm 7.32 (m, 2 H), 7.30 (m, 2 H), 5.35 (s, 1 H), 3.71 

(s, 2 H), 3.30 (s, 6 H). 13C NMR (100 MHz, DMSO-d6, 298 K) δ ppm 144.5, 136.0, 126.7, 

126.3, 102.6, 52.4, 45.4. ESI+MS m/z 181.09 [M]+.  
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Synthesis of N-Fmoc-1-(phenylmethyl)-4-methylester-L-aspartic acid, S2 

 

Fmoc-Asp-OBzl (S1) (0.50 g, 1.12 mmol) was dissolved in methanol (20 ml). DMAP (13.7 mg, 

0.11 mmol) and EDCI (0.26 g, 1.34 mmol) were added and the reaction was stirred overnight 

at room temperature. The solvent was removed under vacuum and the crude dissolved in ethyl 

acetate (50 ml). The solution was washed with 1 M HCl (4 x 15 ml) and sat. NaHCO3 (3 x 15 

ml). The solvent was removed under vacuum to give the pure N-Fmoc-1-(phenylmethyl)-4-

methylester-L-aspartic acid (S2) (0.49 g, 96.1%). 1H NMR (400 MHz, CDCl3, 298 K) δ ppm 

7.76 (d, J = 7.7 Hz, 2 H), 7.59 (d, J  = 7.4 Hz, 2 H), 7.40 (dq, J = 7.5 Hz, 0.6 Hz, 2 H), 

7.35 – 7.28 (m, 7 H), 5.82 (d, J = 8.6 Hz, 1 H), 5.23 (d, J = 12.2 Hz, 1 H), 5.19 (d, J = 12.2 Hz, 

1 H), 4.69 (dt, J = 8.6 Hz, 4.6 Hz, 1 H), 4.42  (dd, J =10.6 Hz, 7.3 Hz, 1 H) 4.34  (dd, J =10.6 Hz, 

7.3 Hz, 1 H), 4.22 (t, J = 7.2 Hz, 1 H), 3.64 (s, 3 H) 3.07 (dd, J = 17.1 Hz, 4.6 Hz, 1H), 2.88 (dd, 

J = 17.1 Hz, 4.6 Hz, 1H). 13C NMR (100 MHz, CDCl3, 298 K) δ ppm 171.4, 170.7, 156.1, 

143.83, 141.44,135.3, 128.7, 128.6, 128.4, 127.9, 127.2, 125.3, 125.3, 120.1, 120.1, 67.8, 67.4, 

52.2, 50.6, 47.2, 36.6. ESI+MS m/z 482.16 [M + Na]+. HRMS (ESI) m/z [M + H]+ calculated 

for C27H26NO6 460.1760, found 460.1768.  
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Synthesis of 1-(phenylmethyl)-4-methylester-L-aspartic acid, S3 

 

Compound S2 (0.49 g, 1.08 mmol) was dissolved in 20% piperidine in DMF (15 ml) and stirred 

at room temperature for 5 hours. The solvent was evaporated under reduced pressure and the 

crude purified by column chromatography, 50% hexane 50% ethyl acetate to give the pure 

1-(phenylmethyl)-4-methylester-L-aspartic acid (S3) as a yellow oil (0.23 g, 89.3%). 

1H NMR (400 MHz, CDCl3, 298 K) δ ppm 7.35 (m, 4 H), 5.19 (d, J = 12.2 Hz, 1 H), 5.15 (d, 

J = 12.2 Hz, 1 H), 3.88 (dd, J = 7.2 Hz, 4.7 Hz, 1 H), 3.65 (s, 3H), 2.84 (dd, J =16.6 Hz, 4.7 Hz, 

1H), 2.74 (dd, J = 16.5 Hz, 7.2 Hz, 1 H). 1.98 (s, 3 H). 13C NMR (100 MHz, CDCl3, 298 K) 

δ ppm 173.9, 171.7, 135.5, 128.8, 128.6, 128.5, 67.3, 52.0, 51.4, 38.65. ESI+MS m/z 238.11 

[M + H]+. HRMS (ESI) m/z [M + H]+ calculated for C12H16NO4 238.1079, found 238.1083.  

 

Synthesis of 1-(phenylmethyl)- L-aspartic acid, S4 

 

Fmoc-Asp-OBzl (S1) (0.50 g, 1.12 mmol) was dissolved in 20% piperidine in DMF (15 ml) 

and the reaction was stirred at room temperature for 5 hours. The solvent was removed under 

reduced pressure and the crude triturated with diethyl ether to give the pure 1-(phenylmethyl)- 
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L-aspartic acid (S4) as a white-off solid (0.22 g, 86.2%). 1H NMR (400 MHz, DMSO-d6, 298 K) 

δ ppm 7.37 (d, J = 4.4 Hz, 4H), 7.33 (m, 1H), 5.12 (s, 2H), 3.74 (dd, J = 7.2 Hz, 5.4 Hz, 1H), 

2.53 (dd, J = 16.4 Hz, 5.4 Hz, 1H), 2.44 (dd, J = 16.3, 7.2 Hz, 1H). 13C NMR (101 MHz, 

DMSO-d6, 298 K) δ ppm 173.9, 172.7, 136.5, 128.9, 128.4, 128.2, 66.3, 51.4, 38.8. ESI+MS 

m/z 224.09 [M + H]+. HRMS (ESI) m/z [M + H]+ calculated for C11H14NO4 224.0923, found 

245.0923.  

 

Synthesis of N-acetyl-1-(phenylmethyl)- L-aspartic acid, S5 

 

Compound S4 (0.22 g, 0.96 mmol) was dissolved in DMF (15 ml) and the mixture was cooled 

to 0 °C. Acetic anhydride (0.46 ml, 4.81 mmol) was added dropwise and the reaction stirred at 

room temperature for 2 hours. The solvent was removed under vacuum to give 

N-acetyl-1-(phenylmethyl)- L-aspartic acid (S5) as a colourless oil (0.26 g, quant.). 

1H NMR (400 MHz, CDCl3, 298 K) δ ppm 7.33 (m, 5 H), 6.69 (d, J = 8.1 Hz,1 H), 5.20 (d, 

J = 12.3 Hz, 1 H), 5.17 (d, J = 12.3 Hz, 1 H), 4.89 (dt, J = 8.4 Hz, 4.3 Hz, 1 H), 3.09 (dd, 

J = 17.6 Hz, 4.3 Hz, 1 H), 2.87 (dd, J = 17.6 Hz, 4.3 Hz, 1 H), 2.03 (s, 3 H). 13C NMR (100 MHz, 

CDCl3, 298 K) δ ppm 174.6, 170.7, 170.5, 135.3, 128.7, 128.6, 128.3, 67.7, 48.7, 36.2, 23.2. 

ESI+MS m/z 266.11 [M + H]+. HRMS (ESI) m/z [M + H]+ calculated for C13H16NO5 266.1087, 

found 266.1028.  
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Synthesis of benzylated peptide scaffold, S6 

 

Compound S3 (0.23 g, 0.96 mmol) and S5 (0.25 g, 0.96 mmol) were dissolved in 

dichloromethane (20 ml). HOBt (0.13 g, 0.96 mmol) and EDCI (0.18 g, 0.96 mmol) were added 

and the reaction mixture was stirred at room temperature overnight. The mixture was washed 

with water (4 x 15 ml) and brine (3 x 5 ml). The organic layer was concentrated under reduced 

pressure and the crude purified by column chromatography, 50% hexane 50% ethyl acetate to 

35% hexane 65% ethyl acetate. The solvent was removed under vacuum to give the pure S6 as 

an off-white solid (0.43 g, 92.5%). 1H NMR (500 MHz, CDCl3, 298 K) δ ppm 7.33 (m, 10 H), 

6.76 (d, J = 8.2 Hz, 1 H), 6.58 (d, J = 8.3 Hz, 1 H), 5.17 (m, 4 H), 4.89 (dt, J = 8.4 Hz, 4.3 Hz, 

1 H), 4.84 (dt, J = 8.6 Hz, 4.5 Hz, 1 H), 3.60 (s, 3 H), 2.99 (dd, J = 17.0 Hz, 4.5 Hz, 1 H), 2.95 

(dd, J = 15.7 Hz, 4.7 Hz, 1 H), 2.76 (dd, J = 15.7 H, 4.4 Hz), 2.71 (dd, J = 17.3 Hz, 4.6 Hz, 

1 H), 1.99 (s, 3 H). 13C NMR (126 MHz, CDCl3, 298 K) δ ppm 171.4, 170.9, 170.4, 170.3, 

170.0, 135.5, 135.2, 128.8, 128.7, 128.7, 128.5, 128.5, 128.4, 67.9, 67.6, 52.2, 49.1, 48.7, 37.7, 

36.0, 23.2. ESI+MS m/z 485.19 [M + H]+. HRMS (ESI) m/z [M + Na]+ calculated for 

C25H28N2O8Na 507.1743, found 507.1755.  
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Synthesis of deprotected peptide scaffold, S7 

 

Compound S6 (0.32 g, 0.65 mmol) was dissolved in anhydrous methanol (10 ml) and Pd/C 

(41.5 mg) was added. The flask was connected to a hydrogen balloon and the reaction was 

stirred at room temperature overnight. The reaction mixture was filtered over Celite and the 

solvent evaporated under reduced pressure to afford the pure S7 (0.16 g, 87.4%). 

1H NMR (400 MHz, DMSO-d6, 298 K) δ ppm 8.27 (d, J = 8.0 Hz, 1 H), 7.98 (d, J = 8.0 Hz, 

1 H), 3.59 (s, 3 H), 2.71 (dd, J = 16.3 Hz, 6.1 Hz, 1 H), 2.63 (dd, J = 16.4 Hz, 7.0 Hz, 1 H), 

2.57 (dd, J = 15.2 Hz, 5.4 Hz, 1 H), 1.99 (s, 3H).  

 

Synthesis of functionalised-peptide scaffold, S16 
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To a solution of S7 (0.15 g, 0.49 mmol) in DMF (10 ml), S15 (0.21 g, 1.18 mmol) was added. 

HOBt (0.14 g, 1.03 mmol), EDCI (0.20 g, 1.03 mmol) and DIEA (0.20 ml, 1.18 mmol) were 

added and the reaction was stirred overnight at room temperature. The solvent was removed 

under reduced pressure and the crude diluted with dichloromethane (50 ml) and washed with 

water (4 x 15 ml) and brine (3 x 10 ml). The organic phase was concentrated under vacuum and 

the crude was purified by recrystallisation with a mixture of ethyl acetate and methanol. The 

solid was filtered to afford the pure S16 (0.26 g, 84.9%). 1H NMR (500 MHz, DMSO-d6, 

298 K) δ ppm 8.44 (t, J = 6.2 Hz, 1 H), 8.40 (t, J = 6.1 Hz, 1 H), 8.32 (d, J = 8.3 Hz, 1H), 8.15 

(d, J = 8.3 Hz, 1H), 7.28 (dd, J = 8.2 Hz, 3.1 Hz, 4 H), 7.22 – 7.19 (m, 4 H), 5.33 (s, 1 H), 5.32 

(s, 1 H), 4.69 – 4.64 (m, 2 H), 4.29 – 4.19 (m, 4 H), 3.58 (s, 3 H), 3.21 (s, 6 H), 3.21 (s, 6 H), 

2.78 (dd, J = 16.3 Hz, 6.1 Hz, 1 H), 2.65 (dd, J = 14.6 Hz, 7.2 Hz, 1 H), 2.59 (dd, J = 16.2 Hz, 

7.5 Hz, 1 H), 2.34 (dd, J = 14.5 Hz, 7.2 Hz, 1 H), 1.83 (s, 3 H). 13C NMR (126 MHz, DMSO-d6, 

298 K) δ ppm 171.8, 171.2, 170.7, 170.1, 169.9, 139.9, 139.9, 137.1, 127.3, 127.2, 126.8, 103.0, 

52.9, 52.0, 50.5, 49.8, 42.5, 42.4, 38.4, 36.5, 23.2. ESI+MS m/z 653.28 [M + Na]+. HRMS (ESI) 

m/z [M + Na]+ calculated for C31H42N4O10Na 653.2796, found 653.2795.  

 

Synthesis of aldehyde-functionalised peptide scaffold, S17 
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Compound S16 (49.4 mg, 0.08 mmol) was dissolved in chloroform (5 ml) and 2 M HCl in 

diethyl ether (8 ml) was added and the rection stirred for 5 hours. The solvent was removed 

under reduced pressure to afford the pure S17 (42.2 mg, quant.). 1H NMR (500 MHz, 

DMSO-d6, 298 K) δ ppm 9.95 (s, 1 H), 9.94 (s, 1 H), 8.54 (t, J = 6.0 Hz, 2 H), 8.41 (d, J = 8.2 

Hz, 1 H), 8.22 (d, J = 8.1 Hz, 1 H), 7.81 – 7.78 (m, 4 H), 7.40 (t, J = 8.0 Hz, 4 H), 4.71 – 4.64 

(m, 2 H), 4.37 – 4.26 (m, 4 H), 3.58 (s, 3 H), 2.79 (dd, J = 16.3 Hz, 6.5 Hz, 1 H), 2.69 (dd, 

J = 14.5 Hz, 7.2 Hz, 1 H), 2.61 (dd, J = 16.2 Hz, 7.5 Hz, 1 H), 2.37 (dd, J = 14.6 Hz, 7.2 Hz, 

1 H), 1.84 (s, 3 H). 13C NMR (126 MHz, DMSO-d6, 298 K) δ ppm 193.1, 193.1, 172.0, 171.3, 

170.9, 170.2, 170.0, 147.0, 146.9, 135.4, 135.4, 129.9, 128.0, 127. 9, 52.0, 50.5, 49.9, 42.6, 

42.6, 38.4, 36.3, 23.2. ESI+MS m/z 539.21 [M + H]+. HRMS (ESI) m/z [M + H]+ calculated for 

C27H31N4O8 539.2142, found 537.2141.  

 

5.1.5 Synthesis of building blocks 

Synthesis of tert-butyl 2-(dimethylamino)ethylcarbamate 6 

 

Triethylamine (0.97 ml, 6.96 mmol) and Boc2O (1.66 g, 7.61 mmol) were added to chloroform 

(15 ml). N,N-Dimethylethylenediamine (AL11) (0.65 ml, 5.95 mmol) was added and the 

mixture was stirred for 4 hours at room temperature. The reaction mixture was washed with sat. 

NaHCO3 (3 x 5 ml) and water (3 x 5 ml). The solvent was removed under vacuum to give the 

pure tert-butyl 2-(dimethylamino)ethylcarbamate as a yellow solid (1.01 g, 89.9%). 

1H NMR (400 MHz, CDCl3, 298 K) δ ppm 5.02 (s, 1 H), 3.20 (q, J = 5.8 Hz, 2 H), 2.39 (t, 

J = 6.1 Hz, 2 H), 2.23 (s, 6 H), 1.44 (s, 9 H). 13C NMR (100 MHz, CDCl3, 298 K) δ ppm 156.2, 
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79.2, 58.5, 45.3, 38.0, 28.6. ESI+MS m/z 189.16 [M + H]+. HRMS (ESI) m/z [M + H]+ 

calculated for C9H21N2O2 189.1603, found 189.1608.  

 

Synthesis of tert-butyl 2-(trimethylamino)ethylcarbamate 6 

 

To a solution of tert-butyl 2-(dimethylamino)ethylcarbamate (1.01 g, 5.35 mmol) in methanol 

(15 ml), iodomethane (0.43 ml, 6.96 mmol) and potassium bicarbonate (0.61 g, 6.01 mmol) 

were added and the reaction stirred overnight at room temperature. The solvent was removed 

under vacuum and the crude dissolved in chloroform and filtered. The filtrate was evaporated 

under reduced pressure and the solid washed with diethyl ether to give tert-butyl 

2-(trimethylamino)ethylcarbamate iodide salt (1.28 g, 72.3%). 1H NMR (400 MHz, CDCl3, 

298 K) δ ppm 5.90 (t, J = 5.9 Hz, 1H), 3.82 (t, J = 5.9 Hz, 2H), 3.72 (d, J = 6.3 Hz, 2H), 3.47 (s, 

9H), 1.42 (s, 9H). 13C NMR (101 MHz, CDCl3, 298 K) δ ppm 156.41, 80.61, 65.99, 54.68, 

35.70, 28.50. ESI+MS m/z 203.18 [M]+. HRMS (ESI) m/z [M]+ calculated for C10H23N2O2 

203.1759, found 203.1762.  

 

Synthesis of 2-amino-N,N,N-trimethyl-ethanaminium AL106 

 

The tert-butyl 2-(trimethylamino)ethylcarbamate iodide salt (1.28 g, 3.88 mmol) was dissolved 

in anhydrous methanol (20 ml) and the solution cooled to 0 °C. Acetyl chloride (4 ml) was 

added dropwise and the reaction was stirred at 0 °C for 3 hours. The solvent was removed under 
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vacuum and the crude was washed with diethyl ether to give the pure 2-amino-N,N,N-trimethyl-

ethanaminium dihydrochloride salt AL10 as a dark yellow solid (0.59 g, 86.7%). 1H NMR 

(400 MHz, DMSO-d6, 298 K) δ ppm 8.67 (s, 3H), 3.67 – 3.60 (m, 2H), 3.33 – 3.26 (m, 2H), 

3.16 (s, 9H). 13C NMR (101 MHz, DMSO-d6, 298 K) δ ppm 61.29, 52.82, 32.45. ESI+MS 

m/z 103.12 [M]+. HRMS (ESI) m/z [M]+ calculated for C5H15N2 103.1235, found 103.1230.  

 

5.2 Enzymatic synthesis  

5.2.1 Materials and methods 

Reagents stock solutions were prepared in 50 mM TRIS buffer (pH 7.3 – 7.6). The pH of the 

buffer was adjusted with 1 M NaOH and 1 M HCl. Methyl-β-D-galactoside (4.9 mg) was 

dissolved in TRIS buffer (400 µl) to give a 63 mM stock solution. CMP-sialic acid (9.5 mg) 

was dissolved in TRIS buffer (500 µl) to give a 30.9 mM stock solution. A stock solution of 

MgCl2 (10 mM) was prepared from dilution of a 200 mM solution. A stock solution of MgCl2 

(10 mM) was prepared from dilution of a 1 M solution. The enzymes PmST1 M144D, PmST1 

P34H/M144L and ST3Gal4, B4GalT1, CIAP were available as solutions of approximate 

concentration of 1 mg/ml. The reaction mixture was analysed by LC-MS with a Shimadzu 

LCMS-IT-TOF instrument with a HILIC column (XBridge® Amide 5 µm, 4.6 mm x 250 mm 

column, Waters) with a binary gradient 95% acetonitrile 5% water to 50-50% and a flow rate 

of 0.40 ml/min. The MS was recorded in positive and negative ion mode. Thin layer 

chromatography (TLC) was performed on Silicagel 60 F254 plates with a 4:2:1 mixture of ethyl 

acetate:methanol:water as eluent and detection by UV light (254 nm) and staining with 

5% H2SO4 in ethanol followed by heating. The purification by size exclusion chromatography 

was performed with a Bio-Gel P-2 column and MilliQ water as eluent. The purification by ion 

exchange was performed on a DEAE Sepharose FF column with MillQ water and ammonium 
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carbonate buffer (20 – 50 mM) as eluents. The NMR spectra (1H, COSY, TOCSY, HSQC) were 

recorded on a Bruker AVANCE Neo 600 MHz and on a Bruker AVANCE NEO 500 MHz in 

D2O. 

 

5.2.2 Expression of the PmST1 M144D enzyme 

The enzyme PmST1 M144D was expressed following a published procedure7. A preculture of 

E. coli. BL21 (DE3) (3 ml) containing the recombinant plasmid, was added to a to lysogen 

broth (LB) rich medium (400 ml). Ampicillin (100 µg/mL) was added and the medium 

incubated at 37 °C under 200 RPM shaking and cell growth monitored by UV (600 nm) every 

30 mins. After 4 hours the OD600 reached 0.69 and a stock solution of isopropyl 

β-D-1-thiogalactopyranoside was added (20 µl, 0.1 mM) and the cells were incubated overnight 

at room temperature under shaking. The cells were centrifuged at 4 °C at 3900 rpm for 50 mins 

and then separated from the media. The cells were treated with a solution of Triton X-100 in 

TRIS buffer (5 ml), lysozyme (10 µl) and DNase (4 µl) were also added. This was incubated 

for 50 min at 37 °C under shaking and then centrifuged at 5 °C for 35 minutes at 7000 RPM. 

The collected supernatant was purified with a Ni2+-NTA column with MilliQ water and 

imidazole buffer (5 – 200 mM) as eluent. The collected vials were analysed by UV (340 nm) 

and their concentration was comprised between 0.6 and 0.9 mg/ml. Samples (10 µl) from each 

vial were denatured at 100 °C for 10 min and analysed by SDS-PAGE gel run in buffer at 200 V 

for 30 minutes. The gel was placed in water for 20 mins and then stained with Coomassie Blue 

stain whilst shaking for 1 hour. The excess of stain was removed by shaking the gel in water 

for 1 hour and the gel was then analysed confirming the presence of the PmST1 M144D 

enzyme.  
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5.2.3 Enzymatic synthesis of sialylated glycans 

Synthesis of SAα2-3GalβMe with bacterial enzyme PmST1 M144D  

 

12 µl of methyl-β-D-galactoside stock solution (0.5 µmol) and 22.7 µl stock solution of 

CMP-sialic acid (1.5 eq.) were added in TRIS buffer (428 µl). The enzymes PmST1 M144D 

(10 µL) and CIAP (2 µl) were added to the solution followed by the addition of the MgCl2 

(25 µl) stock solution. The vial was incubated overnight at 37 °C. The mixture was analysed by 

LC-MS and TLC, no product was detected.  

 

Synthesis of SAα2-6GalβMe with bacterial enzyme PmST1 P34H/M144L 

 

12 µl of methyl-β-D-galactoside stock solution (0.5 µmol) and 22.7 µl stock solution of CMP-

sialic acid (1.5 eq.) were added in TRIS buffer (428 µl). The enzymes PmST1 P34H/M144L 

(10 µL) and CIAP (2 µl) were added to the solution followed by the addition of the MgCl2 

(25 µl) stock solution. The vial was incubated overnight at 37 °C. The mixture was analysed by 

LC-MS and TLC, no product was detected.  
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Synthesis of SAα2-3GalβMe with mammalian enzyme ST3Gal4 

 

2.9 µl of methyl-β-galactoside stock solution (0.5 µmol) and 7.7 µl stock solution of CMP-sialic 

acid (1.5 eq.) were added in TRIS buffer (33.4 µl). BSA (0.5 µl) was added to the solution, 

followed by the addition of the enzymes ST3Gal4 (5 µL) and CIAP (0.5 µl). The vial was 

incubated for 3 hours at 37 °C. The LC-MS analysis in positive mode showed peaks of the 

product m/z = 508.2 [M + Na]+ and m/z =  530.2 [M + 2Na]+ and peaks of the unreacted 

CMP-sialic acid m/z = 681.1 [M + 3Na+]. In negative mode a peak of the product m/z = 484.1 

[M − H]− was observed, in addition to unreacted CMP-sialic acid m/z = 635.1 [M + Na]+. The 

TLC analysis showed no traces of starting material indicating full conversion.  

 

Synthesis of LacNAc 

 

GlcNAc (50.0 mg, 0.23 mmol) and UDP-Gal (165 mg, 0.29 mmol) were added to TRIS buffer 

(50 mM, 10 ml) at pH 7.5. The 100 µl of stock solution of MnCl2 (10 mM) was added, followed 

by the addition of B4GalT1 (200 µl) and CIAP (100 µl). The mixture was incubated overnight 

at 37 °C. The mixture was analysed by LC-MS and the product was observed, m/z = 406.1 

[M + Na]+ and m/z = 789.3 [2M + Na]+. The TLC analysis did not show the presence of starting 

material. The reaction was freeze dried and purified by size exclusion with a P2 column eluting 

with MilliQ water. The collected fractions were analysed by TLC and the fractions containing 
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material were analysed by LC-MS and the ones containing products were freeze dried to afford 

LacNAc (84.3 mg, quant.) as a white solid, which was used without further purification.  

 

Synthesis of SAα2-3LacNAc 

 

LacNAc (132.9 mg, 0.35 mmol) and CMP-sialic acid (243 mg, 0.39 mmol) were added to the 

TRIS buffer (50 mM, 11.7 ml) at pH 7.6. BSA (10 mg) was added, followed by the addition of 

ST3Gal4 (400 µl) and CIAP (100 µl). The vial was incubated overnight at 37 °C. The LC-MS 

analysis confirmed the presence of product m/z = 697.2 [M + Na]+. The mixture was freeze 

dried and the resulting solid purified by size exclusion chromatography on a P2 column eluting 

with MilliQ water. The collected fractions were analysed by TLC and the ones presenting 

material were analysed by LC-MS. The fractions containing product were freeze dried. The 

solid was dissolved in water and loaded on a DEAE Sepharose FF column. The column was 

initially eluted with MilliQ water and then with 20 – 50 mM ammonium carbonate buffer. The 

collected fractions were analysed by TLC and the ones presenting material were analysed by 

LC-MS. The fractions containing pure product were freeze dried to afford the pure 

SAα2-3LacNAc as a white solid (55.4 mg, 23.7%). 1H NMR (500 MHz, D2O, 298 K) δ ppm 

5.21 (d, J = 2.3 Hz, 1 H), 4.73 (d, J = 7.9 Hz, 1 H), 4.56 (dd, J = 7.9, 2.9 Hz, 1 H), 4.13 (m, 

1 H), 3.98 (m, 1 H), 3.98 (m, 1 H), 3.98 (m, 1 H), 3.97 (m, 1 H), 3.91 (m, 1 H), 3.91 (m, 1 H), 

3.90 (m, 1 H), 3.90 (m, 1 H), 3.88 (m, 1 H), 3.85 (m, 1 H), 3.86 (m, 1 H), 3.84 (m, 1 H), 3.76 

(m, 1 H), 3.76 (m, 1 H), 3.75 (m, 1 H), 3.74 (m, 1 H), 3.73 (m, 1 H), 3.71 (m, 1 H), 3.65 (m, 

1 H), 3.65 (m, 1 H), 3.61 (m, 1 H),  3.59 (m, 1 H), 2.77 (dd, J = 12.5, 4.5 Hz, 1 H), 2.05 (s, 
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3 H), 2.04 (s, 3 H), 2.04 (s, 3 H), 1.81 (t, J = 12.7 Hz, 1 H). 13C NMR (126 MHz, D2O, 298 K) 

δ ppm 102.6, 94.9, 90.5, 78.5, 78.4, 75.5, 75.2, 74.9, 72.9, 70.2, 70.2, 70.2, 69.2, 69.2, 68.7, 

68.3, 67.5, 67.4, 62.6, 59.9, 59.9, 56.2, 51.7, 39.6, 22.0, 22.0, 22.0. ESI+MS m/z 673.23 

[M − H]−. HRMS (ESI) m/z [M − H]− calculated for C25H41N2O19 673.2303, found 673.2297.  

 

Synthesis of SAα2-6LacNAc 

 

LacNAc (84.3 mg, 0.22 mmol) and CMP-sialic acid (154.0 mg, 0.24 mmol) were added to the 

TRIS buffer (50 mM, 13.9 ml) at pH 7.6. 1 ml of stock solution of MgCl2 (1.0 ml) was added, 

followed by the addition of PmST1 P34H/M144L (5.0 ml) and CIAP (100 µl). The vial was 

incubated at 37 °C for 3 hours. The LC-MS analysis confirmed the presence of product 

m/z = 697.2 [M + Na]+ and m/z = 384.1 [M + H]+. The mixture was freeze dried and the 

resulting solid dissolved in water (3.0 ml) and filtered through a spin filter at 3000 rpm for 

9 hours. The resulting solution was freeze dried and then the solid was dissolved in water and 

loaded on a DEAE Sepharose FF column. The column was initially eluted with MilliQ water 

and then with 20 – 50 mM ammonium carbonate buffer. The collected fractions were analysed 

by TLC and the ones presenting material were analysed by LC-MS. The fractions containing 

pure product were freeze dried to afford the pure SAα2-6LacNAc as a white solid (79.7 mg, 

53.7%). 1H NMR (600 MHz, D2O, 298 K) δ ppm 5.22 (d, J = 2.7 Hz, 1 H), 4.72 (d, J = 7.7 Hz, 

1 H), 4.43 (dd, J = 7.9, 2.1 Hz, 1 H), 3.98 (m, 1 H), 3.98 (m, 1 H), 3.95 (m, 1 H), 3.95 (m, 1 H), 

3.95 (m, 1 H), 3.90 (m, 1 H), 3.90 (m, 1 H), 3.89 (m, 1 H), 3.87 (m, 1 H), 3.87 (m, 1 H), 3.86 
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(m, 1 H), 3.82 (m, 1 H), 3.80 (m, 1 H), 3.79 (m, 1 H), 3.70 (m, 1 H), 3.68 (m, 1 H), 3.65 (m, 

1 H), 3.63 (m, 1 H), 3.63 (m, 1 H), 3.60 (m, 1 H), 3.54 (m, 1 H), 3.53 (m, 1 H), 3.52 (m, 1 H), 

2.65 (dd, J = 12.4, 4.7 Hz, 1 H), 2.04 (s, 3 H) 2.00 (s, 3 H), 2.00 (s, 3 H), 1.70 (t, J = 12.2 Hz, 

1 H). 13C NMR (151 MHz, D2O, 298 K) δ ppm 103.5, 94.6, 90.5, 83.4, 74.6, 73.6, 72.6, 72.5, 

71.7, 70.7, 70.1, 69.9, 68.6, 68.4, 68.2, 68.1, 63.3, 62.6, 60.3, 60.1, 51.7, 53.5, 73.6, 40.1, 22.1, 

22.0, 22.0. ESI+MS m/z 673.23 [M − H]−. HRMS (ESI) m/z [M − H]− calculated for 

C25H41N2O19 673.2303, found 673.2299.  

 

5.3 Binding studies 

5.3.1 NMR and MS binding studies 

1H NMR spectra were recorded at room temperature on Bruker AVANCE NEO at 400 MHz at 

400 MHz. Samples were dissolved in deuterated 0.1 M CD3COOD buffer and 0.1 M PB buffer 

at pD 5.1 and 7.0, respectively. The deuterated 0.1 M CD3COOD buffer was prepared with D2O 

and acetic acid-d4. The deuterated 0.1 M PBS buffer was prepared by dissolving K2HPO4 and 

KH2PO4 in D2O, the solution was the dried under vacuum and the resulting solid re-dissolved 

int D2O. The pH of the buffer was adjusted with a 5 M NaOD solution in D2O prepared 

following the same procedure described for the 0.1 M PB buffer. MS spectra were recorded 

with a Waters Xevo G2-XS spectrometer in ESI negative mode with the samples in 0.1 M 

acetate buffer.   

 

5.3.2 Isothermal titration calorimetry binding studies  

ITC experiments were performed with 2 mM receptor solution (B1 and B2 – B7) and 80 mM 

solution of ligand (S1, S2, S3). Five different buffers were used: 0.1 M acetate buffer (pH 5.5), 
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0.1 M phosphate buffer (pH 6.5), 0.1 M phosphate buffer (pH 7.4), 0.1 M ammonium acetate 

buffer (pH 8.5) and 0.1 M ammonium acetate (pH 10). The buffer was degassed prior to 

solution preparation. The solution pH was adjusted with 5 M HCl or 5 M NaOH. The solutions 

were filtered and degassed prior to use. ITC experiments were performed using a VP ITC 

MicroCalorimeter with the parameters reported in Table 5.1 by titrating the ligand into the 

receptor solution.  

Table 5.1. ITC parameters for the binding studies with VP-ITC MicroCalorimeter. 

Number of injections 35 

Cell temperature 25 °C 

Reference Power 10 – 25 μcal s−1 

Initial delay  60 s 

Stirring 307 RPM 

Volume of each injection 7.0 μl 

Duration of each injection 4.0 s 

Spacing 280 – 480 s 

Filter  2 

 

The experiments were performed at 25 °C. The volume of the first injection for each experiment 

was 2 µl and it was discarded, whilst the volume of all other injections was set at 7 µl. The 

spacing and the reference power selected for each experiment were based on the amount of heat 

released. For experiments with a small heat release (< 2.5 µcal s−1), the spacing was set at 280 

s and the reference power at 10 µcal s−1. For titrations with large heat release (> 10 µcal s−1), 

the spacing was set at 480 s and the reference power at 25 µcal s−1. Experiments with 
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intermediate heat release had a spacing between 300 and 380 s and a reference power of 15 - 20 

µcal s−1. Each experiment consists of 3 titrations and the heat of dilution was measured and 

subtracted for each experiment. The data was analysed with Origin software for ITC, fixing the 

number of binding sites to 1.  
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6. Chapter 6 - Conclusions and future work 

 

Alteration in the expression of carbohydrates in cells usually indicates underlaying pathological 

conditions. Healthy and cancerous cells express different arrays of glycans with certain key 

modifications being linked to a diverse range of tumours. One of the main alterations is higher 

degree of sialyation in the terminal end of glycans produced by cancerous cells. Furthermore, 

high levels of sialic acid, in both its free and unbound forms, are also observed in other 

pathological conditions such as alcoholism and sialic acid storage diseases, which are 

neurodegenerative diseases characterised by high secretion of sialic acid. Sialylated glycans can 

be exploited as biomarkers in cancer, whilst the monosaccharide sialic acid can be employed 

as a diagnostic marker for alcoholism-related liver dysfunction and the aforementioned 

neurodegenerative diseases. The detection of this negatively charged monosaccharide is 

therefore of significant value in diagnostics.  

In Chapter 3, benzoboroxole receptors, boronic acid analogues, were developed for sialic acid 

sensing. Boronic acids are a class of compounds known for their ability to bind sugar’s diol 

forming covalent boronate ester complexes. Benzoboroxoles are superior to their acyclic 

analogues as they display improved solubility and binding profile (i.e. pH, and binding to 

pyranose rings). Nevertheless, only a few examples of benzoboroxole receptors for sialic acid 

can be found in the literature. One of the main concerns regarding the use of boron-based 

receptors in sialic acid recognition involves the debate surrounding the binding site. The 

majority of publications detailing boron-based receptors for sialic acid based their binding 

model on the receptor binding to the diols of the glycerol chain. On the other hand, a few 

publications seem to disregard the aforementioned binding model and propose the 
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α-hydroxyacid group as either the sole point of interaction or as an additional binding site. 

Consequently, it was pivotal to firstly identify the binding site unequivocally. Calorimetric and 

analytical studies were conducted, on a wide pH range, to assess the binding between non-

functionalised benzoboroxole B1 and different sialic acid derivatives. Binding was observed 

exclusively with the free form of sialic acid, the only sugar derivative displaying the 

α-hydroxyacid moiety unaltered. Therefore, boron-based receptors bind sialic acid exclusively 

via the α-hydroxyacid moiety, with no binding occurring with the glycerol chain at any pH 

value. The studies conducted by isothermal titration calorimetry (ITC) were also able to confirm 

that the highest binding affinity between non-functionalized benzoboroxole B1 and sialic acid 

is observed at acidic pH with Ka = 51.2 ± 1.2 M−1, as was previously detailed in the literature. 

With the binding site being established an explanation for this anomalous binding was 

proposed. Boron-based receptors bind neutral sugars (e.g. fructose, glucose, galactose) 

preferentially at basic pH via the negative and tetrahedral boron centre. However, with sialic 

acid the binding at basic pH is greatly reduced due to the repulsion between the boron centre 

and the α-hydroxyacid group which are both negatively charged. Conversely, the binding at 

acidic pH is more favourable due to the lack of significant repulsive interactions between the 

neutral trigonal boron and the negatively charged α-hydroxyacid, at this pH.  

Following this, a series of positively charged functionalised benzoboroxole receptors B2 – B7 

were designed and synthesised for sialic acid recognition. Additional functional groups were 

introduced to provide additional non-covalent interactions and determine affinity enhancement. 

Positively charged groups, amino and guanidino, were introduced to afford charge-reinforced 

hydrogen bonds with sialic acid acceptors which can provide a significant contribution to the 

binding affinity. The charged groups were linked to the oxaborole ring of the benzoboroxole 

via chains of different length. In addition, for two of the six functionalised receptors, receptor 
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B6 and B7, an aromatic ring was also introduced to provide hydrophobic and CH-π interactions, 

as observed in lectins. The designed receptors B2 – B7 were synthesised in moderate to good 

yields and their binding profile to sialic acid measured by ITC for a wide pH range. 

Functionalised receptors B2 – B7 present their highest binding affinity at pH 5.5, as observed 

for B1, and their lowest Ka at basic pH. This is consistent with the binding profile of 

boron-based receptors to sialic acid, as the main binding event is the esterification, which is 

more favourable at acidic pH as detailed above. Furthermore, the functionalised receptors 

B2 – B7 displayed higher binding constants than non-functionalised benzoboroxole B1 across 

the whole pH range. This is due to the multipoint interaction offered by non-covalent 

interactions between the additional functional groups and sialic acid. At acidic pH, the main 

contribution to the binding is offered by charge-reinforced hydrogen bonds between the charged 

amino and guanidino groups and sialic acid hydroxyl groups. In particular, guanidino receptors 

B3, B5 and B7 display enhanced binding affinity, when compared to their corresponding amino 

receptors B2, B4 and B6, as the guanidino group can create a wider network of hydrogen bonds 

providing further stabilisation of the complex. In addition, ion paring between the charged head 

and the boron centre are also present and contribute to the binding. The highest binding affinity 

at pH 5.5 is achieved by the amino receptor B2 (Ka = 150.4 ± 7.9 M−1) and its corresponding 

guanidino receptor B3 (Ka = 234.3 ± 8.0 M−1) which present a 3- and 4.7-fold increase in the 

binding affinity, respectively, when compared to non-functionalised benzoboroxole B1. For 

receptors B4 – B7, which present longer side chains, the affinity is decreased at pH 5.5, when 

compared to B2 and B3, as they cannot provide comparable interactions and stabilisation due 

to the charged group being further away from the boron centre. Conversely, at more basic pH, 

receptors B4 – B7 displayed higher affinity than shorter derivatives B2 and B3. This is due to 

the charge-reinforced hydrogen bonds being less prevalent at higher pH values with other 
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interactions prevailing, such as neutral hydrogen bonds and CH-π interactions. Nevertheless, 

the contribution from these interactions is lower and this, combined to the repulsion observed 

at basic pH, results in a decreased affinity at pH above 5.5.  It was therefore established that 

charge-reinforced hydrogen bonds play a key role in enhancing the affinity of receptors to sialic 

acid at acidic pH. Furthermore, studies with a control molecule (B13) lacking the boron unit 

displayed no significant binding. The boronate esterification is therefore pivotal for the binding 

and it is only after this covalent event that additional non-covalent interactions can be formed 

and provide stabilisation to the complex, highlighting the cooperative nature of the interaction. 

Furthermore, the selectivity against neutral and anionic monosaccharide at acidic pH was also 

probed, with receptor B3 presenting both the highest affinity and selectivity for sialic acid. 

These findings suggest that receptor B3 can be employed for sialic acid sensing as part of 

diagnostic testing. Future work to enable this would include tethering of the receptor to surfaces 

or nanoparticles to allow the measurement of sialic acid levels in biological samples by 

analytical techniques such as surface plasmon resonance and fluorescence.  

In Chapter 4, studies involving dynamic combinatorial chemistry were initiated with the aim of 

applying this technique in the generation of highly selective receptors for glycans in the future. 

Sialosides are particularly relevant biomarkers and they have been linked to several cancerous 

conditions. Glycans terminating with a sialic acid unit bound in the α2-3 fashion have been 

linked to cancer, whilst their α2-6 isomers are expressed by healthy cells. For the future 

development of receptors able to discriminate between the two sialosides it is pivotal to firstly 

synthesise the epitopes of interest. Sialylated oligosaccharide, SAα2-3LacNAc and 

SAα2-6LacNAc, were enzymatically synthesised to be representative of the sialosides terminal 

ends. The disaccharide LacNAc was enzymatically obtained and then sialylated in α2-3 and 

α2-6 fashion exploiting both bacterial and mammalian enzymes to afford the final epitopes 
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SAα2-3LacNAc and SAα2-6LacNAc, respectively. In order to develop a highly selective 

receptor for the α2-3 epitope, the initial steps in the application of dynamic combinatorial 

chemistry in the glycosensing field were taken. A series of considerations were discussed 

concerning the application of DCC in this field, including the reversible reaction at its basis 

(i.e. imine exchange) and various reaction conditions and parameters. Moreover, the detection 

of glycans requires a high degree of multivalency (e.g. cluster effect) to be displayed by the 

receptor in order to achieve high affinity and selectivity. Thus, a scaffold-based approach was 

selected to be employed in the DCC. A dipeptidomimetic backbone (S7) was synthesised in 

solution and appended with aldehyde groups (S15) to give the scaffold S17 which will find 

application in the DCC experiments. A series of amine-bearing building blocks containing 

sugar binding moieties were selected, to be reversibly bound to the scaffold, and divided into 

different sets to be independently used in the DCC experiments. The amine building blocks will 

reversibly bind the aldehyde- appended scaffold (S17) via imine exchange to give a dynamic 

combinatorial library to which a template can be added to generate selective receptors. 

Disaccharides T1, T2 and T3 were selected as templates to probe the DCC application in the 

development of highly selective receptors prior to its application to the cancer-related 

sialosides. This preliminary work sets the basis for the future application of dynamic 

combinatorial chemistry in glycosensing. Preliminary studies will be conducted to optimise the 

experimental conditions (e.g. pH and concentration) under which the dipeptidomimetic scaffold 

and the building blocks generate a library under thermodynamic control. Following this the 

disaccharide templates T1, T2 and T3 will be employed to gauge whether they can produce 

distinct DCLs and to optimise the experimental conditions under which these are achieved. The 

analysis of the libraries by chromatographic techniques will require development of new 

methods in order to resolve the adducts’ peaks and allow identification of these by mass 
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spectrometry. Following this, the optimised methodology will be applied to generate highly 

selective receptors for biologically relevant glycans.   
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Appendix 
 

NMR spectra of benzoboroxole receptors 
 

 

Figure 1. 13C NMR spectrum of B4 (101 MHz, DMSO-d6, 298 K). 

 

Figure 2. 13C NMR spectrum of B9 (101 MHz, DMSO-d6, 298 K). 
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Figure 3. 13C NMR spectrum of B6 (101 MHz, DMSO-d6, 298 K). 

 

Figure 4. 13C NMR spectrum of B10 (101 MHz, DMSO-d6, 298 K). 
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Figure 5. 13C NMR spectrum of B3 (101 MHz, DMSO-d6, 298 K). 

 

Figure 6. 13C NMR spectrum of B11 (101 MHz, DMSO-d6, 298 K). 
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Figure 7. 13C NMR spectrum of B5 (101 MHz, DMSO-d6, 298 K). 

 

Figure 8. 13C NMR spectrum of B12 (101 MHz, DMSO-d6, 298 K). 
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Figure 9. 13C NMR spectrum of B7 (101 MHz, DMSO-d6, 298 K). 

 

 

Figure 10. 13C NMR spectrum of B13 (101 MHz, DMSO-d6, 298 K). 
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NMR of sialic acid methyl ester, S3 

 

Figure 11. 1H NMR spectrum of S3 (300 MHz, D2O, 298 K). 
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NMR spectra of peptidomimetic scaffold related molecules 
 

 

Figure 12. 1H NMR spectrum of S12 (400 MHz, DMSO-d6, 298 K).

Figure 13. 13C NMR spectrum of S12 (101 MHz, DMSO-d6, 298 K). 
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Figure 14. 1H NMR spectrum of S13 (400 MHz, DMSO-d6, 298 K). 

 

Figure 15. 13C NMR spectrum of S13 (101 MHz, DMSO-d6, 298 K). 
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Figure 16. 1H NMR spectrum of S14 (400 MHz, DMSO-d6, 298 K). 

 

Figure 17. 13C NMR spectrum of S14 (101 MHz, DMSO-d6, 298 K). 
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Figure 18. 1H NMR spectrum of S15 (400 MHz, DMSO-d6, 298 K). 

 

Figure 19. 13C NMR spectrum of S15 (101 MHz, DMSO-d6, 298 K). 
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Figure 20. 1H NMR spectrum of S2 (400 MHz, CDCl3, 298 K). 

 

Figure 21. 13C NMR spectrum of S2 (101 MHz, CDCl3, 298 K). 
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Figure 22. 1H NMR spectrum of S3 (400 MHz, CDCl3, 298 K). 

 

Figure 23. 13C NMR spectrum of S3 (101 MHz, CDCl3, 298 K). 
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Figure 24. 1H NMR spectrum of S4 (400 MHz, CDCl3, 298 K). 

 

Figure 25. 13C NMR spectrum of S4 (101 MHz, CDCl3, 298 K). 
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Figure 26. 1H NMR spectrum of S5 (400 MHz, CDCl3, 298 K). 

 

Figure 27. 13C NMR spectrum of S5 (101 MHz, CDCl3, 298 K). 
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Figure 28. 1H NMR spectrum of S6 (500 MHz, CDCl3, 298 K). 

 

Figure 29. 13C NMR spectrum of S6 (126 MHz, CDCl3, 298 K). 
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Figure 30. 1H NMR spectrum of S7 (400 MHz, DMSO-d6, 298 K). 

 

Figure 31. 1H NMR spectrum of S16 (500 MHz, DMSO-d6, 298 K). 
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Figure 32. 13C NMR spectrum of S16 (126 MHz, DMSO-d6, 298 K). 

 

Figure 33. 1H NMR spectrum of S17 (500 MHz, DMSO-d6, 298 K). 
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Figure 34. 13C NMR spectrum of S17 (126 MHz, DMSO-d6, 298 K). 

 

Figure 35. 1H NMR spectrum of tert-butyl 2-(dimethylamino)ethylcarbamate (400 MHz, CDCl3, 298 K). 
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Figure 36. 13C NMR spectrum of tert-butyl 2-(dimethylamino)ethylcarbamate (101 MHz, CDCl3, 298 K). 

 

Figure 37. 1H NMR spectrum of tert-butyl 2-(trimethylamino)ethylcarbamate (400 MHz, CDCl3, 298 K). 
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Figure 38. 13C NMR spectrum of tert-butyl 2-(trimethylamino)ethylcarbamate (101 MHz, CDCl3, 298 K). 

 

Figure 39. 1H NMR spectrum of AL10 (400 MHz, DMSO-d6, 298 K). 
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Figure 40. 13C NMR spectrum of AL10 (101 MHz, DMSO-d6, 298 K). 
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NMR spectra of sialylated epitopes 

 

Figure 41. 1H NMR spectrum of SAα2-3LacNAc (500 MHz, D2O, 298 K). 

 

Figure 42. 1H-1H COSY NMR spectrum of SAα2-3LacNAc (500 MHz, D2O, 298 K). 
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Figure 43. 1H-1H TOCSY NMR spectrum of SAα2-3LacNAc (500 MHz, D2O, 298 K). 

 

Figure 44. 1H-13C HSQC NMR spectrum of SAα2-3LacNAc (500 MHz, D2O, 298 K). 
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Figure 45. 1H NMR spectrum of SAα2-6LacNAc (600 MHz, D2O, 298 K). 

 

Figure 46. 1H-1H COSY NMR spectrum of SAα2-6LacNAc (600 MHz, D2O, 298 K). 
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Figure 47. 1H-1H TOSY NMR spectrum of SAα2-6LacNAc (600 MHz, D2O, 298 K). 

 

Figure 48. 1H-13C HSQC NMR spectrum of SAα2-6LacNAc (600 MHz, D2O, 298 K). 
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ITC binding studies 
For each ITC experiments, which consist of 3 titrations, only one titration graph is presented herein. 

 
Figure 49. ITC titration graph of B1 and S1 at pH 5.5. 

 

Figure 50. ITC titration graph of B1 and S1 at pH 6.5. 
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Figure 51. ITC titration graph of B1 and S1 at pH 7.4. 

 

Figure 52. ITC titration graph of B1 and S1 at pH 8.5. 
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Figure 53. ITC titration graph of B1 and S1 at pH 10. 

 

Figure 54. ITC titration graph of B1 and S2 at pH 5.5. 
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Figure 55. ITC titration graph of B1 and S2 at pH 7.4. 

 

Figure 56. ITC titration graph of B1 and S3 at pH 5.5. 
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Figure 57. ITC titration graph of B2 and S1 at pH 5.5. 

 

Figure 58. ITC titration graph of B3 and S1 at pH 5.5. 
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Figure 59. ITC titration graph of B4 and S1 at pH 5.5. 

 

Figure 60. ITC titration graph of B5 and S1 at pH 5.5. 
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Figure 61. ITC titration graph of B6 and S1 at pH 5.5. 

 

Figure 62. ITC titration graph of B7 and S1 at pH 5.5. 
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Figure 63. ITC titration graph of B2 and S1 at pH 6.5. 

 

Figure 64. ITC titration graph of B3 and S1 at pH 6.5. 
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Figure 65. ITC titration graph of B4 and S1 at pH 6.5. 

 

Figure 66. ITC titration graph of B5 and S1 at pH 6.5. 
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Figure 67. ITC titration graph of B6 and S1 at pH 6.5. 

 

Figure 68. ITC titration graph of B7 and S1 at pH 6.5. 
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Figure 69. ITC titration graph of B2 and S1 at pH 7.4. 

 

Figure 70. ITC titration graph of B3 and S1 at pH 7.4. 
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Figure 71. ITC titration graph of B4 and S1 at pH 7.4. 

 

Figure 72. ITC titration graph of B5 and S1 at pH 7.4. 
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Figure 73. ITC titration graph of B6 and S1 at pH 7.4. 

 

Figure 74. ITC titration graph of B7 and S1 at pH 7.4. 
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Figure 75. ITC titration graph of B2 and S1 at pH 8.5. 

 

Figure 76. ITC titration graph of B3 and S1 at pH 8.5. 
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Figure 77. ITC titration graph of B4 and S1 at pH 8.5. 

 

Figure 78. ITC titration graph of B5 and S1 at pH 8.5. 
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Figure 79. ITC titration graph of B6 and S1 at pH 8.5. 

 

Figure 80. ITC titration graph of B7 and S1 at pH 8.5.
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