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Abstract  

Galectins are β-galactoside binding proteins first isolated in 1975 from the organ tissue of an 

electric eel. Since then, 15 galectins have been identified across a variety of species offering 

quite a number of biological functions. These lectins bind to saccharides in the nucleus, cytosol 

and extracellular matrix (ECM) to initiate intracellular signal cascades or to mediate cell-to-

cell and cell-to-ECM adhesion. Of the 12 galectins found in humans, several are implicated in 

inflammatory diseases and cancer progression. Galectin-3 in particular, is often exploited by 

cancerous cells to promote cell proliferation, angiogenesis, immune evasion, metastasis and 

ultimately cause multi drug resistance to current anti-cancer therapeutics. Inhibition or 

eradication of galectin-3 would likely diminish its tumour promoting functions, while also 

increasing the efficacy of modern anticancer treatments formerly proving ineffective. 

Development of novel high-affinity galectin-3 inhibitors is of great interest when considering 

the efficacy of a potential galectin-3 targeting anticancer therapeutic. As the natural ligand for 

galectin-3 is N-acetyl lactosamine (LacNAc), carbohydrate-based inhibitors have been 

thoroughly investigated, with some ligands offering nanomolar binding affinity and 

exceptional selectivity for galectin-3 over galectin-1.  

 

A component of this research investigated a small library of iminosugars as a potential novel 

carbohydrate scaffold for a galectin-3 inhibitor. Iminosugars are currently approved 

therapeutics for a number of biological conditions with excellent safety profiles, offering an 

attractive target to explore for novel drug design. Molecular docking of the iminosugar scaffold 

into the galectin-3 carbohydrate recognition domain (CRD), displayed hydrogen bonding and 

stacking interactions similar to a natural monosaccharide ligand of galectin-3, galactose. This 

suggested the iminosugars will bind to the CRD of galectin-3, however, saturation transfer 

difference (STD) NMR analysis did not provide information to support the binding of the 

iminosugars with galectin-3. This may be due to the small scaffold of the monosaccharide 

iminosugar, weakening its binding affinity and limiting the detection of an STD NMR signal. 

It is recommended that further analysis of the binding potential of these sugars is analysed by 

surface plasmon resonance (SPR) or isothermal titration calorimetry (ITC) as the initial 

molecular docking analysis revealed promising results for the use of iminosugars as a novel 

galectin-3 inhibitor scaffold.  
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Proteolysis Targeting Chimera or PROTAC, is a relatively new nanotechnology-based 

approach to bring a target protein of interest into close special proximity with an E3-ligase, to 

provide not only inhibition but therapeutic destruction of the target protein, via hijacking of the 

ubiquitin-proteasome system. This approach is specific, versatile and was investigated in this 

research to achieve therapeutic destruction of galectin-3. A PROTAC was designed containing: 

(i) a potent monosaccharide galectin-3 inhibitor linked via, (ii) a polyethylene glycol (PEG) 

linker, to (iii) a thalidomide moiety known to recruit the CRBN E3-ligase.  

 

Synthesis of the monosaccharide galectin-3 inhibitor was successfully performed following 

mostly published protocols, with several refinements required to improve published yields. The 

thalidomide-linker moiety was synthesised almost to completion, although degrading before 

the final synthetic step could be carried out. Unfortunately, time did not permit a further attempt 

at re-synthesising the thalidomide-linker moiety. Therefore, the galectin-3 targeting PROTAC 

could not be completed. However, competition STD NMR analysis of the synthesised galectin-

3 inhibitor confirmed successful binding to galectin-3, that was stronger than lactose. Although 

the synthesis of the PROTAC target was not completed, molecular dynamic (MD) simulations 

investigating the galectin-3 targeting PROTAC supported the proposed positioning of the 

thalidomide-linker moiety attached to the monosaccharide galectin-3 inhibitor, in that it would 

not disrupt the inhibitor binding into the galectin-3 CRD. This was concluded as the terminal 

end of the carbohydrate inhibitor protruded outside the binding site to provide an optimal point 

of attachment for the linker. 

 

In conclusion, the research work presented here offers insight into (i) the therapeutic potential 

of iminosugars as a novel galectin-3 inhibitor scaffold, (ii) the synthesised modified galectin-

3 inhibitor was confirmed to bind more strongly than lactose to galectin-3, and (iii) MD 

simulations of the galectin-3 targeting PRTOAC provided positive results for further 

investigation as a potential therapeutic. Overall, this work has provided various avenues for 

future exploration towards the development of efficacious anti-cancer galectin-3 

chemotherapeutics. 
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1.0 Literature Review 

1.1 Glycobiology 

Glycobiology encompasses the growth, development, survival and cellular functions of all 

saccharides in nature and living life forms.1 Saccharides are often identified as peripheral 

binding sites that are covalently bound to either; proteins, lipids or other macromolecules.2 

Glycan binding proteins (GBPs) are a large family of proteins that interact with these terminal 

saccharides to initiate signal cascades within the cell.3 GBPs are separated into two main 

groups; lectins and sulfated glycosaminoglycans.4 Each sub-group of lectins have evolved a 

structurally diverse binding site termed their carbohydrate-recognition domain (CRD), 

allowing further classification.4 One of these sub-groups are identified as galectins and are 

categorised by their affinity to bind β-galactosides.5 

 

1.2 Galectins 

1.2.1 History of Galectins 

Discovered in the tissues of a vast range of animal species, from lower invertebrates to 

mammals, galectins are a family of lectins defined by their β-galactoside binding activity.5–7 

In 1975 the first galectin was isolated from the organ tissue of an electric eel and was named, 

electrolectin.8 Closely following this in 1976, the same galectin was isolated from embryonic 

chick muscle.9 Galectins were identified in the tissues of many different animals in the 

subsequent years and were labelled with many different names. It wasn’t until 1994 when the 

term, galectin, was proposed to define all lectins that bind β-galactosides.10 Since then, 15 

galectins have been isolated in mammals, with 12 of these found in humans.11  

 

1.2.2 Synthesis and Secretion  

Galectins are synthesised in the cytoplasm on free ribosomes and accumulate in the cytosol 

and the nucleus.12,13 Their interactions with cytoplasmic and nuclear proteins allow modulation 

of intracellular signalling pathways.14,15 Despite lacking a signal sequence, these lectins are 

also found in the extracellular matrix (ECM), proposing a non-classical secretion pathway.12,16 

Bypassing the golgi complex may be necessary to ensure they do not encounter any glycans 

before sectretion.17 Although the secretion pathway is unknown for the majority of the 

galectins, some exportation pathways have been investigated. Galectin-1 can be secreted in 
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myoblasts via evaginations of the plasma membrane and galectin-3 and -9 may be secreted via 

exosomes or apical carrier vesicles in epithelial cells.3 Once in the ECM, galectins associate 

with a variety of glycoproteins and glycolipids, that are either on the cell surface or circulating 

freely, to initiate intracellular signal cascades or to mediate cell-to-cell and cell-to-ECM 

adhesion.18,19 

 

1.2.3 Species and Tissue Distribution 

Tissue distribution of galectins varies between each type of galectin and the species it is found 

in. Table 1 presents a summary of the current known species and tissue distribution of 

galectins-1 to -15.12,16 

 
Table 1: Species and tissue distribution of galectins-1 to -15. 

Galectin Species Tissue Source 

Galectin-1 Vertebrates Muscle, heart, lung, liver, lymph node, thymus, 

prostate, colon 

11 

Galectin-2 Birds, mammals, 

frogs and lizards 

Gastrointestinal tract, placenta 20,21 

Galectin-3 Vertebrates Macrophages, colon, epithelial cells 11 

Galectin-4 Vertebrates  

(except most birds) 

Stomach and intestine, uterine epithelia, blood 

vessel walls, hippocampal and cortical neurons 

22–25 

Galectin-5 Rat Kidney, lung, bone marrow, reticulocytes, 

erythrocytes 

26,27 

Galectin-6 Mouse Gastrointestinal tract, liver, kidney, spleen, heart 23,28,29 

Galectin-7 Mammals Gastrointestinal tract, stratified epithelia, skin, 

fetal heart 

30–32 

Galectin-8 Vertebrates Liver, kidney, cardiac muscle, lung and brain 33 

Galectin-9 Vertebrates T-lymphocytes, small intestine, liver, uterine 

epithelial cells, skin epidermis and oesophageal 

epithelium 

22,27,34,35 

Galectin-10 Primates, bats Eosinophils 36 

Galectin-11 Ruminants Abomasal mucosa, epithelial cells of bile ducts 37,38 

Galectin-12 Vertebrates Adipose tissue 39,40 

Galectin-13 Vertebrates Placenta and fetal tissue 41,42 

Galectin-14 Ruminants Eosinophils 43 

Galectin-15 Ruminants Uterus 44 
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1.2.4 Functions of Galectins 

The intracellular and extracellular activities of galectins have been extensively investigated to 

provide an in-depth view into the cytosol and ECM.14,45–49 Often galectin deficient mice have 

been examined to define each lectin’s biological activity.12 Table 2 presents a brief summary 

of the current known functions of select members of the galectin family. 

 

Table 2: A summary of the known functions for some of the galectin family. 

Galectin Functions 

Galectin-1 Synapse formation between pre-B cells and stromal cells.50 

Pre-BCR activation.51 

Negatively regulate B-cell proliferation and BCR-mediated signal transduction.52 

Binds to OCA-B.52 

Modulates T-cell cytokine production, proliferation and apoptosis.53–55 

Sensitise T-cells to FAS (CD95)/caspase-8-mediated cell death.56 

Suppresses Th1 and Th17 immune response.57 

Pre-mRNA splicing.58 

Prevents fetal loss by mediating immune tolerance.59 

Alternative activation of macrophages.60 

Regulates muscle cell interactions crucial for myogenic development.61  

Regulates muscle cell differentiation.61–63 

Enhances axonal regeneration.64 

Promotes proliferation of neural stem cells.65,66 

Controls platelet activation and functions.67 

Effect antigen presentation and phagocytosis of monocytes and macrophages.68 

 

Galectin-2 Induce T-cell apoptosis.69 

Regulates lymphotoxin-α secretion.70 

 

Galectin-3 Pre-mRNA splicing.71 

Regulates expression of cancer-related genes.72  

Interacts with mitochondrial inducers of apoptosis.73 

Binds integrins (α1β1 & αMβ) affecting cell adhesion to extracellular matrices.74 

Form lattices with T-cell receptors, EGFR and TGF β receptor.75,76 

Affects differentiation and growth of immune cells– including inducing apoptosis in T cells 

and neutrophils.15,55 

Induces migration of human monocytes and macrophages.15,55 

Inhibits IL-5 production from eosinophils.77 

Promotes adhesion of neutrophils to laminin78 and to endothelial cell line.79 

Shows anti-inflammatory properties in asthma.80 

Modulates atherosclerosis 81,82 and diabetes via AGE products.83,84 

Accelerates the re-epithelialisation of wounded corneas.85 

 

Galectin-4 Assembles adherens junctions.86 

Forms lipid rafts in the intestinal epithelia.87,88 
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Galectin-7 Keratinocyte differentiation.89 

Upregulated after UV-B irradiation89 with pro-apoptotic effects of p53.89 

Upregulated in mouse lymphoma cells - encourages metastatic phenotype.90  

Implicated in corneal wound healing.85,91 

Potentially modulates epithelial cell migration.92 

 

Galectin-8 Affects integrin association with ECM to regulate cell adhesion & survival.93 

Enhances adhesive properties of neutrophils & induces superoxide production.94 

Can suppress migration of human colon cancer cells.95 

Modulates the rate of internalisation of cell-surface receptors.96 

Affects rheumatoid arthritis through interaction with an isoform of CD44.97 

 

Galectin-9 Found in lipid rafts.98 

Functions as a highly specific urate transporter in renal epithelial cells.99,99,100 

Eosinophil chemoattractant.34,101 

Interacts with eosinophil membrane.102 

Induces apoptosis in thymocytes.35 

Induces cell death in Th1 via interaction with TIM-3.103,104 

Stimulates maturation of dendritic cells.105  

Induces dendritic cell maturation.105 

Inhibits development of Th17 cells.106 

Regulates glucose homeostasis by facilitating the retention of GLUT-2.107 

May play a role in tumour immunity by regulating the survival, proliferation and migration 

of tumour cells and immune cells in the tumour environment.55 

 

Galectin-10 Regulatory T cell function.108 

 

Galectin-12 Potentially codes for proteins with growth-regulatory functions.109 

Participates in cell cycle arrest at the G1 phase and cell growth suppression.109 

Induces adipocyte apoptosis.39,110 

Involved in differentiation of preadipocytes to mature adipocytes.40 

 

 

1.2.5 Inflammatory Diseases Associated with Galectins 

Across the galectin family, some proteins have been identified as having pro-inflammatory 

activity and others anti-inflammatory activity.18 This suggests their potential therapeutic 

capacity either involving up-regulation or down-regulation in the treatment of inflammatory 

diseases.  

 

Galectin-1 has been nominated as a potential anti-inflammatory therapeutic for inflammatory 

autoimmune diseases, due to its direct effects regulating T-cell homeostasis, cell adhesion and 

cytokine secretion.46 Offering similar benefits to this is galectin-9, which appears to also reduce 

inflammation in autoimmune diseases such as; multiple sclerosis, nephritis and rheumatoid 



5 

 

arthritis.105,106 Concentrations of galectin-2 are known to have an inversely proportional 

relationship to the severity of colitis developed in a mouse model, proposing its employment 

as an anti-inflammatory bowel disease treatment.111 Conversely, galectin-4 has been observed 

to play a role in the pathogenic progression of colitis,103 suggesting targeted inhibition of 

galectin-4 in combination with upregulation of galectin-2 could provide further relief from 

inflammatory bowel disease.  

 

Galectin-3 appears to have both pro- and anti-inflammatory properties varying between 

different experimental settings and different cell types. T-cell apoptosis is a well-defined trait 

of galectin-3, suggesting similar therapeutic use to galectin-1 and -9 for inflammatory 

diseases.112,113 Experimentation with recombinant galectin-3 in mouse models was found to 

suppress allergic airway inflammation,114 however galectin-3 deficient mice also revealed 

diminished allergic airway inflammation.80 Proposing endogenous galectin-3 may promote 

allergic inflammation and inhibitors may be a valuable therapeutic.49 

 

1.2.6 Galectins Associated with Cancer 

Cancerous tumours have been identified to overexpress various galectins which promote their 

neoplastic transformation. Galectins have indirect effects in regulating tumour immune evasion 

and direct effects on tumour angiogenesis. Tumours that secret their own galectin-1 have 

enhanced T-cell apoptosis and cytokine modulation, therefore enhanced tumour immune 

escape.54,115,116 Oncogenic Ras can be manipulated by interaction with galectin-1 and -3  

to promote tumorigenic transformation.117,118 Excessive galectin production may also suggest 

transition to a metastatic phenotype. Galectins-1 and -3 are known to induce angiogenesis, 

cellular migration and modulate cell adhesion, necessary for tumour metastasis.12,119 

Conversely, galectin-7 downregulates tumour growth and encourages apoptosis of cancer 

cells.120,121  

 

The roles these particular galectins play in cancer progression identifies them as potential 

candidates for cancer therapeutics, either inhibited or upregulated. Galectin-3 specifically, has 

been extensively investigated for its contribution to cancer metastasis and has been identified 

as a prospective beneficial drug target.18 
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1.2.7 Classification of Galectins 

Classification of galectins is distinguished by their highly conserved, 130 amino acid, 

carbohydrate-recognition domain (CRD). Each lectin can be categorised into one of three 

groups based on the distinctive arrangement of their CRD (see Figure 1): (i) Prototypical 

galectins possess a single CRD and exist as either monomers, dimers or oligomers; (ii) 

Chimera-type galectins, which currently only includes galectin-3, have a single CRD and an 

N-terminal polypeptide tail, rich in a repeating pattern of proline, glycine and tyrosine; (iii) 

Tandem-repeat galectins that each have two non-identical CRDs connected by a short peptide 

linker ranging from 5 to 50 amino acids. Figure 1 illustrates these classifications, assigns the 

galectins to each category and displays galectin-glycan lattices.49 

 

 

 

Figure 1: Classfication of galectins by structure with each galectin catgeroised into their subgroup: (a) 

prototypical galectins often exist as dimers or monomers in solution and form cross lattices when bound to 

ligands; (b) chimera-type galectins often form pentamers via fusion of their collagen-like tail, allowing 

cooperative binding in solution; (c) tandem-repeat galectins often only exist as monomers due to their two 

different CRDs. (Modified from Yang et al., 2008)49 

(c) Tandem-repeat: galectin-4, -6, -8, -9, -12 

(b) Chimera-type: galectin-3 

(a) Prototypical: galectin-1, -2, -5, -7, -10, -11, -13, -14 -15 
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1.2.8 Ligand Binding to Galectins 

The CRD in all galectins is composed of two anti-parallel β-sheets forming a β-sandwich. It 

has a 5-stranded convex side and a 6-stranded concave side that are connected by loops and 

coils.12 The concave side, creates a saccharide binding pocket big enough to hold a linear 

tetrasaccharide.11,122–124 Figure 2 displays lacto-N-tetraose (LNT) in complex with the galectin-

3 CRD (PDB ID:4LBJ).125  

 

 

Figure 2: X-ray crystal structure of galectin-3’s CRD in complex with LNT, illustrating the large binding pocket 

formed by the concave strands. Binding grooves are labelled A-E, with A-D encompassing the defined binding 

groove and E encompassing a less defined region. Sourced from Protein Data Bank (PDB ID: 4LBJ).125 

 

As depicted in Figure 2, the CRD can be divided into binding grooves A-D, with suggestion to 

include E as a less defined region.122,126–128 Subsite C is the most conserved across the galectin 

family and is responsible for binding lactose (Lac).129 Subsites A, B and D are able to 

accommodate a larger selection of saccharides and differ between galectins to allow ligand 

specificity. Due to the unique chimeric classification of galectin-3 and its role in tumour 

progression; the structure, binding specificities and function of this lectin have been thoroughly 

investigated  in the literature to provide an efficacious chemotherapeutic target.  
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1.3 Galectin-3 

Galectin-3 is currently the only member of the chimeric galectin sub-family, characterised by 

its N-terminal starter domain, collagen-like repetitive domain and C-terminal CRD.49 

Chromosome 14 contains the single gene responsible for this 35 kDa protein, LGALS3.130 

Although galectin-3 is distributed across a large variety of tissues, it is at the highest 

concentration in epithelial and myeloid cells.131  

 

1.3.1 N-Terminal Starter Domain 

The N-terminal starter domain of galectin-3 has been identified to undergo post-translational 

modification, specifically phosphorylation, that directly influences its cellular location. Two 

important phosphorylation sites, Ser6 and Ser12, are positioned near the start of the N-terminal 

domain. Investigation with phosphoamino acid determined 90% of phosphorylation occurs at 

Ser6 by casein kinase 1 (CK1).132 The non-phosphorylated lectin is found exclusively inside 

the nucleus while the phosphorylated form can be located both in the nucleus and the 

cytosol.133,134  

 

1.3.2 Collagen-Like Repetitive Domain 

Galectin-3’s characteristic collagen-like domain is composed of 110-130 amino acids sorted in 

repeating units consisting mostly of glycine, proline and tyrosine residues.135 The “collagen-

like” label was assigned to this region as it exhibits 33.5% homology with collagen-α1.136 

Although not directly involved in ligand binding, this domain facilitates oligomerisation of 

galectin-3 allowing for enhanced biological acitivites.137 Kinetic measurements of ligand 

association revealed relationships of positive cooperativity dependent on the collagen-like N-

terminal oligomerisation.138,139 This provides enhanced binding affinity for galectin-3 to 

outcompete other galectins, such as galectin-1, for the same ligand. A useful attribute that the 

galectin-3 CRD was not seen to exhibit independently of the collagen-like domain.140 

Aggregates of galectin-3 have been visualised by nuclear magnetic resonance (NMR) 

spectroscopy and electron microscopy.141  Matrix metalloproteinases, specifically MMP-2 and 

MMP-9, can cleave the repetitive domain and eradicate galectin-3’s ability to 

oligomerise.142,143 Interestingly, in some cases the cleaved galectin-3 can bind to a glycan with 

20-fold higher affinity than the full-length lectin.144 
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1.3.3 Carbohydrate Recognition Domain 

As with all galectins, the C-terminal CRD is approximately 130 amino acids in length and 

forms a globular β-sandwich domain.122,126,137 The galectin-3 CRD contains some important 

binding motifs and signal sequences necessary for its biological functions and cellular 

localisation. For example, the anti-death motif at residues 180-183 (NWGR) found in the CRD 

is responsible for interacting with the B-cell lymphoma-2 (Bcl-2) family of proteins to 

encourage apoptotic resistance.145–147 Moreover, the NWGR sequence has been recognised to 

encourage CRD-CRD oligomerisation, independent to the N-terminal domain.148,149 Nuclear 

localisation is determined by two signal sequences within the CRD at residues 240-243 (IDLT) 

and 223-228 (HRVKKL).150,151 Conversely, leucine-rich sequences at 228-236 (LNEISKLGI) 

were deemed essential for nuclear exportation.152 

 

Structurally, galectin-3’s CRD has a unique binding pocket that offers additional residue 

interactions promoting ligand specificity, in comparison to galectin-1. As illustrated in Figure 

3, galectin-3 does not have the protruding histidine (His52) residue adjacent to the binding site 

as seen in the CRD of galectin-1 (Figure 3 (a)). This provides an open binding groove to reveal 

two arginine resides, Arg144 and Arg162 (Figure 3 (b)).153 Arg144 in galectin-3 is responsible 

for increased ligand affinity for ligands with substitutions at the C3 position. Aromatic 

substitutions at C3 are able to form cation-π stacking interactions with the guanidino group of 

Arg144 to further increase ligand affinity and specificity for galectin-3.     

 

 

Figure 3: An electrostatic surface representation of the binding domain for (a) galectin-1 and (b) galectin-3; both 

with Lac bound into the CRD. Galectin-1 displays His52 protruding into the binding site. Galectin-3 does not 

have a protruding His52, but instead it’s binding groove is boarded by two arginine residues, Arg162 and Arg144. 

The absence of His52 from galectin-3 provides an opportunity for substitution at the C3 position, as indicated by 

the red circle, to extend a group towards Arg144 and form novel ligand-protein interactions.  Sourced from M. 

Hugo (Institute for Glycomics). 

(a) Galectin-1        (b) Galectin-3 
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1.3.4 Ligand Binding Specificities of Galectin-3 

A conformational change of the galectin-3 CRD can be seen following ligand binding. This 

change rearranges the backbone loops near the binding site to slightly alter the CRD structure, 

offering the potential for larger oligosaccharide binding.127,154,155 N-Acetyl lactosamine 

(LacNAc) is galectin-3’s preferential natural ligand over lactose (Lac). Crystal structures of 

the CRD in complex with LacNAc have highlighted the residue-ligand interactions important 

for galectin-3 (Figure 4). The aromatic side chain of Trp181 generates crucial hydrophobic 

stacking interactions with the galactose (Gal) ring. Arg162 and His158 associate with the C4-

hydroxyl of Gal through hydrogen-bonding. Arg162 also interacts with the ring oxygen of Gal 

and the C3’-hydroxyl of N-acetylglucosamine (GlcNAc). Asn174 and Glu184 hydrogen-bond 

to the C6-hydroxyl of Gal, while Glu184 also interacts with the C3’-hydroxyl of GlcNAc.156–

158 

 

 

Figure 4: Structure of LacNAc (1) showing its interactions with the galectin-3 CRD. The blue dotted lines indicate 

hydrogen-bond interactions. The red dotted line depicts the hydrophobic stacking interaction between the Gal 

ring and Trp181. 

 

1.3.5 Cytosolic, Nuclear and Extracellular Functions of Galectin-3 

As outlined in Table 2, galectin-3 has a wide variety of functions both inside and outside the 

cell. Although there is already an extensive profile for galectin-3, investigation into its 

activities are relatively recent and are still continuously being uncovered.129 One of the major 

areas of galectin-3 research surrounds its involvement in cancer, as concentrations are seen to 

increase up to 30-fold in cancer patients.119 Not only has it been identified to promote cell 

proliferation, angiogenesis and metastasis, galectin-3 over-expression has also been implicated 

in cancer drug resistance.159 For this reason a thorough understanding of the intracellular and 

extracellular tumour associated functions are imperative. 
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1.3.5.1 Cytosolic and Nuclear Functions 

Galectin-3 interacts with several cytosolic proteins and nuclear transcription factors to prevent 

apoptotic cell death, regulate the cell cycle and promote tumour progression. 

 

Apoptosis Initiated by Cytosolic and Nuclear Pathways 

Various cancer therapeutics are designed to induce apoptosis in tumour cells. However, 

tumours may override this mechanism by developing resistance to apoptosis and thus 

facilitating their survival to enable progression of the tumour.160 The Bcl-2 family of proteins 

are responsible for regulating apoptotic cell death, with both pro-apoptotic and anti-apoptotic 

members.161 Galectin-3 binds directly to Bcl-2 in the mitochondrial periplasmic space to 

enhance anti-apoptotic acitivity.162 Increasing cytosolic concentrations of galectin-3 is 

positively correlated with the anti-apoptotic members and negatively correlated with pro-

apoptotic members of the Bcl-2 family.163 Cytosolic galectin-3 can further promote its anti-

apoptotic activity via interaction with the Fas receptor, CD95164 or with proteins like oncogenic 

Ras or pro-apoptotic Bax and by initiating pro-survival cascades, such as those involving 

phosphatidylinositol 3-kinase (PI3K).165–167 

 

Cell Cycle Control through Cytosolic and Nuclear Pathways 

Nuclear galectin-3 affects pre-mRNA splicing71 and can regulate the expression of cancer-

related genes via interaction with transcription factors.72,168 Both directly and indirectly, 

galectin-3 can increase cellular concentrations of cyclin D1 to promote progression through the 

G1 phase of the cell cycle.169 Additional cell cycle regulation can be seen through upregulation 

of cyclin-dependent kinase 4 (CDK4), K-ras and c-myc.170  

 

Association of galectin-3 with the cytoplasmic protein Alix/AIP1 has been identified to 

regulate cell surface expression of epidermal growth factor receptor (EGFR). EGFR is a well 

characterized regulator of cell survival, cell cycle progression and neoplastic transformation.171 

Prolonged exposure of this receptor on the cell surface augments tumour progression. Galectin-

3 also binds directly to farnesylated K-ras-GTP to promote tumorigenesis and cell survival via 

the Ras pathway.172 
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1.3.5.2 Extracellular Functions of Galectin-3 

Cell Adhesion and Intravasation Initiated through Extracellular Pathways 

Modulation of cell adhesion is achieved through biding cell surface glycoproteins and 

glycosylated components of the extracellular matrix.173 Galectin-3 often binds terminal glycans 

found on fibronectin, laminin, collagen and elastin.174 Oligomerization of galectin-3 through 

its N-terminal domain promotes positive cooperativity in binding some ligands and can 

enhance cellular adhesion.138,139 Moreover, interaction with cadherins and hensin can promote 

cell-cell and cell-ECM adhesions.175 Galectin-3 may also associate with a vast range of immune 

cells including; neutrophils, macrophages and activated T cells.176  

Figure 5: A schematic representation of the interactions between galectin-3 and MUC1 and how this promotes 

(A) invasion through the extracellular matrix; (B) intravasation; (C) exposure of adhesion molecules; (D)

adherence to the vasculature; and (E) to other cells to form micro-tumour emboli followed by (F) adherence to

the vasculature; and lastly, (G) extravasation through the basement membrane to a secondary tumour site.
177

Figure 5 demonstrates the involvement of galectin-3 in initiating intravasation and ultimately 

metastasis of cancer cells, via interaction of with the Thomsen-Friedenreich (TF) disaccharide 

present on the cancer-associated transmembrane mucin protein, MUC1.178 Galectin-3 is 

responsible for modifying the adhesion properties of the cancerous cells to encourage invasion 

across the extracellular basement membrane and intravasation into the blood stream or 
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lymphatic system. MUC1 over-expression will prevent adhesion of cells to one-another, 

however upon binding galectin-3 there is a release of smaller cell surface adhesion molecules, 

CD44 and E-selectin, allowing the cancer cells to become “sticky”. These cells will either 

attach to the vascular endothelium or to each other, creating micro-tumour emboli, and 

eventually will emerge through the vascular endothelium and invade a distant site of normal 

tissue.177  

 

Angiogenesis Controlled via Extracellular Pathways 

Angiogenesis is the formation of new blood vessels, vital during tumour growth to supply the 

cells with nutrients and oxygen.179 Galectin-3 has been shown to modulate angiogenesis via 

interactions with vascular endothelial growth factor (VEGF) and basic fibroblast growth factor 

(bFGF).180 Upon binding of galectin-3 and recruitment of integrins, intracellular signalling 

cascades are activated, prompting the initiation of growth factor mediated angiogenesis. Direct 

inhibition of galectin-3 has demonstrated significant reduction in the angiogenic potential of 

ovarian cancer cells.181 In vitro and in vivo studies have revealed galectin-3-dependent 

upregulation of metastasis-promoting cytokines, IL-6 and granulocyte colony-stimulating 

factor (G-CSF), leading to cell migration and angiogenesis.182,183 

 

Apoptosis Initiated by Extracellular Pathways 

Intracellular signalling regarding apoptosis is focused on cell survival and avoiding 

programmed cell death. Extracellular galectin-3 is responsible for inducing apoptosis in 

tumour-reactive immune cells.112,113,184 This is designed to help the tumour evade the immune 

system to continue surviving and proliferating.  

 

Metastasis Promoted via Extracellular Pathways 

The pathway of metastasis involves a series of steps including, (i) growth at the primary tumour 

site; (ii) angiogenesis; (iii) invasion through the basement membrane and extracellular matrix; 

(iv) distribution of cells through the blood flow or lymphatic system; (v) micro-tumour 

embolus formation; (vi) extravasation; and (vii) proliferation at the secondary tumour site.185 

 

A major complication in the treatment of cancer following metastasis, is the biological 

heterogeneity of tumour cells across the primary and secondary tumour sites.186 Thus, 

researchers have focused on inhibiting or reducing metastasis to escape this obstacle. Galectin-
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3 has been shown to regulate most of the above steps in tumour metastasis and when inhibited 

provided significant reduction in metastasis, in both melanoma cells and colon carcinoma 

cells.187  

 

1.4 Galectin-3 Inhibitors 

Multidrug resistance (MDR) is a major complication affecting the efficacy of many 

chemotherapeutic agents. Over expressed galectin-3 has an extensive role in exacerbating 

MDR by promoting anti-apoptosis, immune cell evasion, uncontrolled cell cycle regulation, 

excessive angiogenesis and metastasis. Consequently, rendering classical anti-cancer agents 

inadequate. 

 

This diverse lectin is a very attractive target for a novel anticancer therapy. Inhibition or 

eradication of galectin-3 would not only diminish its tumour promoting functions, it also would 

increase the efficacy of modern anticancer treatments formerly proving ineffective.147 Thus, 

research into the development of galectin-3 inhibitors has become a popular field.  

 

1.4.1 Non-Carbohydrate Inhibitors 

1.4.1.1 Inhibitors Targeting Expression of Galectin-3 

Galectin-3 knockout mouse models have displayed significant reductions in inflammation, 

tumour progression and angiogenesis.188–191 Suggesting inhibition at the transcription phase as 

an effective method to attenuate over expression of galectin-3. Doxorubicin is an anticancer 

agent that, (i) generates free radicals to damage the cellular membranes, proteins and DNA, 

and (ii) intercalates with DNA and disrupts DNA repair.192 Over expression of galectin-3, as 

seen in many cancers, generates doxorubicin-resistance.193 Silencing of galectin-3 via RNA 

interference (RNAi) treatment revealed sensitisation to doxorubicin-induced apoptosis.193 

Furthermore, a similar investigation focusing on the 4’epimer of doxorubicin, epirubicin, 

revealed successful sensitisation of MDR cells to epirubicin following galectin-3 silencing.194  

 

1.4.1.2 Inhibitors Targeting Nuclear Exportation of Galectin-3 

Active transport of galectin-3 from the nucleus to the cytosol is achieved via phosphorylation 

by CK1 and association with nuclear proteins, CRM1 and Nup98. Inhibition of CRM1 and/or 

Nup98 would hinder cytoplasmic translocation of galectin-3.195 Diminishing the detrimental 
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anti-apoptotic effects initiated by cytosolic galectin-3, particularly its association with the Bcl-

2 family. Experimental silencing of Nup98 expression by siRNA increased the nuclear 

concentrations of galectin-3, with significant suppression of downstream mRNA expression in 

the β-catenin pathway, ultimately re-sensitising the tumour cells to apoptosis. Ideally, a 

therapeutic targeting Nup89 would be used alongside other anti-cancer agents designed to 

induce apoptosis that cytosolic galectin-3 normally would prevent. 

 

1.4.1.2 Inhibitors Targeting the CRD of Galectin-3 

Peptide-derived inhibitors elicit a very tight attachment to the CRD binding groove of galectin-

3, due to the stable protein-to-protein interactions. G3-C12 is a phage-display-derived peptide, 

identified by Zou et al.196 that exhibits high binding affinity for galectin-3’s CRD (Kd: 17-80 

nM) and was claimed to have remarkable specificity for galectin 3 over other galectins. G3-

C12 has been confirmed to elicit substantial reductions in metastatic cell accumulation and 

usual vasculature growth.197 Despite these promising studies, there is still a lot unknown about 

G3-C12 and further investigation is required to better understand its potential as an anti-

galectin-3 therapeutic. 

 

1.4.2 Carbohydrate-Based Inhibitors 

As the natural ligands of galectin-3 are LacNAc and Lac, carbohydrate-based inhibitors offer 

a promising scaffold for drug development. As depicted in Figure 4, LacNAc (1) has important 

interactions in the CRD that are often conserved in novel ligand designs. Carbohydrate-based 

inhibitors are designed to compete against natural ligands for the galectin-3 binding site. 

 

As discussed in section 1.3.4, interactions between galectin-3 and LacNAc are primarily 

hydrogen-bonding and hydrophobic stacking, providing a relatively weak binding affinity, an 

undesirable feature for inhibitor design.158,198 LacNAc has a reported Kd = 67 μM158 and Lac 

Kd = 0.6 to 1 mM.199,200 Addition of substituents to the glycan frame can introduce stronger 

ligand-protein interactions such as; cation-π, π-stacking, fluorine-amide, phenyl-arginine, 

sulfur-π and halogen bond interactions.201 The main sites of modification to date on 

monosaccharide inhibitors are at C3 and C1 of Gal.  

 

In addition to strengthening binding affinity, selectivity for galectin-3 is imperative in inhibitor 

design. Not all galectins are implicated in disease states, however they all have similar CRDs 
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that bind β-galactosides. Exploitation of the binding pocket observed in galectin-3, but not 

galectin-1 (depicted in Figure 3), with aromatic substitutions at the C3 position can provide 

some selectivity. Modifications to other positions on monosaccharide or disaccharide scaffolds 

can also offer increasing selectivity for galectin-3, over other galectins. 

 

1.4.2.1 Monosaccharide Galectin-3 Inhibitors 

Monosaccharide inhibitors are often designed from a Gal scaffold to preserve the ligand-

protein interactions seen between the axial C4 of Gal with Arg162 and His158. As mentioned 

in section 1.3.3 (Figure 3), the CRD of galectin-3 possesses a unique binding pocket that can 

be exploited via substitutions at the C3 position of Gal. Substituents at the C1 position have 

also introduced new interactions, not seen in unsubstituted monosaccharides, to further 

enhance binding affinity. C4 and C6 are not suitable for substitution as the hydroxyls have 

important hydrogen bonding interactions with the protein residues. Substitutions at C2 have 

not been a focus of investigation as the C2-hydroxyl of Gal points away from the binding site. 

However, some research has identified an improved binding affinity with a sulfate substituent 

at the C2 position of Gal, suggesting further research could investigate Gal C2 modifications.202 

Moreover, Talose, the C2 epimer of Gal, positions its C2-hydroxyl axially towards the binding 

site and has provided ligands with a strong binding affinity for the galectin-3 CRD.153  

 

C3 Substitutions of Monosaccharide Galectin-3 Inhibitors 

Aromatic substituents off the equatorial C3 Gal position have been identified forming cation-

π stacking interactions with Arg144. These aromatic rings have been attached either via an 

amide (2) or a triazole (3) (see Figure 6). As can be seen from the equilibrium dissociation 

constant (Kd) values listed in Figure 6, C3 substitutions with triazoles (3) offer a ~7-fold 

stronger binding affinity in comparison to the amide (2). This is potentially due to the larger 

size of the triazole moiety extending the aromatic ring further into the binding groove and into 

a better position to form a strong interaction with Arg144.202,203 
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Figure 6: Illustration of the cation-π interaction seen between a C3-Gal aromatic and Arg144. Compound 2 has 

an amide-linked phenyl, whereas 3 has a triazole-linked phenyl. Both structures can form the unique stacking 

interaction with Arg144.  

Fluorination of the C3 phenyl group has been shown to provide novel fluorine-amide 

interactions with the backbone of the galectin-3 protein. Specifically, a para-substituted 

fluorine was identified having a strong fluorine-amide interaction with the backbone amide of 

Ser237-Gly238.204 Investigation regarding the affinity of ligands with different numbers of 

fluorine’s at different positions on the phenyl group (4-7 in Figure 7) indicated that a 3,4,5-

trifluorinated phenyl (7) is the most potent inhibitor with a Kd of 5.2 ± 0.3 μM.205  

Figure 7: Modifications to the C3 phenyl can provide an improved binding affinity. Compound 4 has the lowest 

binding affinity with no aromatic halogen substituents, whereas 7 has the strongest binding affinity with fluorine 

at all positions. 

C1 Substitutions of Monosaccharide Galectin-3 Inhibitors 

The most recently reported C1 substitution offering the most favourable interactions reported 

to date is a thiophenyl group (see Figure 8). Investigation into the β-anomeric (8) versus α-

anomeric (9) orientation yielded a 15-fold stronger binding affinity for the α-thio-linked 

template. This is attributed to the unique sulfur-π interaction with Trp181.206,207 An α-oxygen 

substituent revealed a 15-fold weaker affinity than the corresponding α-thio, validating the 

Kd: 620 ± 160 μM Kd: 88 ± 3 μM 

Kd: 88 ± 3 μM 

Kd: 31 ± 1.3 μM 

Kd: 8.8 ± 0.3 μM 

Kd: 5.2 ± 0.3 μM 
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affinity-enhancing activity to be exclusive to the anomeric sulfur.201 Further, the aromatic 

group off the sulfur atom creates a favourable hydrophobic interaction with Trp181.201 

 

 

 

 

 

 

 

Figure 8: Comparison of the binding affinities obtained for the β-thiophenyl (8) and the α-thiophenyl (9), reveal 

the α-anomer offers a significantly stronger binding affinity for galectin-3 due to its unique sulphur-π interaction 

with Trp181. 

 

The addition of halogens to the C1 thiophenyl moiety (10-13) resulted in an increase or 

decrease in the Kd depending on the element and its arrangement on the ring. A meta-chlorine 

substituent (11) gave a stronger binding affinity than a para-chlorine (10), due to its positioning 

towards the carbonyl backbone of Gly182 allowing the formation of a halogen bond.201,208 

Introduction of an electron withdrawing group at the para position in conjunction with the 

meta-chlorine as seen in 12 and 13 gave an even greater improvement in binding affinity, with 

Kd values as low as 37 nM.201 

 

Figure 9: Kd values for various selected compounds, with substitutions on the C1 thiophenyl moiety (10-13). 

 

1.4.2.2 Disaccharide Galectin-3 Inhibitors 

As Lac and LacNAc are natural ligands for galectin-3, disaccharide inhibitor scaffolds are most 

often constructed based on these templates. Sulfur-linked disaccharides, in place of the usual 

oxygen linkers, have become popular due to their improved binding affinity and decreased 

Kd: 5.2 ± 0.3 μM Kd: 0.33 ± 0.033 μM 

Kd: 0.38 ± 0.022 μM 

Kd: 0.049 ± 0.0027 μM 

Kd: 0.037 ± 0.0010 μM 

Kd: 0.047 ± 0.0063  μM 
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likelihood of metabolic cleavage. Lac has a Kd of 0.6 – 1 mM for galcetin-3, whereas a sulfur-

linked Lac has a Kd of 43 μM.199,200,209 Thiodigalactosides (14) are the most popular scaffold 

for galectin-3 inhibitors, constructed from two Gal moieties connected via a β1→1 sulfur 

linkage. The employment of organic substituents at the C3 position of both sugars provides 

these ligands with a variety of strong interactions in the galectin-3 CRD to provide binding 

affinities in the nanomolar range. 

Symmetrical Disaccharide Galectin-3 Inhibitors 

Symmetrical thiodigalactosides offer exceptional binding affinities for galectin-3. The most 

common substituents are: (i) 4-aryl-1,2,3-triazol-1yl (15); (ii) butylamino carbonyl triazolyl 

(16); and (iii) a coumaryl moiety (17) (see Figure 10). The disaccharide scaffold has more sites 

for modification than a monosaccharide and thus more possible interactions with the CRD and 

consequently a stronger binding affinity. The triazole moiety in 15 and 16 or the coumaryl 

moiety in 17, extending from the R1 position of 14, each display a cation-π interaction with 

Arg186, further stabilizing these ligands.203 The stronger binding affinity of 2.3 nM seen for 

15 may be attributed to the vital fluorine-amide and arginine-arene interactions, discussed in 

section 1.4.2.1, achieved only with the symmetrical thiodigalactoside 15. 

Figure 10: Three common substituents (15-17) installed on the thiodigalactoside 14 scaffold; offering nanomolar 

binding affinity for symmetrical galectin-3 inhibitors. 
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Asymmetrical Disaccharide Galectin-3 Inhibitors 

The current most potent asymmetrical thiodigalactosides are constructed from the 

thiodigalactoside scaffold (14) possessing the same substituents illustrated in Figure 10.203 

Although 18 and 19 do not provide an increase in binding affinity for galectin-3 compared to 

15, they do offer improved selectivity for galectin-3 over galectin-1 (see Figure 11).  

Figure 11: Assymmetrical galectin-3 inhibitors 18 and 19, offering improved galectin-3 over galectin-1 selectivity 

and nanomolar binding affinity. 

1.4.2.3 Selectivity of Monosaccharide and Disaccharide Galectin-3 Inhibitors 

All galectins bind β-galactosides and have relatively similar CRDs, however not all galectins 

are implicated in disease states. Thus, designing an inhibitor exclusively targeting galectin-3 is 

crucial. Presented in Table 3, is the selectivity for galectin-3 over galectin-1 for some selected 

potent inhibitors, calculated by comparing the corresponding Kd values. It can be noted that 

although 15 possesses the strongest binding affinity of 2.3 nM, its selectivity for galectin-3 

over galectin-1 is one of the lowest at 30-fold.203 A balance of strong binding affinity and high 

selectivity is necessary for a therapeutic inhibitor. Compound 18 has good selectivity for 

galectin-3 over galectin-1, at nearly 50-fold and a potent affinity at just 7.5 nM. Consequently, 

it is the most desirable thiodigalactoside inhibitor. Interestingly, the anomeric α-sulfur in the 

small monosaccharide inhibitor 9 provides exceptional selectivity  for galectin-3 over galectin-

1 by a factor of 100-fold.201 
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Table 3: Kd values reported (nM) for selected inhibitors: galectin-3 vs galectin-1 (selectivity indicates the 

preferential binding to galectin-3 over galectin-1, providing a factor calculated from the difference between the 

Kd values).
201,203

 

Compound Kd (nM) galectin-3 Kd (nM) galectin-1 Selectivity (galectin-3/galectin-1) 

8 5,200 ± 300 180,000 ± 12,000 35-fold 

9 37 ± 1.0 201 3,700 ± 150 100-fold 

15 2.3 ± 0.4 69 ± 5 30-fold 

17  57 ± 4 3,900 68-fold 

18  7.5 ± 0.7 340 ± 20 46-fold 

19 2.4 ± 0.2 63 ± 7 26-fold 

 

1.4.3 Iminosugars; a Novel Inhibitor Template 

In the search for a novel template to design potent selective galectin-3 inhibitors, iminosugars 

are a promising avenue to investigate. Iminosugars are an emerging group of glycomimetics 

currently on the market as approved therapeutics for a number of biological conditions,210 

having demonstrated activity in vitro and in vivo with excellent safety profiles. First-generation 

iminosugar therapeutics exhibited inadequate selectivity and thus an array of unnecessary side 

effects. Second-generation therapeutics however, employ a much greater assortment of 

iminosugar templates targeted for a variety of biochemical ligands and are much better 

tolerated.210,211 

 

1-Deoxygalactonojirimycin (1-DGNJ) has been considered in this study as an efficacious 

template for a galectin-3 inhibitor, due primarily to the axial geometry of its C4 hydroxyl - 

allowing crucial hydrogen bonding with Arg162 and His158 residues. Additionally, the ring 

structure has the potential to form a stacking interaction with Trp181, as Gal does.  

 

Consequently, a small library of iminosugars based around 1-DGNJ and including 1-DGNJ 

have been investigated in this research project. Namely, 1-DGNJ (20), N-butyl-1-

deoxygalactonojirimycin (21), N-(2-hydroxyethyl)-1-deoxygalactonojirimycin (22) and N-(5-

carboxypentyl)-1-deoxygalactonojirimycin (23). The potential of iminosugars to inhibit 

galectins has not yet been investigated and thus is an attractive target to investigate further for 

novel drug design. 
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Figure 12: The small library of iminosugars selected to investigate their potenial as galectin-3 inhibitors. 

 

1.4.4 Molecular Dynamics 

Molecular dynamics (MD) simulations offer an in-silico investigation into potential ligand-

protein interactions. It is a valued method for studying the physical characteristics of proteins 

and is customarily performed when investigating a novel ligand scaffold, or analogues based 

on a novel scaffold.212 MD simulations are governed by Newton’s second law of motion, F = 

ma, with F representing the force applied to a particle, m the mass and a the acceleration. 

Combining the equations of motion will provide a trajectory expressing the velocities, positions 

and accelerations of particles as they change with time.213  

 

MD packages also utilise force-field parameters to describe the bonded and non-bonded 

interactions of a ligand in different conformations within a specific protein. Bonded 

interactions account for covalent interactions between atoms and describe the bond-stretch or 

bond-angle bending. Non-bonded interactions involve van der Waals forces, electrostatic 

interactions and the distance-dependent or independent interactions from the dipolar reaction 

field. The overall thermodynamics of a system is defined by the non-bonded interactions.214 

 

Molecular docking and MD simulations are typically used sequentially, with the docking 

providing a suitable ligand conformation as a starting point to run the MD simulations. Docking 

is useful for an initial screening of a library of compounds to identify potential scaffolds for 

further investigation.215 

 

Galectin-3 inhibitors are commonly analysed by molecular docking and MD simulations, prior 

to synthesis, to suggest plausible binding confirmations, recognise regions of the ligand for 

functional group modifications and assess the stability of interactions in the binding site. Both 

molecular docking and MD simulations were used in this research to investigate a 
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monosaccharide galectin-3 inhibitor (synthesised in this research work) and the binding 

potential of four selected iminosugars (see Figure 12) with galectin-3.  

 

1.4.5 Saturation Transfer Difference NMR 

Post ligand synthesis, a commonly used, effective and versatile method for investigating 

protein-ligand interactions is Saturation Transfer Difference (STD) Nuclear Magnetic 

Resonance (NMR) spectroscopy.216 STD NMR provides an analysis of a ligands binding 

epitope when in complex with a protein. Exhibiting strong STD NMR signals for protons 

directly interacting with the protein and weak or non-existent signals for all other protons.216 

An STD NMR signal is calculated from the exchange between the bound and free ligand. 

Intermolecular transfer of magnetization occurs from the protein to the bound ligand, followed 

by detachment of that ligand into solution, where the magnetization can be detected. 

 

A high-affinity ligand may not provide a calculable STD NMR signal due to its inability to 

detach from the protein. Conversely, a weak-affinity ligand may not interact with the protein 

long enough to receive saturation transfer and thus cannot be detected.217 Competition STD 

NMR provides a method for studying high-affinity ligands by observing the disappearance of 

another ligand’s signal. It allows quick ranking of binding affinity between ligands to allow for 

an optimized investigation of viable drug scaffolds.218   

 

STD NMR is often utilised as a screening technique to observe potential protein ligands and to 

identify the segments in contact with the protein. It was employed in this research to study a 

synthesised galectin-3 ligand analogue along with the assembled library of four iminosugars 

(see Figure 12) in solution with galectin-3. 

 

1.5 Targeted Protein Degradation – PROTAC 

A new technology adding to the approaches used to target disease causing proteins is known 

as Proteolysis Targeting Chimera or PROTAC. PROTAC has offered a unique 

nanotechnology-based approach to linking disease-causing proteins to an E3 ligase, allowing 

not only inhibition but therapeutic destruction of that protein. This approach is specific, 

versatile and has demonstrated potential to revolutionise the design of therapeutics used in the 

treatment of cancer and other diseases.219–221  
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The structure of a PROTAC (Figure 13) includes: (i) a ligand to target a protein of interest 

(depicted by the orange hexagon); (ii) a linker; and (iii) a ligand to bind an E3 ligase (illustrated 

as a grey triangle). The succeeding ternary complex in Figure 13 depicts the overall approach 

of the PROTAC in which the ligand (orange hexagon) binds to the target protein and the E3-

ligase ligand (grey triangle) recruits an E3 ligase. This dual binding sequence allows the E3-

ligase to transfer ubiquitin molecules to the target protein and consequently target it for 

destruction by the 26S proteasome. Overall the close spatial proximity of the protein to an E3 

ligase allows hijacking of the ubiquitin-proteasome pathway to clear a target of interest.222–228 

 

 
Figure 13: Illustration of targeted protein degradation via hijacking of the ubiquitin enzymatic cascade. The 

PROTAC consists of: (i) a ligand to bind the target protein (depicted by the orange hexagon); (ii) a linker; (iii) 

and an E3-ligase recruiting ligand (depicted by the grey triangle). The stable ternary complex includes an E3 

ligase, PROTAC and targeted protein, allowing transfer of ubiquitin molecules to the target protein and 

subsequent degradation by the 26S proteasome. This is followed by recycling of the PROTAC to target a new 

protein. (Sourced from Pei et. al., 2019)229 

 

A major advantage of PROTACs is their ability to perform significant targeted protein 

degradation in catalytic quantities.230 Thus negating the necessity for excessive drug 

concentrations potentially causing undesirable side effects.223,231 Moreover, repeated and 

prolonged exposure to classical small molecule inhibitors may trigger mutation of the target 

protein and thus resistance to the inhibitor.232 PROTACs offers a way around this problem. 

 



25 

 

There are currently several “undruggable” protein targets implicated in disease states that either 

do not have an active site or their active site is not suitable to design a classic inhibitor. These 

targets include; transcription factors, scaffolding proteins and non-enzymatic proteins.233 

Several PROTACs have been synthesised and investigated to target these types of proteins and 

have revealed exceptional results of protein degradation and disease improvement in vivo.234 

 

Interestingly, degradation affinity seems to be reliant on protein-protein interactions between 

the target protein and the E3 ubiquitin ligase, not solely on the binding affinity of the protein 

ligand.235 Thus removing the obstacle of designing a ligand with exceptionally high inhibitory 

activity.224 The ternary complex depicted in Figure 13 displays this crucial interaction 

necessary for polyubiquitination and subsequent degradation of the target protein. 

 

1.5.1 Ubiquitin-Proteasome System 

The ubiquitin-proteasome pathway is a tightly regulated method of intracellular protein 

degradation and turnover. Firstly, the unwanted protein is tagged with at least 4 ubiquitin 

molecules that have progressed through a series of enzymes involving; E1-activation, E2-

conjugation and E3-binding, followed by degradation of the tagged protein via the 26s 

proteasome. This system is highly efficient and is constantly clearing unwanted proteins.236,237 

The PROTAC method aims to hijack this system to bring a protein of interest into close 

proximity with an E3 ligase to encourage polyubiquitination of that protein leading to its 

destruction.   

 

1.5.2 Exploiting E3-Ligase 

Currently over 600 E3 ubiquitin ligases have been identified in the human genome.229 The most 

commonly exploited E3 ligases for PROTAC design includes; mouse double minute 2 

(MDM2), inhibitor of apoptosis (IAP) proteins, von Hippel-Lindau (VHL) and cereblon 

(CRBN).238 

 

When considering the large PROTAC target molecule to be assembled - containing a potent 

inhibitor conjugated via an alkyl or polyethylene glycol (PEG) linker to a hydrophobic E3 

ligase ligand, acceptable solubility and membrane permeability are areas of significant 

concern.239  
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1.5.2.1 Peptide-based PROTACs 

First-generation PROTACs incorporated a peptide-based ligand, which unfortunately 

diminished their cell permeability and thus limited their employment as chemical probes.240 

Schneekloth and colleagues developed the first cell-permeable peptide-based PROTAC in 

2004, achieving target protein degradation via hijacking the von Hippel-Lindau (VHL) E3 

ligase complex.241 Unfortunately, peptide-based PRTOACs often have high molecular weight, 

poor cell permeability, low potency and peptide bond lability limiting their potential as 

therapeutic agents. Nonetheless, they provided proof of concept and a platform for 

investigation into small-molecule PROTACs. 

 

1.5.2.2 Small-molecule PROTACs 

Small-molecule scaffolds have provided improved cell permeability and allowed successful 

target protein degradation. Several PROTACs have been designed and tested targeting a range 

of proteins, using a variety of linkers and hijacking different E3 ligases.229  The following four 

E3 ligases have been thoroughly investigated and offer viable therapeutic candidates.  

 

Exploiting E3 Ligase with MDM2 

MDM2 is an oncogenic protein involved in cell growth, survival, invasion and chemotherapy 

resistance in cancer.242 MDM2 binds to and negatively regulates p53 by blocking its 

transcriptional activity.243 It also acts as an E3 ligase to ubiquitinate and eliminate p53.244 As 

p53 is known to play an important role in tumour suppression, targeting the protein responsible 

for its degradation would increase intracellular p53 levels and offer a potential anti-tumour 

strategy.245 

 

A class of compounds based on nutlin (24), which are derivatives of cis-imidazoline, have been 

shown to outcompete p53 binding to MDM2.246 The first all-small-molecule PROTAC was 

designed to recruit MDM2 via nutlin, which was conjugated to an androgen receptor ligand via 

a PEG linker. The study revealed targeted protein degradation of the androgen receptor that 

was proteasome dependent.247 Following the successful demonstration of MDM2 recruitment 

by nutlins, a new generation of nutlin-like molecules were synthesised, RG7112248 (25) and 

RG7388249 (26), where both displayed significantly greater MDM2 inhibitory activity than the 

nutlins. Overall, MDM2-based PROTACs have had success in stabilising p53 concentrations 

and degrading targeted oncoproteins, providing a possible novel therapeutic template. 
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Figure 14: MDM2 PROTACs - Nutlin (24) and nutlin-like compounds: RG7112 (25) and RG7338 (26). 

Exploiting E3 Ligase with IAP 

Inhibitor of apoptosis (IAP) proteins are pivotal in maintaining cellular homeostasis, regulating 

cell division, cell death, cell proliferation, cell differentiation and the inflammatory 

response.250,250 Members of the IAP family, XIAP, cIAP1, cIAP2, LIVIN/ML-IAP and IAP-

like protein 2, all exhibit E3 ligase activity by association with an E2 ubiquitin-conjugating 

enzyme and translocation of the ubiquitin to a target protein.251  

 

Overexpression of cIAP1 has been identified in many cancers, suggesting its inhibition and 

removal could reduce tumour progression. Bestatin methyl-ester (MEBS – 27) binds to the 

BIR3 domain of cIAP1 and initiates auto-ubiquitination of cIAP1 for its degradation by the 

26S proteasome.252 A novel monovalent inhibitor (MV1 – 28) targeting a few of the IAP 

proteins has displayed antagonism for XIAP, cIAP1 and cIAP2.253 Compound 29 (LCL161) 

has also been found to bind several members of the IAP family.254 Both 28 and 29 have 

displayed greater affinity for IAP than 27. 

 

Figure 15: IAP PROTACs - MEBS (27), MV1 (28) and LCL161 (29). 
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A PROTAC with 27 coupled via a linker to an estrogen receptor-α (ERα) inhibitor, revealed 

significant reductions in both ERα and cIAP1.255 Replacement of 27 with 28 yielded even 

greater ERα degradation.254 This was deemed due to 28 preferentially recruiting XIAP instead 

of cIAP1 and thus not depleting the only E3 ligase required for the PROTAC to induce protein 

degradation.  

 

The Natio group responsible for these studies designated their IAP recruiting ligands, SNIPERs 

or Specific and Nongenetic IAP-dependent Protein Erasers. SNIPERs have displayed 

successful target protein degradation for a variety of different proteins.256,257 Offering yet 

another novel scaffold with excellent therapeutic potential for targeting proteins implicated in 

disease. 

 

Exploiting E3 Ligase with VHL 

VHL is a tumour suppressor gene responsible for recognising hypoxia inducible factor-1α 

(HIF-1α) and tagging it to be degraded.258 HIF-1α is a transcription factor that plays an 

important role during cellular hypoxia by upregulating necessary genes for cell survival. Some 

of these genes promote angiogenesis, upregulate VEGF and regulate glucose transporters.259 

 

A series of VHL ligands have been constructed using the HIF-1α peptide as a starting structure 

to eventually yield VH298 (30) which has a nanomolar binding affinity and good cell 

permeability.260,261 A variety of VHL-based PROTACs have successfully depleted proteins 

involved in inflammatory and neoplastic diseases,262 breast cancer,230 prostate cancer,263 and 

acute myeloid leukemia cells.264 Experimentation with different linker types and linker lengths, 

using the same protein ligand conjugated to 30, displayed increasing selectivity in a family of 

proteins very structurally similar.265  

 

 

Figure 16: VH298 (30) targeting VHL E3 ligase. 
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Exploiting E3 Ligase with CRBN 

Phthalimide drug molecules such as thalidomide (31), were available in the 1950s as morning 

sickness pills for expectant mothers. Devastatingly, thalidomide was found to be associated 

with severe teratogenic effects yet was not taken off the market for a considerable period of 

time despite these adverse findings.266  Since then thalidomide has been implicated in the 

treatment of multiple myeloma and have performed exceptionally well. This unexpected 

outcome prompted further investigation into the mechanism of action of phthalimide 

immunomodulatory drugs.266 In 2010 it was discovered that thalidomide (31) binds to the 

CRBN E3 ligase to effect downstream ubiquitin-proteasome acitivity.267 

 

Published X-ray crystal structures of thalidomide (31), lenalidomide (32) and pomalidomide 

(33) bound in CBRN revealed the molecular basis for their immunomodulatory and 

antiproliferative activities.268 These CRBN modulators were shown to regulate antitumor 

effects through the targeted degradation of proteins involved in cell cycle regulation.269,270 

 

 

Figure 17: CRBN PROTACs – Thalidomide (31), lenalidomide (32) and pomalidomide (33). 

The first CRBN-based PROTAC triggered the degradation of oncoprotein BRD4, offering 

complete degradation at 10 nM within 6 hours.220 Another CRBN-based PROTAC was 

designed using the same target protein ligand but with a shorter linker and revealed 10-fold 

decrease in activity compared to the longer linker.271 This supports the importance of linker 

length in stabilising the ternary complex imperative for ubiquitin transfer. Other CRBN-based 

PROTACs have induced successful degradation of c-ABL, BCR-ABL, BRD9, CDK4, CDK6 

and CDK9, all of which are implicated in disease states.234  

 

As seen with the CRBN-based PROTACs targeting BRD4, the CDK9 PROTACs also 

displayed different activity dependent on the length and type of linker, with a triazole linker 

identified as more potent than an alkane chain. Moreover, these PROTACS were able to 

selectively inhibit CDK9 whilst maintaining unchanged levels of CDK2, CDK4, CDK5, CDK7 
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and CDK8.272 A desirable trait not often seen with free small-molecule inhibitors. CDK4 and 

CDK6 are also attractive targets for cancer therapy due to their roles in cell cycle regulation. 

Unfortunately, current therapeutics targeting CDK4 and CDK6 cannot specifically recognise 

these members of the cyclin-dependent kinase family. However, a number of CRBN-based 

PROTACs have successfully displayed selective degradation of CDK4, CDK6 or both, without 

affecting the concentrations of any other CDK.273 

 

Anaplastic lymphoma kinase (ALK) is another example of a pathogenic kinase that cannot be 

exclusively targeted and efficiently degraded with classical inhibitor design. Fortunately, a 

small-molecule PROTAC has displayed high affinity for ALK with reduced cellular levels of 

ALK-dependent oncogenic activity.274 

 

Very recently, Wang and colleagues successfully developed selective, potent and reversible 

CRBN-based PROTACs targeting Mcl-1 and Bcl-2 that displayed cytotoxicity driven by 

PROTAC efficiency.239 This has allowed selective destruction of proteins implicated in anti-

cancer resistance and offers a novel therapeutic approach. 

 

Overall, small-molecule PROTACs exploiting a variety of E3 ligases have shown excellent 

activity targeting proteins of interest for degradation. The key advantages of PROTACs 

include: (i) the ability to target undruggable proteins; (ii) eliminating the accumulation of drug 

targets; (iii) specificity; and (iv) sub-stoichiometric catalytic activity. The number of papers 

discussing this area of research has drastically increased since 2014 and is continuing to 

increase.229 PROTACs are a novel and promising avenue for treatment regarding a multitude 

of disease states.  

 

1.6 Aims 

Aim 1: Perform molecular docking and molecular dynamic (MD) simulations of 1-DGNJ 

(Figure 12, 20) along with the target galectin-3 inhibitor (synthesised in this research project, 

see Scheme 1, 34) with galectin-3 to visualise the potential binding characteristics. 

More specifically: 

(i) Molecular docking of 1-DGNJ (20) will provide information regarding its possible 

ligand-protein interactions, in comparison to Gal - to assess its potential as a novel 

galectin-3 inhibitor scaffold. 
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(ii) Molecular docking and MD simulations of the proposed galectin-3 inhibitor (34) to 

ensure the terminal carboxylic acid protrudes outside the binding site [allowing for 

the successful attachment of the linker-thalidomide moiety (Scheme 1, 35) to afford 

the CRBN-galectin-3 PROTAC (Scheme 1, 36) - Aim 2].   

 

Aim 2: Construct a CBRN-based PROTAC using a thalidomide moiety conjugated to a potent 

monosaccharide galectin-3 inhibitor via a PEG linker.  

More specifically this will involve:  

(i) Synthesis and characterisation of a modified recently reported low micromolar affinity 

galectin-3 inhibitor (Scheme 1, 34).  

(ii) Synthesis of a PEG-linker-thalidomide moiety (Scheme 1, 35). 

(iii) Coupling of the linker-thalidomide moiety to the synthesised galectin-3 inhibitor - to 

afford the CRBN-galectin-3 PROTAC (Scheme 1 (a), 36). 

 

Aim 3: Conduct Saturation Transfer Difference (STD) NMR studies to investigate the 

interaction of: (i) the modified galectin-3 inhibitor (Scheme 1, 34) with the galectin-3 CRD; 

(ii) the CRBN-galectin-3 PROTAC (Scheme 1, 36) with the galectin-3 CRD; and (iii) the small 

library of iminosugars (Figure 12, 20-23) with the galectin-3 CRD. 

 

 

Scheme 1: Coupling of modified galectin-3 inhibitor (34) to the PEG-linker-thalidomide moiety (35) to afford the CRBN-

galectin-3 PROTAC (36). Reagents and conditions (a) HATU, DIPEA, DMF, rt, 19 hrs. 
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2.0 Results and Discussion 

2.1 In silico Investigation with Human Galectin-3 

Investigation of potential ligand-protein interactions were assessed in silico, via molecular 

docking and MD simulations, in parallel with the synthesis of the galectin-3 PROTAC and 

acquiring of the four iminosugars.  

 

2.1.1 Assessing the Binding Potential of Four Iminosugars (20-23) 

Autodock vina and a crystal structure of the human galectin-3 CRD (PDB ID: 5e89) was used 

for molecular docking to visualise the potential binding interactions of the iminosugar, 1-DGNJ 

(20). The other iminosugars (21-23) have the same monosaccharide backbone scaffold as 20 

and therefore this template should also represent their potential interactions. As Gal is a natural 

monosaccharide ligand for galectin-3, it was used as a positive control to compare docking 

poses and ligand interactions to those observed with 1-DGNJ. 

 

Figure 18 (a) displays Gal docked into the galactin-3 CRD, indicating its crucial ligand-protein 

interactions. Gal can be seen forming hydrophobic stacking interactions with Trp181 (W181) 

and is positioned to form its well-defined hydrogen bonding interactions as discussed in section 

1.3.4 - the C4-hydroxyl to Arg162 (R162) and His158 (H158), the C6-hydroxyl to Asn174 

(N174) and the ring oxygen with Arg162 (R162). In Figure 18 (b) 1-DGNJ (20) is docked into 

the galectin-3 CRD and also appears capable of forming the same stacking and hydrogen bond 

interactions as Gal displays in Figure 18 (a). Supporting the potential of 1-DGNJ as a potential 

ligand-scaffold for galectin-3.  

 

Figure 18: Images of the galectin-3 CRD with (a) Gal, or (b) 1-DGNJ (20) docked into the binding groove. 

Molecular docking performed in AutoDock Vina with images generated and captured using PyMOL™ Molecular 

Graphics System, Version 1.8.0.0 by Schrödinger, with hydrogens omitted for clarity. 

(a) 
(b) 
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Overlaying these two docking images (Figure 19), confirms they have very similar docking 

poses and potential ligand-protein interactions. The major structural difference between Gal 

and 1-DGNJ (20) is the ring hetero-element, namely oxygen versus nitrogen. With nitrogen 

substituting for oxygen in the iminosugar, it was questioned whether the 1-DGNJ (20) would 

then form the same interactions as the natural ligand. The orange arrow in Figure 19 identifies 

the hydrogen bond interaction observed between Arg162 (R162) and the ring oxygen of Gal. 

Due to the favourable positioning of the iminosugar it is indicated that the lone pair of electrons 

on the ring nitrogen would also form a similar hydrogen bond with Arg162. Thus, further 

supporting an investigation into the use of the iminosugar scaffold for development of potential 

galectin-3 inhibitors. 

 

 

Figure 19: Gal and 1-DGNJ (20) superimposed in the galectin-3 CRD to compare docking poses and residue 

interactions. The black dotted lines represent hydrogen bond interactions seen between N174-C6 hydroxyl, H158-

C4 hydroxyl, R162-C4 hydroxyl and R162-Gal ring oxygen. The orange arrow indicates the hydrogen bond 

between R162 and the ring oxygen of Gal, potentially also observed between R162 and the ring nitrogen of 1-

DGNJ. Further, the ring hydrophobic stacking interaction with W181 is clearly depicted for both sugars. This 

image and all proceeding molecular docking and MD simulation images were generated and captured using 

PyMOL™ Molecular Graphics System, Version 1.8.0.0 by Schrödinger, with hydrogens omitted for clarity. 

 

2.1.2 Assessing the Binding Potential of the Proposed Galectin-3 PROTAC 

MD simulations were performed on GROMACS simulation package 4.6.4275 with the proposed 

galectin-3 inhibitor, without the linker or phthalimide moiety (Figure 20 – 37). It is essential 

the terminal-C1 of the proposed inhibitor (37) protrudes outside the binding site to provide an 

appropriate site of attachment for coupling of the PEG linker conjugated to a CRBN recruiting 

ligand (35). Compound 37 was constructed with a terminal methyl ester instead of a carboxylic 

acid, as shown in 34 (Scheme 1). This excluded any possible interactions the carboxylic acid 

R162 → Gal  
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may have formed with the pr otein during MD simulations, considering the final target would 

be connected to a PEG linker. 

 

The interactions of 37 with the galectin-3 CRD residues (Figure 20) can be predicted via 

analysis of the published X-ray crystal structure of 12 (Figure 9) by Zetterberg et al.,201 as this 

compound also possesses an α-thiophenyl moiety at the C1 position and a triazole linked 

trifluorophenyl at C3. The ligand 37 was expected to adopt a docking pose that allows 

formation of the interactions depicted in Figure 20. 

 

 

Figure 20: Structure of modified galectin-3 inhibitor (37) with a terminal methyl ester in place of where the linker 

would be located, displaying the predicted interactions with the galectin-3 CRD. Red dotted lines indicate stacking 

interactions between the galectin-3 CRD with aromatics and the sugar ring. Blue dotted lines indicate hydrogen 

bond interactions with various protein residues. The pink dotted line represents the unique sulfur-π interaction 

with Trp181 (W181). 

 

Initially, molecular docking of 37 with the same crystal structure of the galectin-3 CRD used 

for the iminosugars (PDB ID: 5e89) was generated using AutoDock4.2. Each docking position 

was individually assessed and compared to previously published crystal structures, looking for 

the expected interactions described in Figure 20, to select the pose depicted in Figure 21 (a). 

This selected pose was then used as the starting conformation for MD simulations as described 

in section 4.1.2. The representative conformation chosen in Figure 21 (b), was the middle 

structure from the most populated cluster. This cluster contained 91.4% of the conformations 

observed in the simulation. 
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Figure 21: The modified galectin-3 inhibitor (37) docked into the galectin-3 CRD. (a) Represents the pose chosen 

after completing molecular docking with AutoDock4.2. This pose was then used for molecular dynamics 

simulations. (b) Depicts the middle structure from the most populated cluster in the MD simulation, accounting 

for 91.4% of the conformations sampled in the simulation. The red arrow in (b) indicates the unique sulfur-π 

interaction seen between the α-sulfur and Trp181 (W181). 

 

Figure 21 (a) and (b) display the ligand-protein interactions as expected between the inhibitor 

and the galectin-3 CRD as illustrated in Figure 20.  The Arg144 (R144) cation-π interaction 

with the trifluoro phenyl substituent can be seen in (a) but not (b), due to the nature of MD 

simulations which allow the residues to move between conformations. Thus, during the 

simulation, Arg144 would appear in both the “on” and “off” position, with the captured image 

(Figure 21 (b)) providing an average conformation. The hydrogen bond interactions described 

in section 2.1.1 with Gal, are also shown here involving the C4-hydroxyl, C6-hydroxyl and 

ring oxygen, providing evidence the substituents off the C1 and C3 position of 37 have not 

altered the important Gal interactions. Further, the classic hydrophobic stacking with Trp181 

(W181) can be recognised. The unique sulfur-π interaction with Trp181 (W181), as indicated 

by the red arrow (Figure 21 (b)), is achieved only with the α-thiophenyl and can be clearly 

identified from this simulation.  

 

To confirm the validity and predictability of the simulation, the binding pose seen in Figure 21 

(b) was compared to the published X-ray crystal structure of 12 (Figure 9) (PDB ID: 6eol). As 

can be seen in Figure 22 (a) and (b), the converged ligand conformation of 37 closely aligns 

with the X-ray crystal structure of 12, which also has an α-thiophenyl moiety at the C1 position 

and a triazole linked trifluorophenyl at C3. Moreover, the terminal methyl ester on the designed 

galectin-3 inhibitor (37), can be seen pointing out of the CRD, as indicated by the blue arrow 

(a) (b) 
Unique 

sulfur-π 

interaction 
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(Figure 22 (b)). This provides an optimal site of attachment for the PEG linker and subsequent 

thalidomide (CRBN E3-ligase ligand) moiety. 

 

Figure 22: Comparison of the chosen MD simulation conformation for 37 overlayed with a published X-ray 

crystal structure of 12 (Figure 9) (PDB ID: 6eol). (a) Illustrates the similarities between the ligands, each 

exhibiting very similar conformations and ligand-protein interactions with the galectin-3 CRD. (b) Represents 

the ligands in a surface model of galectin-3, further displaying their binding similarity and confirming the validity 

and predictability of the MD simulation. The blue arrow in (b) indicates the terminal C1 methyl ester protruding 

out of the binding groove, offering a suitable site of attachment for the linker-thalidomide moiety. 

 

Overall, the molecular docking and dynamics simulations provided promising data indicating 

that the proposed galectin-3 inhibitor (37) will bind into the galectin-3 CRD and offer a 

protruding attachment point for the PEG linker. Further, the iminosugar scaffold adopts an 

appropriate binding conformation in the CRD, similar to Gal, offering interesting potential for 

development of novel galectin-3 inhibitors based on this template.  

 

2.2 Synthesis of a Galectin-3 Targeting PROTAC 

The PROTAC design for targeting galectin-3, as depicted in Scheme 1, consists of selecting a 

potent monosaccharide galectin-3 inhibitor for modification, to allow conjugation with a 

CRBN targeting thalidomide moiety via a PEG linker. The chosen galectin-3 inhibitor (9) has 

a strong binding affinity (Kd = 37 ± 1.0 nm) and ~100-fold selectivity for galectin-3 over 

galectin-1.201 It is currently one of the most potent monosaccharide inhibitors published for 

galectin-3 and offers an excellent scaffold to modify for the PROTAC design. The PEG-linker 

and E3 ligase ligand were chosen based on the work of Winter et al.,276 who constructed a 

PROTAC with significant target protein degradation capacity in vitro and in vivo, via hijacking 

the CRBN-E3 ligase with a thalidomide moiety connected to a PEG linker.  

(a) 
(b) 
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2.2.1 Synthesis of the Modified Galectin-3 Inhibitor (37) 

 

 

Scheme 2: Synthetic scheme for the modified galectin-3 inhibitor (37). Reagents and conditions: (a) PDC, Ac2O, 

DCM, reflux, 1 hr, 83%; (b) Ac2O, Pyr, 75ºC, 20 hrs, 60%; (c) Pd(OH)2, MeOH, -10 to -15ºC, 10 hrs, 57%; (d) 

MeOH, NaOH, pH 12, rt, 3 hrs, 90%; (e) Tf2O, Pyr, DCM, -10ºC, 105 mins, 89%; (f) NaN3, Bu4NBr, DMF, 50ºC, 

O/N, 91%; (g) 90% CF3COOH, rt, 15 mins → Pyr, Ac2O, 0ºC to rt, 3 days, 34%; (h) TiBr4, DCM, EtOAc, rt, 3 

days, 34%; (i) AgOAc, AcOH, rt, 90 mins, 93%; (j) PCl5, BF3·OEt2, DCM, rt, 20 mins, 98%; (k) 60% NaH, DMF, 

50ºC for 1 hr, rt O/N, 48%.; (l) Alkyne, CuI, DIPEA, DMF, microwave reactor at 80ºC, 1 hr, 85%; (m) NaOMe, 

MeOH, rt, 90 mins, 68%. 
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Zetterberg et al. (2018) published their synthesis of compound 9 (Figure 8), which lacks the 

linker functionality (methyl ester) attached to the C1-thiophenyl depicted in Scheme 2 

compound 37. The target 'modified galectin-3 inhibitor' (37) has a terminal methyl ester moiety 

which ultimately will be deprotected to a carboxylic acid (34), then coupled to the PEG linker 

(35), forming an amide bond as seen in 36 (Scheme 1). At the outset, the methodologies were 

available for successive steps of the synthesis; although as the work progressed, several steps 

required refinement and close attention to modifying conditions, to deliver useable quantities 

of the desired products.  

 

Synthesis of 37 (Scheme 2) was initiated with 1,2:5,6-di-O-isopropylidene-α-D-glucofuranose 

(38) as the starting material. The C3-hydroxyl in 38 was firstly oxidised to the keto-moiety 

using PDC and acetic anhydride in DCM, following the methodology of Legler and Pohl277 to 

afford 39 in 83% yield. The 13C NMR spectra of 39 displayed a peak at δ 209.0 ppm, indicative 

of the installed C3-carbonyl. Characterization by 1H and 13C NMR were consistent with the 

reported literature278 confirming the structure indicated for 39. 

 

Following this, methodology from Reckendorf 279 was employed using acetic anhydride and 

pyridine, heating at 75ºC for 20 hours to reduce the C3-carbonyl and install a double bond 

between C3 and C4, with an O-acetyl moiety at C3, to afford 40. The first attempt using this 

procedure isolated 40 in 32% yield, which was significantly low when compared to the reported 

77%. It was apparent that material was lost during the filtration step, where ice was added to 

the concentrated organic reside, followed by an attempt to filter the reaction, as stated in 

Reckendorf’s protocol. However, the dark residue coagulated and adhered to the ice. Washing 

with petroleum ether did not allow retrieval of the compound and this resulted in a lower than 

desired yield. Upon second attempt, the reaction solution was co-evaporated with toluene to 

ensure complete removal of acetic anhydride and pyridine prior to filtering. It was then re-

dissolved in ice cold petroleum ether and filtered using a Büchner funnel, to allow adequate 

extraction of the desired compound from the undesired dark viscous material. This attempt 

successfully isolated 40 in a 60% yield. NMR spectra clearly indicated the product was of good 

purity and was consistent with the published literature.280  

 

The subsequent step in the synthetic scheme was hydrogenation of 40 to reduce the double 

bond between C3 and C4, consequently inverting the geometry at C4 to afford 41. The reported 
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protocol from Legler and Pohl277 stated stirring of 40 for 7 hours with Pd(OH)2 in MeOH, 

between -10 to -15ºC, would afford 41 in 91% yield. Attempts at reproducing this method 

offered only a low 7% yield of 41. Purification by flash chromatography allowed recovery of 

the starting material 40, confirmed by electron-spray ionisation mass spectrometry (ESI-MS) 

and NMR spectroscopy. A longer reaction time of 10 hours was then employed to afford an 

improved 57% yield of 41, although still lower than the published 91%. Anhydrous MeOH 

was not used in the reaction, although it may have been a more appropriate solvent for the 

hydrogenation and may have provided an increased yield. The unreacted starting material 

isolated from each attempt was re-subjected to the reaction conditions to maximise overall 

mass of the product. This was carried out directly as compound 40 remained stable for only 1-

2 weeks.281 

 

Deacetylation of 41 to provide 42 was achieved following a general synthetic approach 

involving MeOH and NaOH to afford a 90% yield of 42 in 3 hours. 13C NMR spectroscopy 

confirmed formation of 42 by the disappearance of acetate peaks present in 41 at δ 169.8 and 

δ 20.7 ppm corresponding to the carbonyl and methyl functionalities of the acetate, 

respectively. Further characterisation of 42 by 1H NMR also revealed the absence of the acetate 

methyl peak present in 41 at δ 2.21 ppm (3H, s) and the presence of a hydroxyl peak at δ 2.65 

ppm (1H, d, JOH,H3 = 6.3 Hz), indicating successful formation of 42, which was consistent with 

the spectral data reported in the literature.280 

 

Following the synthetic route in Scheme 2, 42 was then subjected to numerous attempts at 

triflation of the C3-hydroxyl group using Tf2O and pyridine in DCM, at -10ºC for 90 minutes 

following the procedure of Gruner et al.282 Repeated attempts however failed to produce the 

desired target 43, requiring the synthetic conditions to be successively altered as outlined in 

Table 4. Each reaction was monitored by thin layer chromatography (TLC) to observe the 

conversion from 42 to 43, allowing additional reaction time where required to facilitate 

complete triflation of 42. The first two attempts replicating the protocol from Gruner et al., did 

not afford the desired product, as indicated by 1H and 13C NMR spectroscopy and a baseline 

charred TLC spot. The third attempt used anhydrous DCM and also resulted in little conversion 

of 42 to 43 after 3 hours monitoring by TLC. Consequently, it was further stirred overnight at 

0ºC. Upon TLC inspection (1:3, EtOAc:Hex, Rf: 0.36) it appeared to afford the product, which 

was confirmed as 43 by comparison to the literature Rf value of the product.283 However, when 
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concentrating under reduced pressure post-aqueous workup, the compound degraded, and the 

product was no longer visible on TLC. Instead, the TLC displayed two charred spots that ran 

higher on the TLC plate than the desired product (Rf: 0.55 and 0.80), suggesting the 

decomposed sugar products were less polar than 43. 

 

Table 4: Reaction conditions modified for attempted synthesis of 43. All reactions were performed at -10ºC in a 

solvent system of 5:1 - DCM:Pyridine, with either standard or anhydrous DCM as listed. The volume of solvent 

was adjusted to provide a final concentration of 0.4 M for each reaction. The different duration (all monitored by 

TLC), aqueous workup and percentage yields are listed for each attempt. 

Attempt Solvent Duration (mins) Aqueous workup % Yield 

1 DCM 150  H2O Degraded 

2 DCM 160 H2O Degraded 

3 Anhyd. DCM Overnight H2O Degraded 

4 Anhyd. DCM 210 H2O 30% 

5 Anhyd. DCM 105 NH4Cl 93% 

6 Anhyd. DCM 105 NH4Cl 89% 

 

A fourth attempt replicating a similar protocol to attempt three using anhydrous DCM, 

indicated, by TLC, complete conversion of 42 to 43 after 210 minutes. The aqueous workup 

was performed according to the published protocol and gave 43 in 30% yield, although the 

published procedure reported 98%. To further improve our yield, variations to the aqueous 

workup procedure were explored. Supplementing ice-cold 5% (w/v) NH4Cl to hopefully 

facilitate the removal of any remaining pyridine from the organic phase in attempts five and 

six afforded 43 in a 93% and 89% yield, respectively. 13C NMR was not performed on 43 due 

to perceived stability issues, however 1H NMR of the product gave a peak at δ 5.09 (1H, 

apparent t, J3,2 = 5.7 Hz) which was clear evidence for installation of the C3-OTf. The 

remaining spectral data was also consistent with the literature.284 

 

Scheme 3 illustrates the potential mechanism for synthesis of 43. Path (a) in Scheme 3 depicts 

the potential degradation of 43 when pyridine was not adequately removed in the aqueous 

workup, allowing pyridine to initiate an E2 elimination reaction and formation of the undesired 

elimination product 52. Path (b) outlines the protonation of pyridine when exposed to 5% (w/v) 

NH4Cl, facilitating its exclusion from the organic phase and subsequently leading to the 

isolation of 43 in higher yields. Comparison of 43 to the degraded material by TLC analysis 

(1:3, EtOAc:Hex) revealed the desired product at a low Rf of 0.36 and the decomposed material 
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at higher Rf values of 0.55 and 0.80. Compound 52 is less polar than 43 and would be expected 

to run higher on a TLC plate under these conditions, suggesting the proposed mechanism in 

the absence of an acidic aqueous workup occurred (Scheme 3 (a)). 

 

Scheme 3: Potential mechanism for the degradation of 43 where in (a) aqueous workup with water and DCM, 

would not adequately remove pyridine leading to an E2 elimination and an undesired elimination product 52. (b) 

Aqueous workup with 5% (w/v) NH4Cl present providing protonation of remaining pyridine facilitating its 

exclusion from the organic phase to successfully afford 43. 

Replacement of the C3-triflate in 43, following the reported protocol by Gruner et al.282 with 

NaN3, Bu4NBr in DMF at 50ºC, successfully provided the inverted C3-azide product 44 with 

an extended reaction time to that reported. The literature stated a 5 hour reaction time at 50ºC 

afforded the product in 70% yield.282 Adhering to this reaction time resulted in a substantial 

amount of the starting material (43) remaining, when monitored by TLC. Consequently, the 

reaction was left to stir at 50ºC overnight (~15 hrs), followed by an aqueous workup with 

EtOAc and subsequent purification by flash chromatography to give 44 in a greatly improved 

yield of 91%. Formation of 44 was confirmed by Fourier Transform Infrared Spectroscopy 

(FTIR) with a strong absorption at 2100 cm-1 indicative of an azide, along with 1H and 13C 

NMR data which was consistent with the published literature.283 

 

An alternative approach to obtain the C3-azide 44, from 42 was investigated while early 

attempts employing the triflation method supplied by Gruner et al.,282 (Table 4) were 
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repeatedly degrading. A review of the literature uncovered an alternate synthetic protocol from 

Lowary and Hindsgaul.283 Thus, the synthesis of 44 was reattempted using this methodology. 

 

Scheme 4: Different protocols to obtain 44 from 42, following Gruner et al.,282 (ai and bi) and Lowary and 

Hindsgaul283 (aii and bii). Reagents and conditions: (ai) Tf2O, Pyr, DCM, -10ºC, 105 mins, 89% yield; (aii) Tf2O, 

Pyr, DCM, 0ºC, 15 mins, quantitative yield; (bi) NaN3 (2 Eq), Bu4NBr, DMF, 50ºC, O/N, 91% yield;(bii) NaN3 (5 

Eq), DMF, 0ºC, 120 mins, 93% yield over two steps. 

Scheme 4 explains the different reaction conditions and regents used when following the 

published procedure by Gruner et al., (ai and bi) or the protocol by Lowary and Hindsgaul (aii 

and bii), to install a C3-triflate on 42 to obtain 43, followed by inversion of the stereochemistry 

at C3 by the addition of an azide to retrieve 44. The variations between protocols are also 

summarised in Table 5 to display the clear differences in methodologies.  

 

Table 5: Varying reaction conditions published by Gruner et al.,282 (ai and bi) and Lowary and Hindsgaul283 (aii 

and bii) to obtain 43 and 44.  

 Temp. (ºC) Duration (mins) Aqueous workup NaN3 (Eq) % Yield  

ai -10 105 5% (w/v) NH4Cl - 89% (43)  

aii 0 15 5% HCl - Quantitative (43)  

       

bi 50 Overnight - 2 91% (44)  

bii 0 120 - 5 93% (44)  

 

As described in Scheme 4 and Table 5, Lowary and Hindsgaul283 achieved C3-triflation of 42 

at 0ºC and was complete after just 15 minutes, confirmed by TLC. Whereas the initial attempts 

following Gruner et al., were performed at -10ºC and took 105 minutes to afford 43. Aqueous 

partitioning was performed with ice-cold 5% HCl (aii) which allowed for successful removal 

of pyridine from the organic phase, as was also achieved in the latter initial attempts (ai) using 

ice-cold 5% (w/v) NH4Cl.  
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Following the acidic aqueous workup and concentration in vacuo to give a crude 43, Lowary 

and Hindsgaul state that the crude product (43) should immediately be dissolved in DMF with 

NaN3 and cooled to 0ºC (bii). Their protocol (bii) did not use Bu4NBr and increased the 

equivalents of NaN3 from two to five. After 2 hours stirring at 0ºC and purification by flash 

chromatography, the methodology by Lowary and Hindsgaul afforded 44 in 93% yield, over 

two steps (aii and bii). The initial protocol of Gruner et al.,(ai and bi) that was performed, once 

a 5% (w/v) NH4Cl workup was added, obtained a lower percentage yield over the two steps 

(82%) than that of Lowary and Hindsgaul and involved a more laborious methodology. 

Therefore, future attempts at synthesising 44 would be better served by employing Lowary and 

Hindsgaul's published protocol. Figure 23 displays the 1H-1H COSY NMR obtained for 44 

indicating the coupling between protons in the single continuous spin system from H1-H6, 

allowing their assignment and conformation of the inverted C3-azide in 44. 

 

 

Figure 23: 1H-1H COSY NMR (CDCl3, 298 K) representing the coupling of protons in 44 allowing their assignment and 

characterisation. 

Conversion of the azide-galactofuranose 44, to the peracetylated azide-galactopyranose 45, 

required a two-phase reaction as illustrated in Scheme 5 (a) and (b). Literature on the 

deprotection, and subsequent peracetylation of 44 reports a 56% yield of 45 resulting in a 1:1 

mixture of α:β anomers.283 This method was employed here to produce 45. The initial 

H3   H2                       H5                         H6a                 H6b  
H1   

H4   
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deprotection of isopropylidene groups (Scheme 5 (a)) was carried out with 40 equivalents of 

90% CF3COOH for 15 minutes, with TLC analysis confirming complete conversion of 44 to 

53. The crude reaction product (deprotected Gal-azido 53) was then concentrated in vacuo and 

immediately dissolved in acetic anhydride and pyridine to be stirred for 3 days at ambient 

temperature (Scheme 5 (b)). 

Upon completion, the reaction was reduced in vacuo and purified by flash chromatography to 

give a product in 65% yield. ESI-MS of the product gave a single ion at m/z 354.1 consistent 

with the tri-acetylated derivative 54, suggesting conversion of 53 to 54 occurred via reaction 

bi. 
1H NMR characterisation was not able to clearly identify the number of methyl (and 

therefore acetates) peaks as the solution contained a mixture of α and β anomers. It was also 

not evident which hydroxyl of Gal was unprotected, although the literature notes the C4-

hydroxyl of Gal has previously been recognised as the least reactive hydroxyl,285 thus the 

product 54 (Scheme 5) is most likely the 1,2,6-triacetylated Gal azide. To obtain the desired 

peracetylated 45, compound 54 was further reacted with pyridine and acetic anhydride, stirring 

overnight at room temperature (Scheme 5 (bii)) to afford the desired product in 26% overall 

yield from 44 to 45 as confirmed by NMR. 

 

Scheme 5: Protocol for synthesis of compound 45 from 44 including intermediate 54. Reagents and conditions: 

(a) 90% CF3COOH, rt, 15min; (bi) Ac2O, Pyr, rt, 3 days; (bii) Ac2O, Pyr, rt, O/N; (biii) Ac2O, Pyr, rt, 3 days. 

Due to the poor yield in the first attempt at deprotection/reprotection, a second attempt at the 

initial deprotection was carried out using the same conditions, whereby 53 was successfully 

obtained (Scheme 5 (a)) as indicated by TLC. Compound 53 was then reacted with acetic 

anhydride and pyridine (same equivalents as the first attempt), stirred for 3 days then 

concentrated in vacuo and purified by column chromatography to afford 45 in 28% yield and 

the undesired tri-acetylated sugar 54. Conformation of 45 and 54 were confirmed by ESI-MS 

with m/z 396.1 and 354.1 for the [M+Na]+ ions, respectively. This indicated that 53 followed 
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paths bi and biii (Scheme 5) producing both 45 and 54. To achieve peracetylation of 54 it was 

further reacted (Scheme 5 (bii)) with pyridine and acetic anhydride, in the same equivalents 

used in step bi and biii, overnight to afford a 30% overall yield of 45 (from 44). The overall 

yield of 45 from 44 in attempt two was 58%. Characterisation of 45 by 1H NMR revealed a 1:1 

ratio of α:β anomers, as indicated by peaks at δ 6.34 (1H, d, J1,2 = 3.5 Hz) and δ 5.66 (1H, d, 

J1,2 = 8.2 Hz) for the α- and β-anomer, respectively. Sugars with an α-substituent generate a 

small coupling constant indicative of a H1-H2 equatorial-axial coupling, whereas β-sugars 

provide a larger coupling due to the H1-H2 axial-axial geometry.286 This allowed identification 

of the specific anomers. 

Peracetylated 45 then underwent reaction with titanium tetrabromide (TiBr4) in DCM and 

EtOAc for 3 days, according to the procedure of Lowary and Hindsgaul.283  This resulted in 

the conversion of the mixture of α- and β-anomers (45) to exclusively the α-bromo product 46. 

Acetylglycosyl halides are known to preferentially position the anomeric halogen in an axial 

geometry due to increased stability in comparison to the equatorial position.287 This is due to 

the repulsive interaction observed between an equatorial halogen and the electron lone-pair of 

the ring-oxygen atom. Consequently, halogens offer a simple method to exclusively afford an 

α-sugar. The published protocol reported an 84% yield after 3 days,283 however, repeated 

attempts (including strictly adhering to the published protocol) as outlined in Table 6, did not 

produce a yield of greater than 34% following purification. 

 

Table 6: Modifications to reaction conditions for the synthesis of 46 from 45. Compound 45 was the limiting reagent in all 

attempts (1 Eq) and temperature was kept consistent (room temperature). Enough solvent was used to provide a concentration 

of 0.04 M for all attempts. The incremental equivalents of TiBr4 in rows 5 and 6 indicate the additional quantity added after 

1 day. 

 

Attempt TiBr4 (Eq)  Duration (days) % Yield 

1 1.5   6  Degraded 

2 1.5  6 Degraded 

3 1.5   3 33% 

4 2   3 20% 

5 1.5 + 0.5   3 16% 

6 1.5 + 1.0  3 13% 

7 1.5   3 34% 
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The first two attempts (Table 6) using identical conditions appeared to synthesise 46 as 

indicated by TLC giving an Rf of 0.36 (1:3, EtOAc:Hex), identical to the Rf value published 

by Lowary and Hindsgaul.283 However, following purification by flash chromatography and 

evaporation of solvent in vacuo, the spot corresponding to the desired product was no longer 

visible by TLC, indicating decomposition. Instead there were two charred spots at Rf values of 

0.78 and 0.10, indicating a more polar and less polar decomposed sugars.  

 

Attempt three underwent reaction for 3 days with 1.5 equivalents of TiBr4, after which it was 

concentrated in vacuo and passed down a flash silica column for purification. TLC prior to 

purification indicated almost total conversion to 46, although post purification 46 was isolated 

in only 33% yield. This indicated that again the majority of the product decomposed after 

purification on the flash silica column. TLC of the decomposed material gave the same Rf 

values as the decomposed products from attempts one and two.  

 

Endeavouring to increase yields, 2 equivalents of TiBr4 was added in attempt four, with the 

same concentration of solvent as the previous attempts and stirring for 3 days. Post flash silica 

column purification gave 46 in 20% yield, indicating that the additional TiBr4, did not progress 

the reaction forward as hoped, but facilitated increased degradation of 46. In attempts five and 

six an additional 0.5 or 1.0 equivalent of TiBr4 was separately added after 1 day into the 3-day 

reaction (see Table 6) to try promoting bromination of 45. However, this offered diminished 

yields of 16% and 13%, respectively, upon workup and silica column chromatography 

purification. In attempt seven, although yields were still low, the remaining majority of material 

from the overall reaction scheme was reacted to progress the overall synthesis. This resulted in 

34% yield of 46. ESI-MS confirmed the structure with the single bromine installed as indicated 

by a characteristic isotopic split at m/z 415.5 and 417.5 indicative of the two bromine isotopes 

79Br and 81Br, present in a 49.31% and 50.69% abundance, respectively for the [M+Na]+ ions. 

1H NMR further confirmed the α-bromo anomer with a doublet at δ 6.69 (1H, d, J1,2 = 3.8 Hz, 

H1), along with all 1H and 13C NMR peaks consistent with reported literature.283 

 

The loss of 46 post-purification in all attempts suggests the anomeric halogen was hydrolysed 

on the flash silica. Scheme 6 proposes a potential E2 elimination mechanism facilitating the 

removal of the anomeric bromine. The antiperiplanar positioning of the C2-hydrogen relative 

to the C1-bromine, as seen in the Newman projection in Scheme 6, permits elimination via this 
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mechanism.288 ESI-MS performed on the degraded material displayed peaks at m/z 335.7 and 

353.7, indicative of the two hydrolysis products illustrated in Scheme 6. This proposed scheme 

is consistent with the increasing quantity of TiBr4 facilitating increased hydrolysis of 46, as the 

excess bromine was extracting the C2 hydrogen and initiating the E2 elimination cascade 

resulting in the two decomposed products. Future attempts using this method should avoid 

purification by column chromatography and use crude 46 for subsequent reactions. 

 

 

Scheme 6: E2 elimination mechanism suggesting hydrolysis of 46 during purification on flash silica, leading to its 

decomposition. 

Continuing with Scheme 2, compound 46 then underwent installation of the β-acetyl group via 

the well-defined Koenigs-Knorr reaction, using silver acetate (AgOAc) (see Scheme 7) to form 

47. The synthetic approach involves (a) a heavy-metal salt used to facilitate displacement of 

the anomeric halogen; (b) shielding of the anomeric face via participation of the C2-acetate; 

and (c) the alcohol or acetate ion approaching from the equatorial position to afford the β-sugar 

47. Following a Koenigs-Knorr published synthetic protocol from 1901289 using AgOAc, 47 

was successfully isolated after 90 minutes at 93% yield. Compound 47 was characterised as 

exclusively the β-anomer by 1H NMR, with a significant shift at δ 5.67 (1H, d, J1,2 = 8.2 Hz) 

clearly indicative of an axial-axial H1-H2 coupling. 

 

 

Scheme 7: Koenigs-Knorr mechanism displaying formation of 47 from 46 using AgOAc. 

Further manipulation of 47 was then carried out by reacting with PCl5, BF3·OEt2 in DCM for 

20 mins according to the procedure of Zetterberg et al., to afford 48.201 An initial small-scale 
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reaction ran for 1 hour instead of the reported 20 minutes, as monitoring by TLC at 20 minutes 

revealed 47 was still present, thus the additional reaction time was thought to permit continued 

formation of 48. Following an aqueous workup, the chloro-sugar was isolated at 95% yield 

with the chloro-moiety being installed 83% equatorially (β-anomer, 48) and 17% axially (α-

anomer, 55) (see Scheme 8). The α-anomeric product 48 was confirmed with a peak at δ 6.27 

ppm (d, J1,2 = 3.8 Hz) integrating to 0.2 and a β-anomeric peak at δ 5.23 (d, J1,2 = 8.8 Hz), 

integrating to 1.00. When the chlorine is equatorial the H1 is axial and therefore the H1-H2 

coupling will be an axial-axial coupling of ~6-9 Hz for the Gal scaffold.286 The J1,2 coupling 

seen for 48 was 8.8 Hz (Scheme 8) consistent with the β-anomer. Conversely, when the 

chlorine is axial the H1 is equatorial giving compound 55 (Scheme 8), which results in a smaller 

J1,2 coupling of 3.8 Hz due to the equatorial-axial coupling of H1-H2. As mentioned above for 

the bromination of 45 to 46 (Scheme 2 (h)), anomeric halogens preferentially position in an 

axial geometry due to the increased stability in comparison to the equatorial position, possibly 

explaining the formation of 55. However, if reacted for a short duration, PCl5 is known to 

favour the formation of a β-sugar.290  

 

Therefore, as only 48 was the desired product, a second attempt aiming to increase the yield of 

48 and exclude formation of 55, was carried out using the same reagents as the first attempt, 

but strictly adhering to a 20-minute reaction time. Pleasingly 47 was chlorinated to produce 

exclusively the β-anomer (48) in 98% yield, confirmed by NMR.201 This clearly indicated that 

the shortened reaction time of 20 minutes was required to exclude formation of the undesired 

α-anomer - which evidently accumulates under these reaction conditions beyond a 20 minute 

reaction time, due to the axial stability of acetylglycosyl halides. 

 

Scheme 8: Attempt one to synthesise 48 with a reaction time of 1 hour afforded 83% of the desired β-anomer (48) 

and 17% the undesired α-anomer (55). The blue arrows depict the larger axial-axial, J1,2, coupling seen for a β-

sugar and the smaller equitorial-axial, J1,2, coupling seen for the α-sugar. 



49 

 

Towards the synthesis of 50, 2-(4-mercaptophenyl) acetic acid was firstly esterified to provide 

49, following a procedure reported by Rullo et al.,291 using acetyl chloride and MeOH to afford 

49 in 56% yield. The successful esterification of 49 was confirmed by the appearance of a 

methyl peak in both 1H and 13C NMR at δ 3.68 ppm (3H, s) and δ 52.3 ppm, respectively.  

 

 Zetterberg et al.201 published a generic synthetic protocol for coupling a series of thiophenyl 

compounds to the same β-chloro-Gal scaffold as 48, with an average reported yield of 39%. 

The series of thiophenyl scaffolds had halogens such as chlorine and bromine at the ortho 

and/or para positions. Compound 49 presents a novel thiophenyl scaffold with a methyl ester 

functional group. The generic synthetical protocol from Zetterberg et al. was adapted and 

employed to couple 48 and 49, reaction k in Scheme 2, to provide the novel α-thiophenyl sugar, 

50. In this work, the β-chloro-sugar 48 was combined with 49 in 60% NaH in DMF and stirred 

for 1 hour at 50 ºC, followed by room temperature overnight, concentrated in vacuo and 

purified by column chromatography to give 50 in 48% yield. Characterisation by ESI-MS, 1D 

and 2D NMR spectroscopy confirmed the structure of 50. ESI-MS gave a single peak at m/z 

517.8 consistent with [M+Na]+ (C21H25NaN3O9S). 1H NMR characterisation verified only the 

α-thiophenyl was formed, displaying a doublet at δ 5.92 ppm (1H, d, J1,2 = 5.5 Hz), indicative 

of a H1-H2 axial-axial coupling. The 2D NMR spectra assisted in assigning all hydrogens and 

carbons observed in the 1H and 13C NMR spectra. Figure 24 displays the 1H-1H COSY NMR 

for 50, providing clear assignment of the H1 to H6 spin system, consistent with the structure 

shown. All 1H and 13C NMR peaks were consistent with literature reported for 50.201 

CH2     CH3     
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Figure 24: 1H-1H COSY NMR (CDCl3, 298 K) representing the coupling of ring protons in 50. 

 

The next challenge in the synthetic scheme was the click addition of the trifluorophenyl moiety 

56 (see Scheme 9) to the C3 position of the novel compound 50. Zetterberg et al.,201 reported 

a copper catalysed azide-alkyne cycloaddition (click chemistry) and subsequent deprotection 

protocol for  similar compounds to those we desired to couple, although the reported yields 

were low at around 19%, which was of concern. Completing the 'modified galectin-3 ligand' 

synthesis (Scheme 2) with adequate material in hand to then go on and couple this to the E3-

ligase ligand (via the PEG linker) required careful attention to the overall synthetic yield and 

therefore individual reaction yields. With this in mind, we employed a microwave reactor to 

explore its potential to increase the yield in the cycloaddition of 50 with sialylated 

trifluorophenyl alkyne 56 to afford the novel 51 (Scheme 9). Interestingly, Zetterberg et al.201 

used the silyl alkyne (56) when forming the α-thiophenyl sugar, yet when forming the β-

thiophenyl sugar used the simpler alkyne 3,4,5-trifluorophenylacetylene. The employment of 

a different reagent for a different anomer suggests the electronics need to be modified with an 

electron donating moiety such as the trimethyl silyl group to activate the alkyne and facilitate 

the click cycloaddition for an α-thiophenyl sugar, as seen in Scheme 9. 

H1     
H3   

H2   H4   H5   H6a/b   

ArH     ArH     
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Scheme 9: Microwave-assisted synthesis of 51 from the azide-sugar 50 and the alkyne 56 under different reaction 

conditions. Conditions: (a1) 2 Eq Alkyne (56), CuI, DIPEA, DMF, 80ºC, 1 hr + 30 mins; (a2) 4 Eq Alkyne (56), 

CuI, DIPEA, DMF, 80ºC, 1 hr + 1hr; (a3) 2 Eq Alkyne (56), CuI, DIPEA, DMF, 80ºC, 15 min + 15 min + 15 min; 

(a4) 3 Eq Alkyne (56), CuI, DIPEA, DMF, 80ºC, 1hr + 30 min + 30 min. 

 

Scheme 9 outlines four reactions (a1 to a4) with 50, the tri-fluorinated silyl alkyne 56, CuI and 

DIPEA dissolved in DMF and stirred at 80ºC for various reaction times in a CEM Discover® 

SP Explorer Hybrid-12 microwave system with single mode cavity. The reaction times are 

displayed in Table 7 incrementally, with the reaction removed from the reactor at the end of 

each time point and monitored by TLC before undergoing further reaction. 

 

 

Table 7: Microwave-assisted synthesis of 51 at 80ºC: optimisation of duration and equivalents of alkyne (56). 

Compound 50 was the limiting reagent in all reactions (1 Eq). CuI was at an equivalent of 0.5 and DIPEA at an 

equivalent of 1.0 for all experiments. The volume of DMF was 4 mL in each reaction. The incremental duration 

indicates stopping and starting of the microwave reactor. 

Attempt Duration (mins) Alkyne (56) (Eq) % Yield 

1 (a1) 60 + 30  2  73% 

2 (a2) 60 + 60 2 + 2 84% 

3 (a3) 15 + 15 + 15  2 84% 

4 (a4) 60 + 30 + 30  3  86% 

 

TLC monitoring of attempt one (a1) after 60 mins, suggested the reaction was incomplete as 

there was still azide sugar 50 and the alkyne 56 present. Therefore, the reaction mixture was 

subjected to an additional 30 minutes in the microwave reactor, with the remaining 56 being 

consumed, although some of the starting material 50 remained. The reaction was stopped, 

worked up then purified (flash chromatography) to give a 73% yield of 51. This was a very 

pleasing result as the published method of Zetterberg et al. reported yields ~ 19% using a non-
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microwave-assisted approach.201 ESI-MS verified the isolation of 51 with a single peak at m/z 

673.8. FTIR also reinforced the formation of 51, due to the absence of the azide functionality 

seen in 50 at 2100 cm-1. 1H NMR displayed a single proton at δ 7.78 (1H, s) indicative of the 

triazole proton and 13C NMR exhibited the corresponding carbon at δ 119.7, confirmed as the 

triazole carbon by 2D HSQC. The remaining NMR data further confirmed the structure of 51.  

 

With the desire to further improve on the yield obtained in a1, the reaction was repeated, with 

the addition of an extra 2 equivalents of 56 after 60 mins (4 equivalents total), to give a total 

microwave reaction time of 120 minutes with 1 equivalent of the sugar 50 (a2). The additional 

2 equivalents of alkyne afforded a modest increase in the yield of 51 to 84%, confirmed as the 

desired product by comparison of the TLC, 1D NMR and ESI-MS data generated for the 

characterised product from attempt one. 

 

As the amount of alkyne reagent (56) that we had was very limited and expensive, we wanted 

to further improve the yield if possible, to maximise the quantity of the final product. Therefore, 

modification of reaction time was also explored. We wondered if the product (51) was indeed 

being formed fairly rapidly, then undergoing some degradation. To investigate this, we used a 

shorter reaction time, stopping the reaction at 15 minutes to run a TLC which indicated that 

approximately 50% sugar-azide starting material (50) and 50% product (51) were present. A 

further 15 minutes in the microwave reactor was then carried out, followed by TLC of the 

reaction mixture. This indicated that approximately only 10% of the starting material (50) and 

90% product (51) was in the reaction mixture. An additional 15 minutes (45 minutes in total) 

of reactor time revealed no additional conversion from 50 to 51. Suggesting the reaction had 

plateaued at 30 minutes, or perhaps the stopping and starting of the microwave reactor every 

15 minutes interfered with the rate of conversion. This attempt (Table 7 (a3)) provided an 84% 

yield, the same as attempt two (a2), but without any additional alkyne required.  

 

The fourth attempt (a4) employed an uninterrupted initial reaction time of 60 mins, along with 

3 equivalents of alkyne 56. TLC indicated that the majority of 50 had been converted to the 

product (51), although as expected a substantial amount of alkyne 56 was also still present in 

the reaction mixture. Thus, the reaction was microwaved for an extra 30 minutes to try driving 

the reaction to completion. However, no change in the amount of product 51, azide sugar 50 

or alkyne 56 was observed by TLC. An additional few drops of alkyne 56 were added and the 
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reaction was resubmitted for a further 30 minutes, endeavouring to retrieve additional 51. TLC 

after a total microwave reaction time of 2 hours revealed no difference in comparison to the 

TLC at 1 hour. Nonetheless, the fourth attempt (a4) provided the highest yield of 86%. FTIR, 

1D and 2D NMR confirmed the identity of the product as 51. ESI-MS gave further 

confirmation with a single ion for [M+Na]+ m/z 673.8. 

 

Acetate deprotection of 51 then proceeded by stirring with NaOMe in methanol for 90 minutes, 

purification by flash silica chromatography to remove the sodium acetate salts, followed by 

preparative HPLC (see section 4.2.1), to afford the novel target 'modified galectin-3 inhibitor' 

37 in a 68% yield. Target compound 37 gave a single ESI-MS ion at m/z 548.2, consistent with 

the formula C23H22F3N3O6S. 1H and 13C NMR confirmed successful deprotection due to the 

disappearance of methyl peaks at δ 2.05, 1.98 and 1.96 ppm in 1H NMR and δ 20.6, 20.6 and 

20.4 ppm in 13C NMR. Moreover, 13C NMR no longer displayed carbonyl signals at δ 170.3, 

169.6 and 169.2 ppm. 2D COSY and HSQC supported 1H and 13C assignments to verify the 

structure of 37. For the final two steps of the synthesis (Scheme 2 (l and m)), an overall yield 

of 58% was achieved, significantly improving the published yield of 19% for similar 

compounds. This was achieved via the greatly increased efficiency of the click microwave 

reaction. All NMR spectra are assigned in section 4.2.2 Synthesis of the Modified Galectin-3 

Inhibitor and the raw spectra are included in section 6.1 Appendix 2. 

 

Following the successful completion of the synthesis of the 'modified galectin-3 inhibitor', the 

PEG-linker-thalidomide moiety was synthesised following the published protocol of Winter et 

al.276 
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2.2.2 Synthesis of the PEG-Linker-Thalidomide Moiety (35) 

 

 

Scheme 10: PEG-linker-thalidomide synthetic scheme. Reagents and conditions: (a) Boc2O, 1,4-Dioxane, rt, O/N, 

79%; (b) Chloroacetyl chloride, DIPEA, THF, 0ºC →  rt, 3 hrs, 85%; (c) MeOH, 70ºC, 3 hrs → CH3I, DMF, 

50ºC, 3 hrs, 77%; (d) Cs2CO3, ACN, 80ºC, O/N, 48%; (e) 3M NaOH, EtOH, 80ºC, 2 hrs, 58%; (f) 3-

aminopiperidine, Pyr, 110ºC, 17 hrs → 90% CF3COOH, 50ºC, 2 hrs. Step (f) was not attempted as 63 degraded. 

Towards the assembly of the CRBN-galectin-3 PROTAC 36, the PEG-linker-thalidomide 

moiety synthesis was initiated guided by published procedures276,292 and laboratory notes from 

a previous researcher working with Professor von Itzstein and Dr Grice (Institute for 

Glycomics) on the project (unpublished).    

The synthesis was initiated by carrying out the mono-BOC protection on the purchased bis-

amino PEG compound 57, following the procedure of Zhang et al.292 The protocol involved 

slowly adding 1 equivalent of BOC anhydride to 8 equivalents of 57 in 1,4-dioxane, to ensure 
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only one amine of the lipid starting material was selectively protected. Formation of 58 was 

afforded in 79% yield, with characterization confirmed by 1H and 13C NMR spectra consistent 

with the published literature.291 1H NMR revealed selective mono-amine protection, as only a 

single BOC peak with a chemical shift of δ 1.42 ppm integrating to 9H was evident. 13C NMR 

confirmed the presence of a carbonyl with a peak at δ 156.2 ppm.  

 

With compound 58 in hand, the literature protocol of Winter et al.,276 was followed to react 58 

with chloroacetyl chloride and DIPEA in THF to afford 59 in 85% yield following aqueous 

partitioning. 1H NMR data for 59 was consistent with the reported spectral data, with an 

indicative chemical shift at δ 4.03 ppm, corresponding to the methylene (CH2) of the acetyl 

chloride.276  13C NMR displayed an additional carbonyl peak at δ 166.0 ppm and an extra CH2 

peak at δ 42.8 ppm also indicating the successful installation of the acetyl chloride to give 59.  

 

Following on in Scheme 10, isolation of compound 59 allowed for its coupling to the 

thalidomide precursor moiety 61 to form 62. The thalidomide precursor moiety 61 (Scheme 10 

(c)) was prepared following a procedure from the von Itzstein group (unpublished). Synthesis 

of 61 involved stirring purchased 3-hydroxyphthalic anhydride (60) with MeOH at 70ºC for 3 

hours, followed by concentration in vacuo. The crude residue was then redissolved in DMF 

and subjected to CH3I and allowed to react for a further 3 hours at 50ºC. Following workup 

and purification by column chromatography, 61 was afforded in 77% yield, with structural 

characterisation confirmed by NMR spectroscopy. The 1H NMR spectrum displayed two 

singlets at δ 3.89 and δ 3.87 ppm, each integrating to 3H and the 13C NMR spectrum exhibited 

two peaks at δ 53.0 and δ 52.8 ppm corresponding to the installed methyl groups on 61. 

 

The successful conjugation of 59 to 61 via an ether linkage, was carried out by reacting 59 and 

61 with cesium carbonate in acetonitrile, stirring overnight at 80ºC, followed by flash 

chromatography purification to afford 62 in 48% yield. Winter et al.,276 reported a yield of 89% 

for this procedure, however a previous attempt of this protocol by a researcher in the von 

Itzstein group obtained a yield similar to that obtained here. Characterisation by 1H and 13C 

NMR confirmed successful formation of 62 and was consistent with reported literature.276 

Notable in the 1H NMR were three aromatic signals each integrating to 1H at δ 7.64, 7.46 and 

7.12 ppm and two methyl peaks each integrating to 3H at δ 3.94 ppm and 3.90 ppm. Further, 

the 13C NMR spectrum displayed the methyl peaks at δ 53.1 and 52.9 ppm.  
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Following conjugation, ring closure to give the phthalate 63 was achieved via a reported 

protocol276 whereby reaction of 62 with 3 M NaOH in EtOH for 2 hours at 80ºC, afforded 63 

in a crude yield of 58%.  Comparison of the 1H NMR for 63 and 62 showed the disappearance 

of the two methyl groups in the 1H and 13C NMR spectra, indicating successful demethylation.  

 

Final conversion of the phthalate-linker 63 to the thalidomide-linker 35 was not immediately 

progressed (Scheme 10 (f)). The compound was stored in the freezer, sealed in a vial for one 

week, then while attempting to purify 63 in preparation for carrying out this reaction it 

decomposed. This was evident from a 1H NMR after flash column chromatography revealing 

only a segment of the lipid moiety remained. All peaks indicative of the phthalate group were 

missing, as were several CH2 groups and the carbonyl connecting the linker to the aromatic 

substituent. The red line and X on 63 (Scheme 11 (a)) indicates the likely site of cleavage. 

Decomposition of 63 may have occurred via a hydrolysis mechanism as illustrated in Scheme 

11 (b), providing fragments 64 and 58. However as the 1H and 13C NMR of the decomposed 

product does not match that previously obtained for 58, further hydrolysis likely occurred at 

the red line labelled Y on 58 (Scheme 11 (b)). The 1H and 13C NMR generated for the 

decomposed product supports the formation of 65, with peaks for only a fragment of the lipid 

moiety present in the post-purification spectrum. The mono-BOC group was recognized on the 

decomposed material with a 1H NMR peak at δ 1.44 ppm (9H, s) and 13C NMR peaks at δ 69.4 

and δ 27.4 ppm. Further, a single carbonyl peak was identified at δ 155.0 ppm and CH2 peaks 

at δ 69.6, 69.2, 68.5, 37.7 and 28.6 ppm, giving evidence of structure 65. The NH group was 

indicated by a small singlet in the 1H NMR at δ 4.96 ppm (1H, s) with the ten remaining protons 

for the CH2 groups reflected by the two multiplets, two triplets and a quintet integrating to two 

protons each. Moreover, no aromatic substituent was seen, perhaps indicating that 64 went on 

to undergo further decomposition. Overall, the data acquired on the degraded product 63 

indicated that one of the decomposition products was 65. All NMR spectra for the PEG-Linker-

Thalidomide moiety are assigned in section 4.2.3 Synthesis of the PEG-Linker-Thalidomide 

and the raw spectra are included in section 6.1 Appendix 2. 
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Scheme 11: Potential decomposition of compound 63. (a) The red line labelled X represents the potential cleavage 

point of 63 leading to its decomposition. (b) A proposed mechanism for the hydrolysis of the amide bond in 63 to 

provide 58 and 64. Compound 58 then underwent further hydrolysis to provide 65, verified by 1H and 13C NMR. 

The published synthetic protocol from Winter et al.276 to obtain 63, confirmed their 

demethylation of 62 only by liquid chromatography-mass spectrometry (LCMS), then 

proceeding directly to the final transformation to synthesise 35. This suggests that they also 

were aware that 63 is susceptible to hydrolytic cleavage on flash silica and needs to be used in 

the subsequent reaction without purification or delay. Due to project time constraints, Scheme 

10 was not able to be repeated and therefore the thalidomide-PEG linker (35) was not 

completed for coupling to the 'modified galectin-3 inhibitor' (34), thus not permitting 

completion of aim 2 (i) and (ii). However, aim 3 regarding investigation into the binding 

potential of the modified galectin-3 inhibitor with a terminal methyl ester 37 (final target 

Scheme 2) and the small library of iminosugars (20-23) with galectin-3 were explored using 

STD NMR spectroscopy. Compound 37 was not demethylated to afford the free terminal 

carboxylic acid seen in 34 (Scheme 1), as we did not want the carboxylic acid interacting with 

the protein when there should have been a PEG-linker present off this position. Thus, we kept 

the terminal methyl ester present and performed the STD NMR investigation with compound 

37. 
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2.3 Saturation Transfer Difference (STD) NMR Spectroscopy 

Saturation Transfer Difference (STD) NMR spectroscopy was utilised to investigate the 

binding potential of: (i) the synthesised ‘modified galectin-3 inhibitor’ 37; and (ii) the four 

iminosugars 20-23 (see Table 8). Unfortunately, due to the PEG-linker-thalidomide moiety 

decomposing it could not be coupled to the ‘modified galectin-3 inhibitor’ to form the target 

galectin-3 PROTAC 36 and therefore this could not be included in the STD NMR spectroscopy 

experiments, although this was one of the principal project aims. 

 

The galectin-3 CRD protein utilised in the STD NMR studies was expressed and purified by a 

member of the von Itzstein group as outlined in section 4.3. LacNAc was initially chosen as 

the positive control for our STD NMR experiments due to its well characterised binding affinity 

for galectin-3 (Kd = 67 μM). Unfortunately, LacNAc did not provide a suitable STD NMR 

signal in these experiments, so we then selected Lac for use as the positive control (Lac Kd = 

0.6 – 1 mM).  

 

High concentrations (500 μM or 1 mM) of all ligands  (20-23 and 37 (See Figure 25)) were 

used to ensure intense NMR signals were generated for integration. Final concentration of the 

protein was 10 μM for the standard 1H STD NMR and 20 μM for competition STD NMR. All 

samples were prepared at a total volume of 600 μL containing 85% PBS, 10% D2O and 5% d6-

DMSO. The d6-DMSO was required to solubilise the synthesised galectin-3 inhibitor 37, as it 

was only slightly water soluble. Table 8 lists the labels used for the compounds investigated 

by STD NMR in the subsequent experiments and spectra. 

 

 

Figure 25: Compounds 20-23 and 37 were investigated by STD NMR with human galectin-3 to explore their binding potential. 
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Initial 1H NMR spectra were generated for each ligand (see Figure 26) to provide a standard 

spectrum for comparison to the STD NMR experiments. These spectra also enabled us to 

identify compounds with signature NMR peaks that would allow a combination of two 

iminosugars into singular experiments when testing with galectin-3 in subsequent 1H STD 

NMR experiments (see Figure 27). Combining ligands in experiments provided a shortened 

protocol time and faster data acquisition, which was of relevance when using the 600 MHz 

NMR spectrometer. Therefore, we combined iminosugar 20 and 21 as their 1H NMR spectra 

varied enough to allow differentiation upon saturation transfer with galectin-3 in the STD NMR 

analysis. Iminosugars 22 and 23 were also combined for the aforementioned reasons. All 

samples contained 10 μM of galectin-3 protein and 500 μM of ligand, as stated in Figure 26. 

 

 

 

Figure 26: Initial standard 1H NMR with solvent suppression (p3919gp), 32 scans, 298 K, PBS. Spectra (b) = 1-

deoxygalactonojirimycin (20), Spectra (c) = N-butyl-1-deoxygalactonojirimycin (21), Spectra (d) = N-(2-

hydroxyethyl)-1-deoxygalactonojirimycin (22), Spectra (e) = N-(5-carboxypentyl)-1-deoxygalactonojirimycin 

(23), Spectra (f) = Synthesised ‘modified galectin-3 inhibitor’ (37). PBS is observed at 4.59 ppm and d6-DMSO 

is observed as a quintet (apparent singlet) at 2.50 ppm in all spectra. 

 

 

500 μM 37 

510 μL PBS H2O pH 7.5, 60 μL D2O, 30 μL d6-DMSO 

T = 298 K 

 

500 μM Lactose 

510 μL PBS H2O pH 7.5, 60 μL D2O, 30 μL d6-DMSO 

T = 298 K 

 1 mM 20 

510 μL PBS H2O pH 7.5, 60 μL D2O, 30 μL d6-DMSO 

T = 298 K 

 1 mM 21 

510 μL PBS H2O pH 7.5, 60 μL D2O, 30 μL d6-DMSO 

T = 298 K 

 1 mM 22 

510 μL PBS H2O pH 7.5, 60 μL D2O, 30 μL d6-DMSO 

T = 298 K 

 1 mM 23 

510 μL PBS H2O pH 7.5, 60 μL D2O, 30 μL d6-DMSO 

T = 298 K 

 

(a) 

 

(b) 

 

 

(c) 

 

 
(d) 
 

 

(e) 

 

(f) 
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Prior to adding galectin-3, a 1H STD NMR was performed for each ligand to account for any 

self-STD NMR signals the ligand may exhibit in the absence of the protein. All self-STD 

effects are identified by a red asterisk (*) in Figure 27. 21 exhibited a large self-STD effect at 

δ 0.74 ppm (Figure 27 (b)), while 23 displayed a smaller self-STD effect at δ 1.13 ppm (Figure 

27 (c)). Spectra (e) in Figure 27 illustrates the STD NMR signals of galectin-3 without any 

ligand present. Providing a negative control for any subsequent spectra containing galectin-3 

to be compared to, avoiding any false positive STD signals. 

 

 

Figure 27: 1H STD NMR with solvent suppression (stddiffgp19.3), 512 scans, 298 K, PBS. Spectra (a) to (d) 

represent the different combinations of 10 μM galectin-3 and 500 μM of ligand as described on the graph. Spectra 

(e) is 10 μM galectin-3 only to provide a negative control as a comparison for all other 1H STD NMR spectra. 

The red asterisks (*) indicate self-STD signals produced by the compounds in the absence of galectin-3. The 

asterisk in spectra (b) is from 21 and the asterisk in spectra (c) is from 23. The red arrows (↓ or →) indicate a 

positive STD NMR signal indicating association of that ligand with galectin-3. The red arrows are seen in spectra 

(a) as (↓)  for Lac and in spectra (d) as (→) 37. 

 

Figure 27 offers evidence that both Lac and 37 bind to galectin-3 and deliver a detectable STD 

NMR signal, as indicated by the red arrows (↓ for Lac, → for 37). Spectrum (a) exhibits a 

cluster of STD NMR signals at approximately δ 3.55 ppm to indicate Lac binding. Figure 28 

(compound 1) illustrates the protons involved in generating these signals on Lac, characterized 

10 μM Galectin-3 + 500 μM Lactose 

510 μL PBS H2O pH 7.5, 60 μL D2O, 30 μL d6-DMSO 

T= 298 K 

10 μM Galectin-3 + 500 μM 20 + 500 μM 21 

510 μL PBS H2O pH 7.5, 60 μL D2O, 30 μL d6-DMSO 

T= 298 K 

10 μM Galectin-3 + 500 μM 22 + 500 μM 23 

510 μL PBS H2O pH 7.5, 60 μL D2O, 30 μL d6-DMSO 

T= 298 K 

10 μM Galectin-3 + 500 μM 37 

510 μL PBS H2O pH 7.5, 60 μL D2O, 30 μL d6-DMSO 

T= 298 K 

10 μM Galectin-3 only 

510 μL PBS H2O pH 7.5, 60 μL D2O, 30 μL d6-DMSO 

T= 298 K 

* 

* 

(a) 

 
 

(b) 

 

 

(c) 

 

 

(d) 

 

 

(e) 

 

↓ 

↓
 ↓
 

↓
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from the Lac 1H NMR spectra as Gal-H4 at δ 3.61 ppm (Figure 28 (1-H4)), Gal-H6a/b at δ 3.51 

ppm (Figure 28 (1-H6)) and Glu-H3 at δ 3.55 ppm (Figure 28 (1-H3)). 

 

Spectrum (d) in Figure 27 displays 3 clusters of peaks, each at δ 8.37, δ 7.48 -7.14 and δ 3.55 

ppm, representing 37 binding to galectin-3. Figure 28 (compound 37) represents the hydrogens 

delivering the STD NMR signal to indicate binding of 37 to galectin-3. The downfield signals 

seen in the STD NMR indicate excitation of the protons on the C3-triflurophenyl, δ 7.42 ppm 

(Figure 28 (37-HF)), on the triazole ring, δ 8.37 ppm (Figure 28 (37-H)) and the protons on the 

C1-thiophenyl, δ 7.46 and δ 7.16 ppm (Figure 28 (37-HS1 and HS2)). This indicates that the C3-

substiuents and C1-thiophenyl on the ‘modified galectin-3 inhibitor’ were interacting with the 

galectin-3 CRD. The upfield STD NMR multiplet in Figure 27 spectra (d) at δ 3.55 ppm 

represents the protons at the C6 position of Gal (Figure 28 (37-H6)), specifically the H6a and 

H6b, indicating they also received saturation transfer via being in close contact with galectin-

3. Interaction of the Gal C4-hydroxyl cannot be seen in the STD NMR spectra, as the signal 

for H4 falls at approximately δ 4.20 ppm behind the large PBS signal.  

 

 

Figure 28: The red protons on compound 1 (Lac) and 37 (‘modified galectin-3 inhibitor) represent the protons 

that delivered an STD NMR signal due to close interaction with the galectin-3 CRD. 

 

Unfortunately, none of the iminosugars provided a visible STD NMR signal in Figure 27 

spectra (b) and (c). This is potentially due to their small monosaccharide scaffold or a weak 

binding affinity. No published references describing galectin-3 investigated by STD NMR 

were identified in the literature, so no reference data could be compared. 

 

STD NMR relies on a protein-ligand interaction that is long enough to exchange magnetization 

to the ligand and release it into solution where the magnetization can be observed. A weak-

affinity ligand may not interact with the protein long enough to successfully receive 
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magnetization transfer and thus is not detectable when free in solution. An optimal balance of 

bound and free ligand must be met to observe a positive STD NMR signal.  

  

Galectin-3 is known to bind terminal cell surface Gal residues to initiate signalling cascades or 

cell-to-cell adhesion.293 However, the binding affinity of free Gal with galectin-3 has not been 

investigated.  It is expected that the binding of free Gal would be weaker than that of Lac due 

to its smaller monosaccharide scaffold, having fewer ligand-protein interactions. Following 

this reasoning we would expect that the iminosugars with a monosaccharide scaffold may also 

offer weak binding interactions with galectin-3, and therefore not produce observable STD 

NMR signals. As the molecular docking investigated in section 2.1 appeared successful, the 

potential for iminosugars to bind into the galectin-3 CRD requires further investigation. 

Perhaps surface plasmon resonance (SPR) or isothermal titration calorimetry (ITC) analysis 

would provide additional information on the binding efficacy of these iminosugars for galectin-

3. SPR experiments are currently being carried out in the Institute for Glycomics on the four 

iminosugars with galectin-3 to further explore their binding potential. 

 

The synthesised galectin-3 inhibitor (37) and Lac did provide positive STD NMR signals 

allowing additional STD NMR competition experiments to be performed. Combining two 

ligands in the presence of a protein in a competition STD NMR experiment allows easy ranking 

of binding affinity. As Lac is a natural ligand for galectin-3 it is important that a therapeutic 

target can outcompete for the binding site to displace Lac.  

 

Competition STD NMR experiments were performed with the concentration of galectin-3 

increased to 20 μM for all tests, to ensure adequate signals were generated. Experiment (a) and 

(b) in Figure 29 display the spectra generated for galectin-3 with Lac (a); and galectin-3 with 

37 (b). These were generated to provide a standard spectrum to compare to the competition 

STD NMR spectra (c) and (d). Experiment (c) in Figure 29 investigated competition for 

galectin-3 with each of the ligands in a 1:1 ratio; 500 μM of 37 and 500 μM of Lac. The final 

competition experiment shown in Figure 29 (d) had 500 μM 37 and 5000 μM of Lac, providing 

a ratio of 1:10 of 37 to Lac. 
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Figure 29: Competition STD NMR with solvent suppression (stddiffgp19.3), 1024 scans, 298 K, PBS. Each 

experiment contained 20 μM of galectin-3 protein. Spectra (a) and (b) represent the STD NMR signals for 

galectin-3 with 500 μM of Lac (a) and 500 μM 37 (b). Spectra (c) displays the competition STD NMR output when 

20 μM galectin-3 was in solution with a 1:1 concentration ratio of ligands; 500 μM 37 and 500 μM Lac. Spectra 

(d) depicts the competition STD NMR with 20 μM galectin-3 and a 1:10 concentration ratio of ligands; 500 μM 

37 and 5000 μM Lac. Red arrows (↓ or →) indicate positive STD NMR signals. Down arrows (↓) indicate Lac 

binding, whereas horizontal arrows (→) indicate 37 binding. 

 

An expanded region of the competition STD NMR spectra between 7.0-8.6 ppm can be seen 

in Figure 30. A singlet at δ 8.37 ppm, a doublet at δ 7.46 ppm, a triplet at δ 7.42 ppm and a 

doublet at δ 7.14 ppm are seen in the presence of 37 (Figure 30 (b)) but not with Lac (Figure 

30 (a)). These signals are consistent with those reported in Figure 27 spectra (b) and indicate 

the same protons interacting with galectin-3 as discussed above and highlighted red in Figure 

28; C3-trifluorophenyl, C3-triazole and the C1-thiophenyl. The STD NMR signals seen in 

Figure 30 (b) are observed for the competition STD NMR experiments in both the 1:1, 37:Lac 

spectrum (Figure 30 (c)), and the 1:10, 37:Lac spectrum (Figure 30 (d)). The results indicate 

that Lac cannot displace 37 binding to galectin-3, even when at a 10-fold higher concentration.  

 

20 μM Galectin-3 + 500 μM Lactose 

510 μL PBS H2O pH 7.5, 60 μL D2O, 30 μL d6-DMSO 

T=298 K 

20 μM Galectin-3 + 500 μM 37 

510 μL PBS H2O pH 7.5, 60 μL D2O, 30 μL d6-DMSO 

T=298 K 

20 μM Galectin-3 + 500 μM 37 + 500 μM Lactose 

510 μL PBS H2O pH 7.5, 60 μL D2O, 30 μL d6-DMSO 

T=298 K 

20 μM Galectin-3 + 500 μM 37 + 5000 μM Lactose 

510 μL PBS H2O pH 7.5, 60 μL D2O, 30 μL d6-DMSO 

T=298 K 

(a) 

 
 

 

(b) 

 

 

(c) 

 

 

 

(d) 

 

→ 
→ 

→ → 
→ → 

→
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Figure 30: An expanded region of the competition STD NMR spectra from 3.00-4.40 ppm. Red arrows (→) in 

spectra (b) indicate positive 37 STD NMR signals. The same STD NMR signals are seen in spectra (c) and (d) 

indicating Lac cannot displace 37 binding to galectin-3. 

 

Figure 31 is an expansion of the 3.00 - 4.40 ppm region of the competition STD NMR spectra. 

In Figure 31 spectra (a), a broad cluster of peaks is observed at approximately δ 3.55 ppm, 

indicative of Lac binding with galectin-3 (See red arrow ↓). As defined above in Figure 27 

spectra (a) and in Figure 28 (compound 1), this cluster signifies the interaction of Gal-H4, Gal-

H6 and Glu-H3 on Lac with the galectin-3 CRD. A smaller cluster of peaks seen in Figure 31 

spectra (b) at δ 3.58 ppm (See red arrow →), signifies a multiplet generated from the Gal H6a 

and H6b protons, as discussed in Figure 27 and Figure 28 (compound 37). The tall singlet 

observed in spectra (b) Figure 31 at δ 3.54 ppm (see red arrow →) corresponds to the CH2 

group between the α-thiophenyl and methyl ester at the C1 position of 37. Suggesting this 

substituent may be interacting with the galectin-3 CRD or is receiving saturation transfer from 

the aromatic α-thiophenyl next to it, which has been confirmed to receive magnetization from 

the protein (Figure 30 (b) δ 7.46 and δ 7.14 ppm). A signal from this CH2 group was not 

observed in the previous STD NMR (Figure 27 (d)), with a smaller concentration of protein at 

10 μM. Perhaps the increased concentration to 20 μM of protein used in the competition STD 

NMR (Figure 29 (b) and 31 (b)) provided enhanced saturation transfer from galectin-3 to 37, 

20 μM Galectin-3 + 500 μM Lactose 

20 μM Galectin-3 + 500 μM 37 

 

 

20 μM Galectin-3 + 500 μM 37 + 500 μM Lactose 

 

 

20 μM Galectin-3 + 500 μM 37 + 5000 μM Lactose 

 

 

(a) 
 

 

 

(b) 

 

 

(c) 

 
 

 

(d) 

 

→ 

→ 

→ 

→ 
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generating an additional STD NMR signal. Experiments (c) and (d) in Figure 30 display the 

peaks indicative of 37 binding and not of Lac. The conclusion from these experiments is that 

37 can displace Lac binding to galectin-3, even when Lac is in a concentration 10-fold higher 

than 37 (Figure 31 (d)). 

 

Figure 31: An expanded region of the competition STD NMR spectra from 3.00 - 4.40 ppm. Down arrows (↓) in 

spectra (a) indicate positive Lac binding, horizontal arrows (→) in spectra (b) indicate positive 37 STD NMR 

signals. The same STD NMR signals are seen in spectra (c) and (d) indicating Lac cannot displace 37 binding to 

galectin-3. 

As the synthesised galectin-3 inhibitor cannot be displaced by Lac and can evidently displace 

Lac binding, it can be concluded that it has a stronger binding affinity for the galectin-3 CRD 

than Lac. This is not surprising as 37 is a modified analogue of a reported potent galectin-3 

inhibitor. However, the inclusion of the methyl ester off the thio-linked C1-aromatic moiety 

presented a modification to the inhibitor which we needed to verify had not affected its ability 

to bind galectin-3.  Docking experiments (section 2.1.2) clearly indicated that the methyl ester 

was extending outwards from the CRD, but the STD NMR experiments confirm that 37 in its 

modified form is a viable galectin-3 ligand. We have confidence therefore in proceeding with 

the coupling of this ligand to the PEG-linker-thalidomide as the wider project progresses.  

20 μM Galectin-3 + 500 μM Lactose 

20 μM Galectin-3 + 500 μM 37 

 

 

20 μM Galectin-3 + 500 μM 37 + 500 μM Lactose 

 

 

20 μM Galectin-3 + 500 μM 37 + 5000 μM Lactose 

 

 

(a) 
 

 

 

(b) 

 

 

(c) 

 

 

 

(d) 

 

→
 

→ 

→ 
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3.0 Summary and Future Directions 

Galectins are β-galactoside binding proteins responsible for numerous biological functions and 

are implicated in a range of pathological conditions. Galectin-3 in particular, is often exploited 

by cancerous cells to promote cell proliferation, angiogenesis, immune evasion, metastasis and 

multi drug resistance. Emphasising this lectin as a desirable therapeutic target for inhibition or 

even destruction via the novel PROTAC method. 

The potential of iminosugars to bind and inhibit galectin-3 displayed promise in the molecular 

docking analysis conducted with 1-DGNJ (20). Whereby 1-DGNJ bound in silico in a similar 

manner to Gal, suggesting the same hydrogen bonds and hydrophobic stacking interactions 

would occur. Unfortunately, STD NMR analysis did not provide information to support 

binding of the iminosugars with galectin-3. This may be due to the small monosaccharide 

scaffold of the iminosugars limiting their binding affinity and hindering the detection of any 

STD NMR signals. Nonetheless, the molecular docking provided data to suggest future 

investigation of the iminosugar template should be progressed.  

With this in mind, a future study on the molecular dynamic simulations of the four iminosugars 

(20-23) presented in this research should be performed. This would provide additional 

information regarding the interaction of the iminosugars within the galectin-3 binding groove. 

Moreover, analysis by SPR or ITC could determine if the iminosugars can bind to galectin-3 

and their corresponding Kd values could be calculated.  

The PROTAC targeting galectin-3 (36), which we propose is capable of hijacking the CRBN 

E3-ligase and thereby destroying galectin-3, was unfortunately not synthesised in this project. 

However, the 'modified galectin-3 ligand' (37) was successfully constructed and its binding 

affinity to galectin-3 was investigated by STD NMR. Results were positive and confirm that 

the ligand has a stronger binding affinity to the glaectin-3 CRD than Lac. MD simulations 

confirmed the terminal end of the ‘modified galectin-3 inhibitor’ protruded outside the binding 

site, thereby validating this position as an optimal point of attachment for the linker - that would 

not interfere with the ligand binding to galectin-3. Thus, resynthesising the linker-thalidomide 

moiety (35) and coupling to the ‘modified galectin-3 inhibitor’ (34) to afford the desired 

PROTAC (36) will be of the highest priority moving forward with this project. This would 
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then be followed by STD NMR analysis of the PROTAC (36) with galectin-3 and potentially 

investigation of binding affinity via SPR and ITC.  

 

Future experimentation with different linkers connecting the ‘modified galectin-3 inhibitor’ to 

thalidomide could provide an optimised linker length and composition to increase stability of 

the ternary complex required for successful ubiquitination of galectin-3. Moreover, 

investigation of different E3-ligase ligands such as those targeting MDM2, IAP or VHL could 

offer another template for an efficacious anti-cancer therapeutic targeting galectin-3. 

Specifically, MDM2, which is an oncogenic protein that negatively regulates transcriptional 

activity of p53. Nutlins can outcompete p53 binding to MDM2 and thus negate MDM2’s 

oncogenic ability. Coupling a nutlin-like molecule (Figure 14 (RG7112 (25) or RG7338 (26)) 

via a linker to the ‘modified galectin-3 inhibitor’ could potentially provide therapeutic 

destruction of galectin-3 and increase cellular concentrations of p53 to offer an anti-cancer 

chemotherapeutic targeting two pathways implicated in cancer.  

 

In conclusion, this research project successfully achieved:  

 

Aim 1: Performed molecular docking of 1-DGNJ (20) and MD simulations of the target 

galectin-3 inhibitor (37) with galectin-3 to visualise their binding characteristics. 

 

Aim 2: (i) Completed the synthesis and characterisation of a modified monosaccharide 

galectin-3 inhibitor (37).  

 

Aim 3: Conducted STD NMR studies on: (i) the modified galectin-3 inhibitor (37) and (ii) the 

small library of iminosugars (Figure 12, 20-23) with the galectin-3 CRD. Competition STD 

NMR confirmed 37 bound stronger than Lac. 

 

Achieving the aims for this research work has, (i) provided via molecular docking, insight into 

the therapeutic potential of iminosugars as a new template for developing novel galectin-3 

inhibitors; and (ii) resulted in the synthesis of the target ‘modified galectin-3 inhibitor’, which 

has been, (iii) confirmed via STD NMR to bind more strongly to the galectin-3 CRD than Lac. 
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Although the project work has not resulted in the complete synthesis and testing of the target 

PROTAC [galectin-3-CRBN E3-ligase] the project achievements are significant and give 

positive momentum towards the development of the novel PROTAC with potential galectin-3 

anti-cancer activity. This work has also provided some clear and potentially exciting direction 

for extending the larger project into the development of related galectin-3 inhibitors and 

PROTAC therapeutics.  
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4.0 Experimental 

4.1 In Silico Investigation 

4.1.1 Iminosugars 

The iminosugar, 1-DGNJ was built and energy minimalised using Avogadro and then prepared 

for docking in AutoDockTools by merging nonpolar hydrogens and lone pairs and assigning 

Gasteiger charges. AutoGrid4 in AutoDockTools was also employed to generate a grid box 

with 1.000 Å grid-spacing centred between the side chains of H158, N162 and W181, intended 

to contain the entire concave β-sandwich defining the ligand binding site of the galectin-3 CRD 

(Parameters: centre x, y, z= 18.53, -7.699, -2.191 and size x, y, z = 14, 14, 14). Molecular 

docking analyses were performed using Autodock Vina294 to generate 20 docking poses at an 

exhaustiveness of 32. Docking results were arranged within a root mean square deviation 

(RMSD) of 1.0 – 2.0 Å and independently analysed to select an appropriate and theoretical 

binding pose in the galectin-3 CRD. 

 

4.1.2 Galectin-3 Inhibitor  

Molecular Docking 

The docking program, AutoDock4.2295, was used to perform molecular docking against a 

published crystal structure of human galectin-3 CRD (PDB ID: 5e89296). AutoDockTools273 

was employed to remove associated waters, ions and ligands from the protein. It was also used 

to add hydrogens, merge nonpolar hydrogens and lone pairs and to compute Gasteiger charges. 

The six β-sheets comprising the concave face of the CRD were encompassed by a grid box, 

generated using AutoGrid4, with 0.375 Å grid-spacing centred between the side chains of 

H158, N162 and W181 (Parameters: centre x, y, z= 18.53, -7.699, -2.191 and size x, y, z = 66, 

36, 36). Proposed galectin-3 inhibitor intended for docking was constructed and energy 

minimalised using Avogadro297. Followed by further preparation in AutoDockTools to merge 

nonpolar hydrogens and lone pairs and to calculate Gasteiger charges. Autodock 4.2 was 

utilised to perform docking runs at 45,000,000 energy evaluations with 50 runs per molecule 

from initial populations of 750. The search parameter was optimised to 10% with 750 steps 

while all other parameters were kept at default. Generated results were grouped at an RMSD 

of 1.0 – 2.0 Å, followed by individual assessment of ligand docking poses and ligand-protein 

interactions to determine the most suitable poses for further molecular dynamic simulations. 
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All molecular docking runs were performed via the Gowonda High Performance Cluster at 

Griffith University, Gold Coast.  

 

Molecular Dynamics Simulations 

GROMACS simulation package 4.6.4275 with built-in AMBER99SB-ILDN force field298 was 

used to perform a molecular dynamics simulations on X with the galectin-3 CRD. The topology 

of the ligand was generated using the acpype tool299,300 with AM1-BCC301,302 to assign charges.  

The protein was centred inside a dodecahedron box and filled with approximately 7000 water 

molecules. Galectin-3 was appropriately protonated at a pH of 7.4, resulting in an overall 4+ 

charge. Four Cl- counterions were required to neutralize the system. Energy minimisation was 

performed using the steepest decent approach with 1000 steps. MD simulations were run for 

50 ns with cluster analysis performed using the method by Daura et al.,303 and followed based 

on the GROMOS method using an appropriate cut off of 1.45 Å.304 Appendix 1 Figure A1 

displays the RMS distribution graph used to establish 0.145 nm as an appropriate RMSD cut-

off for cluster analysis.  The following image in Appendix 1 (Figure A2) illustrates the middle 

structure from the three most populated clusters in the simulation. Each of the three clusters 

accounted for (i) 91.4%, (ii) 6.3% and (iii) 2.6% of the confirmations observed during the 

simulation. The representative conformation chosen for analysis and discussion was the middle 

structure from the most populated cluster that contained 91.4% of the conformations observed 

in the simulation.  

 

4.2 Synthesis 

4.2.1 General 

All chemicals and reagents used, for which a synthetic protocol is not provided, were purchased 

commercially. Solvents were all either reagent grade, distilled or dried and distilled prior to 

use. Thin layer chromatography (TLC) on aluminum plates coated with Silica Gel 60 F254 from 

Merck were utilized to monitor reactions. Visualized either under ultraviolet (UV) light or 

developed with 5% H2SO4 in ethanol followed by charring to detect the presence of a sugar. 

Purification was performed by flash chromatography with flash chromatography grade silica, 

200 – 400 mesh, supplied by Sigma Aldrich.  

 

Infrared spectra were generated using a Bruker Alpha-P FTIR spectrophotometer and LRMS 

(ESI-MS) with a Bruker Esquire 300 in positive mode. 1H and 13C NMR spectra were generated 
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using a Bruker Avance III HD Ascend 400 MHz Spectrophotometer operating at 400 MHz for 

1H NMR and 100 MHz for 13C NMR. Samples were dissolved in either CDCl3 or CD3OD, 

dependent on solubility. Chemical shifts were reported to two decimal places in parts per 

million (ppm) relative to TMS at 0 ppm. Standard abbreviations for multiplicities were used; 

s, singlet; d, doublet; t, triplet; q, quartet; p, quintet; m, multiplet. 2D COSY (Correlation 

Spectroscopy) and HSQC (Heteronuclear Single Quantum Coherence) experiments were 

performed to validate the 1H and 13C NMR assignments. All NMR spectra (1H, 13C, COSY and 

HSQC) are displayed in Appendix 2, in the sequential order of section 4.2.2 and 4.2.3.  

 

4.2.2 Synthesis of the Modified Galectin-3 Inhibitor (37) 

1,2:5,6-Di-O-isopropylidene-α-D-ribo-hexofuranos-3-ulose (39) 

 

1,2:5,6-Di-O-isopropylidene-D-glucofuranose 38 (14.59 g, 56.056 mmol), pyridinium 

dichromate (13.00 g, 34.55 mmol) and acetic anhydride (18 mL) were dissolved in DCM (180 

mL). The resulting solution was refluxed for 1 hour followed by concentration under reduced 

pressure to approximately half its volume. The resulting chromium salts were filtered and 

removed by the addition of EtOAc (60 mL). The filtrate was columned on flash silica (4 cm x 

20 cm) with EtOAc. The resulting organic fractions were combined, concentrated and 

azeotroped with an equal volume of toluene. Product was isolated as a transparent colourless 

oil (12.060 g, 83%) offering NMR data consistent with literature.278 

1H NMR (CDCl3, 400 MHz): δ 6.14 (1H, d, J1,2 = 4.5 Hz, H1), 4.40 – 4.33 (3H, m), 4.05 – 

4.00 (2H, m), 1.46 (3H, s, CH3), 1.43 (3H, s, CH3), 1.34 (6H, s, 2 x CH3). 

13C NMR (CDCl3, 100 MHz): δ 209.0 (C-O), 114.5 (C(CH3)2), 110.5 (C(CH3)2), 103.3 (C1), 

79.1, 76.5, 67.0, 64.4, 27.7 (CH3), 27.3 (CH3), 26.1 (CH3), 25.4 (CH3). 
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3-O-Acetyl-1,2:5,6-Di-O-isopropylidene-α-D-erythro-hex-3-enofuranose (40) 

 

A solution of 39 (13.78 g, 53.37 mmol), acetic anhydride (60 mL) and pyridine (120 mL) was 

stirred at 75ºC for 20 hours in a stoppered flask. Upon completion, the resulting reaction 

mixture was concentrated and azeotroped with toluene. Ice cold petroleum ether (50 mL) was 

added to the concentrated residue and filtered into a Büchner funnel. It was then washed with 

ice cold 0.1M H2SO4 (50 mL), ice cold NaHCO3 (50 mL) and ice-cold water (50 mL). The 

organic fractions were dried with Na2SO4 and concentrated under reduced pressure to afford 

40 as a transparent colourless wax (9.685 g, 60%). Reported NMR data was consistent with 

characterized spectra.280  

 1H NMR (CDCl3, 400 MHz): δ 6.03 (1H, d, J1,2 = 5.5 Hz, H1), 5.39 (1H, d, J2,1 = 5.4 Hz, H2), 

4.70 (1H, t, J5,6a/b = 6.4 Hz, H5), 4.07 (2H, dd, J6a/b,6a/b = 6.4, J6a/b,5 = 4.3 Hz, H6a/b), 2.21 (3H, 

s, CH3-OAc), 1.54, 1.47, 1.45, 1.38 (12H, 4s, 4 x CH3).  

13C NMR (CDCl3, 100 MHz): δ 169.1 (C-O), 145.4 (C4), 129.2 (C(CH3)2), 113.6 (C(CH3)2), 

110.6 (C3), 104.2 (C1), 81.0, 68.8, 66.1, 28.1 (CH3), 28.0 (CH3), 25.9 (CH3), 25.8 (CH3), 20.7 

(CH3-OAc). 

 

3-O-Acetyl-1,2:5,6-Di-O-isopropylidene-α-D-gulofuranose (41) 

 

Compound 40 (8.156 g, 27.18 mmol) and Pd(OH)2 on carbon (0.700 g, 4.98 mmol) were stirred 

in MeOH (250 mL) and degassed with argon. The reaction mixture was cooled to -25ºC 

(MeOH/H2O dry ice bath) and hydrogen gas was introduced. The reaction temperature was 

maintained at -10ºC to -15ºC for 10 hours. TLC in 2:1 (EtOAc:Hex) confirmed most of the 



73 

 

starting material converted to product. The reaction mixture was filtered on Celite® 545 and 

the organic filtrate was concentrated in vacuo and purified by elution with 1:2 (EtOAc:Hex) 

yielding 41 as a white solid (4.654 g, 57%). NMR data aligned with literature values.280   

1H NMR (CDCl3, 400 MHz): δ 5.81 (1H, d, J1,2 = 4.0 Hz, H1), 5.07 (1H, dd, J3,4 = 6.8 Hz, J3,2 

= 5.6 Hz, H3), 4.80 (1H, dd, J2,3 = 5.6 Hz, J2,1 = 4.0 Hz, H2), 4.62 (1H, m, H5), 4.09 (2H, td, 

J = 9.4, 8.9, 6.6 Hz, H6a/b), 3.53 (1H, dd, J = 8.4, 7.3 Hz, H4), 2.13 (3H, s, CH3-OAc), 1.58, 

1.44, 1.38, 1.35 (12H, 4s, 4 x CH3) (assignments were confirmed by 1H-1H COSY). 

13C NMR (CDCl3, 100 MHz): δ 169.8 (C-O), 114.6 (C(CH3)2), 109.4 (C(CH3)2), 105.1 (C1), 

81.4, 78.6, 75.3, 71.9, 66.5, 26.9 (CH3), 26.9 (CH3), 26.8 (CH3), 25.4 (CH3), 20.7 (CH3-OAc). 

LRMS (ESI-MS): m/z calculated for C14H22NaO7 [M+Na]+ 325.1, found 325.1. 

 

1,2:5,6-Di-O-isopropylidene-α-D-gulofuranose (42) 

 

A solution of 41 (4.194 g, 13.88 mmol) dissolved in MeOH (40 mL) and NaOH (pH 12) was 

stirred at ambient temperature. The pH was monitored every 30 mins to ensure a consistent pH 

of 12, NaOH was added when required. After 3 hours TLC in 2:1 (EtOAc:Hex) confirmed 

complete disappearance of the starting material. The reaction was neutralized with acetic acid 

and co-evaporated with toluene (3 x 30 mL). It was then purified by flash chromatography on 

silica in an elution system of 2:1 (EtOAc:Hex). The desired product was concentrated in vacuo, 

resulting in 42 as a white powder (3.244 g, 90%) generating NMR spectra consistent with 

published spectra.280  

1H NMR (CDCl3, 400 MHz): δ 5.78 (1H, d, J1,2 = 4.1 Hz, H1), 4.66 (1H, dd, J2,3 = 6.3 Hz, J2,1 

= 4.1 Hz, H2), 4.47 (1H, dt, J5,4 = 8.6 Hz, J5,6a/b = 6.9 Hz, H5), 4.26 – 4.19 (2H, m, H3, H6a/b), 

3.89 (1H, dd, J4,5 = 8.6 Hz, J4,3 = 5.7 Hz, H4), 3.71 (1H, dd, J6a/b,5 = 8.6 Hz, J6a/b,6a/b = 7.2 Hz, 

H6a/b), 2.65 (1H, d, JOH,H3 = 6.3 Hz, OH), 1.63, 1.45, 1.42, 1.38 (12H, 4s, 4 x CH3).  

13C NMR (CDCl3, 100 MHz): δ 115.2 (C(CH3)2), 109.4 (C(CH3)2), 105.5 (C1), 84.5, 80.0, 

75.7, 69.8, 66.5, 27.3 (CH3), 27.3 (CH3), 26.8 (CH3), 25.3 (CH3). 
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3-O-triflate-1,2:5,6-Di-O-isopropylidene-α-D-gulofuranose (43) 

 

A mixture of pyridine (4.28 mL, 52.92 mmol) and DCM (15 mL) were cooled to -10ºC. Triflic 

anhydride (4.34 mL, 26.46 mmol) was added dropwise and allowed to stir for 10 minutes. To 

the resulting mixture at -10ºC, 43 (3.122 g, 11.994 mmol) dissolved in DCM (10 mL) was 

added dropwise. TLC in 2:1 (EtOAc:Hex) confirmed complete disappearance of starting 

material after 1 hour and 45 minutes. The organic phase was extracted with cold saturated 

NH4Cl (2 x 40 mL) and the aqueous layer was washed with DCM (2 x 40 mL). The organic 

fractions were dried (Na2SO4) and co-evaporated with toluene (4 x 25 mL) to yield the product 

as an orange transparent oil (4.201 g, 89 %). Successful coupling of the triflate group was 

confirmed by comparison with published literature that provided a partial 1H NMR.284 A 13C 

NMR was not conducted due to the unstable nature of 43.  

1H NMR (CDCl3, 400 MHz): δ 5.83 (1H, d, J1,2 = 4.2 Hz, H1), 5.09 (1H, t, J3,2 = 5.7 Hz, H3), 

4.81 (1H, dd, J2,3 = 5.7 Hz, J2,1 = 4.1 Hz, H2), 4.57 (1H, dt, J5,4 = 8.8 Hz, J5,6a/b = 6.5 Hz, H5), 

4.16 (1H, dd, J6a/b,6a/b = 8.7, J6a/b,5 = 6.6 Hz, H6a/b), 4.06 (1H, dd, J4,5 = 8.8 Hz, J4,3 = 5.8 Hz, 

H4), 3.65 (1H, dd, J6a/b,6a/b = 8.7, J6a/b,5 = 6.4 Hz, H6a/b), 1.62, 1.46, 1.43, 1.38 (4s, 12H, 4 x 

CH3).  

 

3-Azido-3-deoxy-1,2:5,6-Di-O-isopropylidene-α-D-galactofuranose (44) 

 

A mixture of NaN3 (1.393 g, 21.43 mmol), Bu4NBr (0.345 g, 1.07 mmol), and DMF (50 mL) 

were combined and heated to 50ºC. Compound 43 (4.201 g, 10.71 mmol) from the previous 

synthetic step was dissolved in DMF (35 mL) and added dropwise. The reaction was stirred at 
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50ºC overnight. DMF was removed under reduced pressure and the resulting oil was dissolved 

in EtOAc (30 mL). It was then partitioned with water (30 mL) and brine (30 mL), followed by 

extraction of the aqueous fractions with EtOAc (4 x 30 mL) and DCM (30 mL). Dried 

(Na2SO4), concentrated and chromatographed in 1:6 (EtOAc:Hex) to afford the desired product 

as a colourless oil (2.789 g, 91%). NMR data was consistent literature.283  

1H NMR (CDCl3, 400 MHz): δ 5.79 (1H, d, J1,2 = 3.9 Hz, H1), 4.60 (1H, dd, J2,1 = 3.9 Hz, J2,3 

= 1.8 Hz, H2), 4.35 (1H, q, J5,6a/b = 6.4 Hz, H5), 4.08 (1H, dd, J6a/b,6a/b = 8.4 Hz, J6a/b,5 = 6.7 

Hz, H6a/b), 3.94 (1H, dd, J3,4 = 5.7 Hz, J3,2 = 1.7 Hz, H3), 3.87 (1H, dd, J6a/b,6a/b = 8.4 Hz, 

J6a/b,5 = 6.7 Hz, H6a/b), 3.82 (t, J4,3 = 5.6 Hz, H4), 1.57, 1.45, 1.38, 1.37 (4s, 12H, 4 x CH3) 

(assignments were confirmed by 1H-1H COSY). 

13C NMR (CDCl3, 100 MHz): δ 114.4 (C(CH3)2), 110.1 (C(CH3)2), 104.9 (C1), 85.8 (C4), 83.1 

(C2), 74.6 (C5), 65.6 (C6), 65.6 (C3), 27.5 (CH3), 26.9 (CH3), 26.4 (CH3), 25.2 (CH3) 

(assignments were confirmed by 1H-13C HSQC). 

 

Alternative method to obtain: 3-Azido-3-deoxy-1,2:5,6-Di-O-isopropylidene-α-D-

galactofuranose (44) 

 

Compound 43 (0.105 g, 0.39 mmol) was dissolved in 19:1 (DCM:Pyridine) (4 mL) and stirred 

at 0ºC. Triflic anhydride (0.230 mL, 1.57 mmol) in an equal volume of DCM (0.25 mL) was 

added dropwise to the cooled solution. TLC in 1:3 (EtOAc:Hex) confirmed complete 

disappearance of starting material after 15 minutes. The reaction mixture was partitioned with 

ice cold 5% HCl (2 x 10 mL) followed by DCM (3 x 10 mL) The organic phases were dried 

(Na2SO4) and co-evaporated with toluene (2 x 10mL) in vacuo. The resulting orange oil was 

directly dissolved in anhydrous DMF (10 mL) and cooled to 0ºC. NaN3 (0.127 g, 1.96 mmol) 

was added and the reaction was stirred at 0ºC for 2 hours and then allowed to warm to ambient 

temperature. The solution was diluted with DCM (10 mL) and extracted with water (2 x 20 

mL) and brine (2 x 20mL). It was then dried (Na2SO4) and purified by column chromatography 

in 1:6 (EtOAc:Hex) to yield the product as a colourless oil (0.104 g, 93%). NMR data was 
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identical to the spectra characterized above following a different method to obtain 44, thus 

consistent with reported literature.283 

 

1,2,4,6-tetra-O-acetyl-3-azido-3-deoxy-D-galactopyranose (45) 

 

A solution of 44 (2.280 g, 7.99 mmol) in 90% CF3COOH (24.5 mL, 319.60 mmol) was stirred 

at room temperature for 15 minutes. TLC in 1:3 (EtOAc:Hex) confirmed disappearance of 

starting material. The solution was concentrated and co-evaporated with toluene under reduced 

pressure (3 x 20 mL). The resulting yellow oil was dissolved in pyridine (68 mL) and cooled 

to 0ºC. Acetic anhydride (45 mL) was added dropwise and the reaction was stirred for 3 days, 

slowly warming to room temperature. The reaction mixture was co-evaporated with toluene (3 

x 50 mL) and purified by column chromatography in 1:2 (EtOAc:Hex) to yield the desired 

product as a transparent yellow oil (1.007 g, 34%) and the tri-acetylated azido sugar (0.9449 

g), confirmed as partially protected by ESI-MS. The tri-acetylated azido sugar was re-dissolved 

in pyridine (30 mL), cooled to 0ºC and acetic acid (20 mL) was added dropwise. Stirred at 

room temperature overnight, followed by co-evaporation with toluene and purification by flash 

chromatography to afford more of the title product (0.655 g). Literature provided a partial NMR 

identifying only the α and β anomeric peaks.283 The isolated material was consistent with this 

reported data. All other 1H NMR peaks were not definitively assigned due to the mix of 

anomers exhibiting overlapping peaks.  

1H NMR (CDCl3, 400 MHz): δ 6.34 (1H, d, J1,2 = 3.5 Hz, H1 α-anomer), 5.66 (1H, d, J1,2 = 

8.2 Hz, H1 β-anomer), 5.48 (1H, dd, J = 3.4, 1.4 Hz), 5.44 (1H, dd, J = 3.4, 1.0 Hz), 5.29 – 

5.24 (1H, m), 5.23 (1H, dd, J = 7.4, 3.6 Hz), 4.27 (1H, td, J = 6.6, 1.4 Hz), 4.16 – 3.96 (6H, 

m), 3.67 (1H, dd, J = 10.6, 3.4 Hz), 2.16, 2.15, 2.15 (9H, m, 3 x CH3) 2.10, 2.10 (6H, d, 2 x 

CH3) 2.07 (3H, s, 1 x CH3) 2.03(6H, s, 2 x CH3). 

13C NMR (CDCl3, 100 MHz): δ 170.5 (C-O), 170.5 (C-O), 170.0 (C-O), 170.0 (C-O), 169.7 

(C-O), 169.3 (C-O), 169.1 (C-O), 168.9 (C-O), 92.3 (C1-β), 89.3 (C1-α), 72.8, 69.1, 68.8, 68.1, 

67.7, 67.5, 61.7, 61.5, 61.3, 57.7, 21.0 (CH3), 20.9 (CH3), 20.8 (CH3), 20.8 (CH3), 20.7 (CH3), 

20.7 (CH3), 20.7 (CH3), 20.6 (CH3).  

LRMS (ESI-MS): m/z calculated for C14H19NaN3O9 [M+Na]+ 396.1, found 396.0. 
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2,4,6-tri-O-acetyl-3-azido-3-deoxy-α-D-galactopyranosyl bromide (46) 

 

Compound 45 (1.588 g, 4.26 mmol) was dissolved in anhydrous 10:1 (DCM:EtOAc) (110 mL). 

TiBr4 (2.345 g, 6.38 mmol) dissolved in anhydrous 10:1 (DCM:EtOAc) (11 mL) was added 

dropwise. The resulting reaction mixture was allowed to stir for 3 days at room temperature. 

Upon completion it was quenched with NaOAc (2.700 g, 31.91 mmol) in water (30 mL) and 

stirred vigorously for 90 minutes. The reaction mixture was poured into a separating funnel to 

isolate the transparent yellow layer from the viscous white layer. The yellow layer was washed 

with water ( 2 x 80 mL) and brine (80 mL). The viscous white layer was filtered under pressure 

into a Büchner funnel and then washed with water (2 x 80 mL) and brine (80 mL). All organic 

fractions were combined, dried with Na2SO4, concentrated and purified by column 

chromatography in 1:3 (EtOAc:Hex). The desired product was concentrated in vacuo to yield 

a colourless oil (0.562 g, 34%) offering NMR spectra reflecting the reported literature 

values.283 

1H NMR (CDCl3, 400 MHz): δ 6.69 (1H, d, J1,2 = 3.8 Hz, H1), 5.49 (1H, dd, J4,3 = 3.4 Hz, J4,5 

= 1.4 Hz, H4), 4.93 (1H, dd, J2,3 = 10.6 Hz, J2,1 = 3.8 Hz, H2), 4.40 (1H, t, J5,6a/b = 6.5 Hz, H5), 

4.17 (1H, dd, J6a/b,6a/b = 11.6, J6a/b,5 = 6.0 Hz, H6a/b), 4.12 (1H, dd, J3,2 = 10.6 Hz, J3,4 = 3.3 

Hz, H3), 4.04 (1H, dd, J6a/b,6a/b = 11.6, J6a/b,5 6.9 Hz, H6a/b), 2.15, 2.15, 2.06 (3s, 9H, 3 x CH3) 

(assignments were confirmed by 1H-1H COSY). 

13C NMR (CDCl3, 100 MHz): δ 170.3 (C-O), 169.8 (C-O), 169.6 (C-O), 88.3 (C1), 71.3 (C5), 

69.5 (C2), 67.1 (C4), 61.0 (C6), 58.3 (C3), 20.7 (CH3), 20.6 (CH3), 20.5 (CH3) (assignments 

were confirmed by 1H-13C HSQC). 

LRMS (ESI-MS): m/z calculated for C12H16Br78NaN3O7 [M+Na]+ 416.0 and 

C12H16Br80NaN3O7 [M+Na]+  418.0, found 415.5 and 417.5, respectively. 
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1,2,4,6-tetra-O-acetyl-3-azido-3-deoxy-β-D-galactopyranose (47) 

 

Compound 46 (0.744 g, 1.89 mmol) obtained from the previous synthetic step was stirred with 

glacial acetic acid (18.5 mL) until completely dissolved. AgOAc (0.945 g, 5.66 mmol) was 

then added and the reaction was stirred at room temperature for 90 minutes. TLC in 1:3 

(EtOAc:Hex) confirmed disappearance of starting material. The reaction mixture was filtered 

to remove silver salts, diluted with EtOAc (50 mL) and extracted with saturated NaHCO3 (3 x 

50 mL). The organic fractions were dried over Na2SO4, concentrated under vacuum and dried 

to afford the desired product as a white powder (0.652 g, 93%). NMR spectra were consistent 

with published literature.283 

1H NMR (CDCl3, 400 MHz): δ 5.67 (1H, d, J1,2 = 8.2 Hz, H1), 5.45 (1H, dd, J4,3 = 3.4 Hz, J4,5 

= 1.0 Hz, H4), 5.27 (1H, dd, J2,3 = 10.5 Hz, J2,1 = 8.2 Hz, H2), 4.15 (1H, dd, J6a/b,6a/b = 10.9 

Hz, J6a/b,5 = 5.9 Hz, H6a/b), 4.09 – 3.98 (2H, m, H5 and H6a/b), 3.67 (1H, dd, J3,2 = 10.6 Hz, 

J3,4 = 3.4 Hz, H3), 2.17, 2.11, 2.11, 2.05 (12H, 4s, 3 x CH3) (assignments were confirmed by 

1H-1H COSY). 

13C NMR (CDCl3, 100 MHz): δ 170.4 (C-O), 169.9 (C-O), 169.2 (C-O), 169.1 (C-O), 92.2 

(C1), 72.7, 68.7, 67.4, 61.7, 61.3, 20.1 (CH3), 20.7 (CH3), 20.7 (CH3), 20.6 (CH3). 

LRMS (ESI-MS): m/z calculated for C14H19NaN3O9 [M+Na]+ 396.1, found 395.6. 

 

2,4,6-tri-O-acetyl-3-azido-3-deoxy-β-D-galactopyranosyl chloride (48) 

 

A solution of 47 (0.657 g, 1.76 mmol) in anhydrous DCM (3 mL) was stirred under an 

atmosphere of argon. PCl5 (0.403 g, 1.94 mmol) was separately dissolved in anhydrous DCM 

(5 mL) and transferred to the preceding vessel. BF3·OEt2 (11 µL, 0.09 mmol) was added 

dropwise and the reaction was stirred at room temperature for exactly 20 minutes. TLC in 1:1 

(EtOAc:Hex) confirmed almost complete disappearance of starting material (rf: 0.38) and a 

product spot (rf: 0.43). The solution was diluted with DCM (30 mL) and washed with ice cold 
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water (30 mL), ice cold saturated NaHCO3 (2 x 30 mL), ice cold water (30 mL), dried over 

Na2SO4 and concentrated under reduced pressure affording the crude product 48 as a colourless 

oil (0.601 g, 98%). NMR spectra were consistent with literature.201  

1H NMR (CDCl3, 400 MHz): δ 5.48 (1H, dd, J4,3 = 3.4 Hz, J4,5 = 1.2 Hz, H4), 5.34 (1H, dd, 

J2,3 = 10.3 Hz, J2,1 = 8.7 Hz, H2), 5.23 (1H, d, J1,2 = 8.7 Hz, H1), 4.18 (1H, dd, J6a/b,6a/b = 11.6 

Hz, J6a/b,5 = 6.1 Hz, H6a/b), 4.10 (1H, dd, J6a/b,6a/b = 11.6 Hz, J6a/b,5 = 6.7 Hz, H6a/b), 3.97 (1H, 

td, J5,6a/b = 6.4 Hz, J5,4 = 1.3 Hz, H5), 3.59 (1H, dd, J3,2 = 10.3 Hz, J3,4 = 3.4 Hz, H3), 2.20, 

2.17, 2.07 (9H, 3s, 3 x CH3) (assignments were confirmed by 1H-1H COSY). 

13C NMR (CDCl3, 100 MHz): δ 170.6 (C-O), 170.0 (C-O), 169.2 (C-O), 88.5 (C1), 75.6 (C5), 

71.7 (C2), 67.5 (C4), 62.1 (C6), 61.6 (C3), 20.8 (CH3), 20.8 (CH3), 20.7 (CH3) (assignments 

were confirmed by 1H-13C HSQC). 

 

Methyl 2-(4-mercaptophenyl)acetate (49) 

 

2-(4-mercaptophenyl)acetic acid (1.124 g, 6.68 mmol) dissolved in anhydrous MeOH (100 

mL) was stirred at 0ºC, to which was added acetyl chloride (10 mL) dropwise and the reaction 

was slowly allowed to warm to room temperature over 5 hours. TLC in 1:1 (EtOAc:Hex) 

showed complete disappearance of starting material. The solution was concentrated in vacuo, 

diluted with EtOAc (30 mL) and washed with water (2 x 30 mL). The organic fractions were 

combined and dried over Na2SO4, concentrated and purified by flash chromatography in 1:6 

(EtOAc:Hex) to elute the desired product as a colourless oil (0.681 g, 56%). Conversion to 49 

was confirmed by the presence of a methyl peak in both 1H and 13C NMR and was consistent 

with published literature.291 

1H NMR (MeOD, 400 MHz): δ 7.26 – 7.22 (2H, m, ArH), 7.17 – 7.13 (2H, m, ArH), 3.68 (3H, 

s, CH3), 3.60 (2H, s, CH2).  

13C NMR (CDCl3, 100 MHz): δ 172.0 (C-O), 130.2 (ArC), 130.1 (ArC), 129.9 (ArC), 128.0 

(ArC), 52.3 (CH2), 40.7 (CH3). 
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Methyl 2-(4-mercaptophenyl)acetate 2,4,6-tri-O-acetyl-3-azido-3-deoxy-1-thio-α-D-

galactopyranoside (50) 

 

A solution of 60% NaH (0.125 g, 3.11 mmol) was stirred with anhydrous DMF (2 mL) to which 

was added compound 49 (0.568 g, 3.11 mmol) in anhydrous DMF (3 mL) and stirred for 10 

minutes. To the resulting solution was added dropwise 48 (0.544 g, 1.56 mmol) from the 

previous synthetic step, dissolved in anhydrous DMF (4 mL). The reaction was stirred at 50ºC 

for 1 hour, followed by room temperature overnight. TLC in 2:3 (EtOAc:Hex) displayed a new 

spot containing both a UV chromophore and a sugar (rf: 0.38), confirmed by charring after 

dehydrating with 5% H2SO4 in ethanol. The reaction mixture was diluted with diethyl ether (20 

mL) and washed with 0.5 M HCl (50 mL), water (3 x 50 mL) and brine (50 mL). The aqueous 

fractions were further extracted with diethyl ether (3 x 25 mL) until colourless. The organic 

fractions were dried over Na2SO4 and co-evaporated with toluene (3 x 50 mL) to remove DMF. 

Purification by column chromatography in a gradient solvent system of 1:9 → 1:4 → 1:2 

(EtOAc:Hex), eluted the desired product in the final solvent system as a transparent colourless 

oil (0.373 g, 48%). NMR data obtained was consistent with the literature.201 

1H NMR (CDCl3, 400 MHz): δ 7.44 – 7.36 (2H, m, ArH), 7.25 – 7.18 (2H, m, ArH), 5.92 (1H, 

d, J1,2 = 5.5 Hz, H1), 5.46 (1H, dd, J4,3 = 3.4 Hz, J4,5 = 1.3 Hz, H4), 5.26 (1H, dd, J2,3 = 10.9 

Hz, J2,1 = 5.5 Hz, H2), 4.67 (1H, ddd, J5,6a/b = 7.0 Hz, J5,6a/b = 5.3 Hz, J5,4 = 1.3 Hz, H5), 4.10 

(1H, dd, J6a/b,6a/b = 11.5 Hz, J6a/b,5 = 5.4 Hz, H6a/b), 4.03 – 3.92 (2H, m, H3 and H6a/b), 3.67 

(3H, s, CH3), 3.59 (2H, s, CH2), 2.16, 2.14, 1.97 (9H, 3s, 3 x CH3) (assignments were confirmed 

by 1H-1H COSY). 

13C NMR (CDCl3, 100 MHz): δ 171.6 (C-O), 170.4 (C-O), 170.0 (C-O), 169.9 (C-O), 134.0 

(ArC), 132.5 (ArC), 131.1 (ArC), 130.2 (ArC), 85.4 (C1), 69.9 (C2), 68.2 (C4), 67.6 (C5), 62.0 

(C6), 58.8 (C3), 52.2 (CH3), 40.8 (CH2), 20.9 (CH3), 20.7 (CH3), 20.7(CH3) (assignments were 

confirmed by 1H-13C HSQC). 

LRMS (ESI-MS): m/z calculated for C21H25NaN3O9S [M+Na]+ 518.1, found 517.8. 
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Methyl 2-(4-mercaptophenyl)acetate 2,4,6-tri-O-acetyl-3-deoxy-3-[4-(3,4,5-

trifluorophenyl)-1H-1,2,3-triazol-1-yl]-1-thio-α-D-galactopyranoside (51) 

 

The azido sugar derivative 50 (0.193 g, 0.39 mmol), CuI (0.037 g, 0.19 mmol), 1,2,3-trifluoro-

5-[2-(trimethylsilyl)ethynyl]benzene (0.178 g, 0.78 mmol), DIPEA (68 µL, 0.39 mmol) and 

DMF (4 mL) were combined in a 10 mL pressure tube, sealed with a teflon septum and 

conducted using a CEM Discover® SP Explorer Hybrid-12 microwave system with single 

mode cavity. Following a reaction time of 1 hr at 80ºC, TLC in 3:7 (EtOAc:Hex) confirmed a 

new, more polar, product spot (rf: 0.15). The reaction was concentrated in vacuo and purified 

by column chromatography in 1:4 (EtOAc:Hex) to yield the desired product 51 as a white solid 

(0.216 g, 85%). 1H-1H COSY and 1H-13C HSQC allowed assignment and characterization of 

the 1H and 13C NMR spectra to verify the structure of 51. 

1H NMR (CDCl3, 400 MHz): δ 7.78 (1H, s, Triazole-H), 7.49 – 7.40 (4H, m, thiophenyl-ArH), 

7.27 (1H, s, trifluorophenyl-ArH), 7.25 (1H, s, trifluorophenyl-ArH) 6.09 (1H, d, J1,2 = 5.6 Hz, 

H1), 6.05 (1H, dd, J2,3 = 11.2 Hz, J2,1 = 5.6 Hz, H2), 5.61 (1H, dd, J4,3 = 3.1 Hz, J4,5 = 1.3 Hz, 

H4), 5.24 (1H, dd, J3,2 = 11.2 Hz, J3,4 = 3.2 Hz, H3), 4.91 (1H, ddd, J5,6a/b = 7.1 Hz, J5,6a/b = 5.6 

Hz, J5,4 = 1.3 Hz, H5), 4.15 (1H, dd, J6a/b,6a/b = 11.5 Hz, J6a/b,5 = 5.7 Hz, H6a/b), 4.06 (dd, 

J6a/b,6a/b = 11.5 Hz, J6a/b,5 = 7.1 Hz, H6a/b), 3.70 (3H, s, CH3), 3.62 (2H, s, CH2), 2.05, 1.98, 

1.96 (9H, 3s, 3 x CH3) (assignments were confirmed by 1H-1H COSY).  

13C NMR (CDCl3, 100 MHz): δ 171.5 (C-O), 170.3 (C-O), 169.6 (C-O), 169.2 (C-O), 153.0 

(ArC), 150.5 (ArC), 150.4 (ArC), 145.2 (ArC), 138.5 (ArC), 134.2 (ArC), 132.7 (ArC), 130.2 

(ArC), 126.2 (ArC), 119.7 (ArC), 110.0 (ArC), 109.8 (ArC), 85.5 (C1), 68.8 (C4), 67.5 (C5), 

67.0 (C2), 61.7 (C6), 59.3 (C3), 52.2 (CH3), 40.7 (CH2), 20.6 (CH3), 20.6 (CH3), 20.4 (CH3) 

(assignments were confirmed by 1H-13C HSQC). 

LRMS (ESI-MS): m/z calculated for C29H28F3NaN3O9S [M+Na]+ 674.1, found 673.8. 

 

 

 

 



82 

 

Methyl 2-(4-mercaptophenyl)acetate 3-deoxy-3-[4-(3,4,5-trifluorophenyl)-1H-1,2,3-

triazol-1-yl]-1-thio-α-D-galactopyranoside (37) 

 

Compound 51 (0.216 g, 0.33 mmol) was dissolved in anhydrous methanol (70 mL) with 

NaOMe (0.179 g, 3.32 mmol, 0.05 M) and allowed to stir at room temperature for 90 minutes. 

TLC in 1:1 (EtOAc:Hex) confirmed complete disappearance of starting material. Glacial acetic 

acid (7 mL) was added to quench the reaction, followed by co-evaporation with toluene (3 x 

40 mL). The resulting solution was flushed on a short column of silica with EtOAc to remove 

any NaOAc salts. Chromatographic separation was performed on a Phenomenex Synergi 

Hydro C18 column (250 mm x 10 mm) at a detection wavelength of 250nm. The isocratic 

mobile phase was 55% (v/v) acetonitrile in water with a flowrate of 3 mL/min with the column 

oven temperature set to 38ºC. The sample was injected in a 200 μL volume dissolved in the 

mobile phase, eluting the desired compound after seven minutes. Concentration under reduced 

pressure afforded 37 as a white powder (0.120 g, 68%). 1H and 13C NMR were consistent with 

expected for 37 and 1H-1H COSY and 1H-13C HSQC allowed assignment of each signal in the 

1D NMR spectra. 

1H NMR (MeOD, 400 MHz): δ  δ 8.56 (1H, s, Triazole-H), 7.67 (2H, dd, J = 8.8 Hz, J = 6.6 

Hz, C3-ArH), 7.61 – 7.57 (2H, m, C1-ArH), 7.29 – 7.25 (2H, m, C1-ArH), 5.77 (1H, d, J1,2 = 

5.3 Hz, H1), 5.00 (1H, dd, J3,2 = 11.4 Hz, J3,4 = 2.8 Hz, H3), 4.91 (1H, dd, J2,3 = 11.5 Hz, J2,1 

= 5.3 Hz, H2), 4.58 (1H, td, J5,6a/b = 6.1 Hz, J5,4 = 1.2 Hz, H5), 4.23 (1H, dd, J4,3 = 2.9 Hz, J4,5 

= 1.2 Hz, H4), 3.76 (1H, dd, J6a/b,6a/b = 11.4 Hz, J6a/b,5 = 5.9 Hz, 1H, H6a/b), 3.70 (4H, s, H6a/b 

and CH3), 3.67 (2H, s, CH2). (assignments were confirmed by 1H-1H COSY).  

13C NMR (MeOD, 100 MHz) δ 173.7 (C-O), 154.1 (ArC), 151.7 (ArC), 141.7 (ArC), 139.3 

(ArC), 135.3 (ArC), 134.0 (C1-ArCH), 133.7 (ArC), 131.06 (C1-ArCH), 128.9 (ArC), 123.00 

(Triazole- ArCH), 110.9 (C3-ArCH), 110.7 (C3-ArCH), 91.8 (C1), 73.1 (C5), 69.7 (C4), 66.8 

(C2), 65.6 (C3), 62.1 (C6), 52.5 (CH3), 41.2 (CH2). (assignments were confirmed by 1H-13C 

HSQC).  

LRMS (ESI-MS): m/z calculated for C23H22F3NaN3O6S [M+Na]+ 548.5, found 548.2. 
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4.2.3 Synthesis of the PEG-Linker-Thalidomide Moiety (35) 

 

Tert-butyl (3-(2-(2-(3-aminopropoxy)ethoxy)ethoxy)propyl)carbamate (58) 

 

4,7,10-trioxa-1,13-tridecanediamine (8.04 mL, 36.68 mmol) and 1,4-dioxane (80 mL) were 

combined and stirred at room temperature. A second solution of di-tert-butyl dicarbonate (1.05 

mL, 4.58 mmol) in 1,4-dioxane (25 mL) was slowly added to the preceding solution over 2 

hours; followed by room temperature overnight. The solvent was then removed under vacuo 

and the residue was dissolved in EtOAc (40 mL) and water (40 mL). The aqueous layer was 

extracted with EtOAc (3 x 40 mL) and the combined organic fractions were washed with brine 

(50 mL), dried (Na2SO4) and concentrated under vacuo. The product was isolated as a 

colourless oil at 79% yield (1.154 g, 79%). NMR data was consistent with the literature.292  

1H NMR (CDCl3, 400 MHz): δ 5.11 (1H, s, NH), 3.67 – 3.54 (8H, m, 4 x CH2), 3.53 (4H, dt, 

J = 6.9, 6.1 Hz, 2 x CH2), 3.21 (2H, q, J = 6.3 Hz, CH2), 2.78 (2H, t, J = 6.7 Hz, CH2), 1.72 

(4H, tt, J = 13.0, 6.1 Hz, 2 x CH2), 1.42 (9H, s, 3 x CH3-BOC).  

13C NMR (CDCl3, 100 MHz): δ 156.2 (C-O), 70.7, 70.7, 70.4, 70.3, 70.0, 69.6, 39.7, 38.6, 

33.4, 29.8, 29.8, 28.6 (CH3-BOC). 

 

Tert-butyl (1-chloro-2-oxo-7,10,13-trioxa-3-azahexadecan-16-yl)carbamate (59) 

 

Chloroacetyl chloride (78 µL, 0.974 mmol) was slowly added to a solution of 58 (0.272 g, 

0.849 mmol) in anhydrous THF (5 mL). The reaction was cooled to 0ºC and DIPEA (0.115 

mL, 0.890 mmol) was added dropwise. The reaction was allowed to slowly warm to room 

temperature over 3 hours. Following this the solution was diluted with EtOAc (50 mL) and 

washed with water (2 x 30 mL). The organic phase was dried (Na2SO4) and the solvent removed 

in vacuo to yield the product as a colourless oil (0.288 g, 85%). Spectra were in line with 

published data.276 

1H NMR (CDCl3, 400 MHz): δ 7.30 (1H, s, NH), 4.96 (1H, s, NH), 4.03 (2H, s, CH2-Cl), 3.68 

– 3.55 (10H, m, 5 x CH2), 3.53 (2H, t, J = 6.0 Hz, CH2), 3.43 (2H, q, J = 5.9 Hz, CH2), 3.21 
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(2H, d, J = 6.4 Hz, CH2), 1.86 – 1.78 (2H, m, CH2), 1.75 (2H, p, J = 6.3 Hz, CH2), 1.43 (9H, 

s, 3 x CH3-BOC).  

13C NMR (CDCl3, 100 MHz): δ 166.0 (C-O), 156.2 (C-O), 70.7, 70.7, 70.6, 70.6, 70.4, 70.3, 

69.7, 42.8, 38.9, 38.7, 29.8, 28.7, 28.6 (CH3-BOC). 

 

Dimethyl 3-hydroxyphthalate (61) 

 

3-Hydroxyphthalic anhydride (0.250 g, 1.52 mmol) in anhydrous MeOH (5 mL) was refluxed 

at 70ºC for 3 hours; followed by concentration in vacuo. The residue was re-dissolved in 

NaHCO3 (0.384 g, 4.57 mmol) and anhydrous DMF (3 mL) and stirred until completely 

dissolved. Iodomethane (0.190 mL, 3.05 mmol) was added dropwise and the mixture was 

heated at 50ºC for 3 hours. Once cooled, the solution was diluted with EtOAc (40 mL), water 

(20 mL) and acidified with 4 M HCl (10 mL). The aqueous layer was extracted with EtOAc (2 

x 40 mL) and the combined organic fractions were washed with water (2 x 20 mL), brine (30 

mL) and dried (Na2SO4) to be concentrated in vacuo. The residue was purified by column 

chromatography in a eluent of 1:9 (EtOAc:Hex) to elute the red by-product and then in 1:4 

(EtOAc:Hex) to elute the product of interest as a transparent colourless oil (0.246 g, 77%). 

NMR data was consistent with previous researchers work at the Institute for Glycomics 

(unpublished). 

1H NMR (CDCl3, 400 MHz): ) δ 10.53 (1H, s, OH), 7.43 (1H, td, J = 7.9, 7.4, 0.8 Hz, ArH), 

7.06 (1H, dd, J = 8.5, 1.2 Hz, ArH), 6.95 (1H, dd, J = 7.4, 1.1 Hz, ArH), 3.91 (3H, s, CH3), 

3.87 (3H, s, CH3). 

13C NMR (CDCl3, 100 MHz): δ 169.5 (C-O), 169.4 (C-O), 161.2 (ArC-OH), 135.5 (ArC), 

134.7 (ArC), 119.9 (ArC), 119.2 (ArC), 110.3 (ArC), 53.0 (CH3), 52.7 (CH3). 
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Dimethyl 3-((2,2-dimethyl-4,20-dioxo-3,9,12,15-tetraoxa-5,19-diazahenicosan-21-

yl)oxy)phthalate (62) 

 

 

Compound 61 (0.155 g, 0.74 mmol) and cesium carbonate (0.645 g, 1.98 mmol) were added 

to a stirred solution of 59 (0.267 g, 0.67 mmol) in anhydrous ACN (5 mL). The reaction was 

refluxed at 80ºC overnight; turning a deep red colour. Once cooled the solution was diluted 

with water (50 mL) and extracted with EtOAc (3 x 50 mL). The combined organic fractions 

were dried (Na2SO4) and concentrated under reduced pressure. The resulting residue was 

purified by flash chromatography in a gradient elution of DCM → 95:5 (DCM:MeOH) to elute 

the desired product 62 as a bright yellow oil (0.185 g, 48%). 1H and 13C NMR spectra were 

consistent with the literature.276 

1H NMR (CDCl3, 400 MHz): δ 7.64 (1H, dd, J = 7.8, 0.9 Hz, ArH), 7.46 (1H, t, J = 8.1 Hz, 

ArH), 7.12 (1H, dd, J = 8.4, 0.9 Hz, ArH), 7.10 – 7.04 (1H, m), 5.00 (1H, s, NH), 4.57 (2H, s), 

3.94 (3H, s, CH3-Pthalate), 3.90 (3H, s, CH3-Pthalate), 3.62 – 3.58 (8H, m, 4 x CH2), 3.50 (4H, 

dt, J = 12.0, 6.0 Hz, CH2), 3.40 (2H, td, J = 6.8, 5.7 Hz, CH2), 3.21 (2H, q, J = 6.4 Hz, CH2), 

1.81 (2H, p, J = 6.6 Hz, CH2), 1.78 – 1.75 (2H, m, CH2), 1.43 (9H, s, 3 x CH3-BOC).276 

13C NMR (CDCl3, 100 MHz): δ 166.8 (C-O), 166.5 (C-O), 164.6 (C-O), 155.0 (C-O), 153.5 

(C-O), 129.9 (ArC), 128.7 (ArC), 124.1 (ArC), 122.4 (ArC), 116.0 (ArC), 69.6, 69.6, 69.5, 

69.3, 69.2, 69.2, 68.5, 67.8, 67.3, 51.9 (CH3), 51.7 (CH3), 35.7, 28.6, 28.3, 27.4 (CH3-BOC). 

 

Tert-butyl (1-((1,3-dioxo-1,3-dihydroisobenzofuran-4-yl)oxy)-2-oxo-7,10,13-trioxa-3-

azahexadecan-16-yl)carbamate (63) 

 

3 M NaOH (0.304 mL, 0.91 mmol), was added to a solution of 62 (0.174 g, 0.30 mmol) in 

anhydrous EtOH (4 mL) and stirred at 80ºC for 2 hours. Once the solvent was removed in 
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vacuo the residue was dissolved in water (25 mL), DCM (25 mL) and acidified with 1 M HCl 

(2 mL). The organic phase was extracted with water (3 x 20 mL) and the aqueous phase was 

washed with DCM (3 x 20 mL). All the organic fractions were combined, dried  over Na2SO4, 

concentrated under reduced pressure to yield the desired product as a bright yellow oil (0.094 

g, 58%). There was no NMR data provided in the literature as Winter et al. continued promptly 

with the crude material. 

1H NMR (CDCl3, 400 MHz): δ 7.71 (1H, d, J = 7.8 Hz, ArH), 7.43 (1H, t, J = 8.1 Hz, ArH), 

7.40 (1H, s, NH), 7.08 (1H, dd, J = 8.3, 0.9 Hz, ArH), 4.99 (1H, s, NH), 4.55 (2H, s, CH2-

carbonyl), 3.69 – 3.57 (8H, m, 4 x CH2), 3.57 – 3.46 (4H, m, 2 x CH3), 3.21 (4H, d, J = 6.9 Hz, 

2 x CH2), 1.75 (4H, p, J = 6.2 Hz, 2 x CH2), 1.43 (9H, s, 3 x CH3-BOC). 
13C NMR (CDCl3, 100 MHz): δ 168.9 (C-O), 168.9 (C-O), 167.5 (C-O), 158.9 (C-O), 154.0 

(C-O), 130.4 (ArC), 129.9 (ArC), 129.9 (ArC), 123.6 (ArC), 116.5 (ArC), 71.0, 70.7, 70.63, 

70.4, 70.1, 69.6, 68.8, 68.0, 67.8, 37.7, 36.4, 29.5, 28.6 (CH3), 28.5 (CH3). (CH3-BOC was split 

into 2 peaks in this 13C NMR) 

 

4.3 Galectin-3 Protein Purification and Expression 

Methodology provided by a member of the von Itzstein group.  

A gene block containing 6xHis tag, TEV protease cleavage site and coding sequence of 

galectin-3 CRD domain (a.a. 112 to 250) was synthesised (IDTDNA). The gene block was 

inserted into pET15 vector by NEB Builder method (NEB). Briefly, 10 μL containing 50 ng 

pET15 BamHI/XhoI digested vector and 50 ng gene block was mixed with 10 μL NEBuilder 

HiFi DNA Assembly Master Mix. Reactions were conducted at 50 °C for 1 hour. 2 μL of 

reaction product was used to transform 50 μL NEB5 chemical competent cells (NEB) 

according to manufacturer’s protocol and selected by LB agar plate supplemented with 

Ampicillin (100 μg/mL). Correct clones were identified by colony PCR. Colonies with correct 

size of insert was inoculated in 10 mL LB supplemented with Ampicillin (100 μg/mL) and 

grew at 37°C overnight. On the next day, cells were harvested, and plasmid DNA was prepared 

using QIAamp DNA Mini Kit (QIAGEN). Purified plasmid DNAs were subjected to Sanger 

sequencing by AGRF to validate sequences of plasmids. 

 

Sequence validated plasmids were used to transform BL21(DE3) chemical competent cells 

(NEB) for protein expression. Transformation was conducted according to manufacturer’s 

protocol and selected through LB agar plate supplemented with Ampicillin (100 μg/mL). 
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Successful transformant was inoculated in 10 mL LB supplemented with Ampicillin (100 

μg/mL) and grew overnight at 37°C. On the next day, the overnight culture was used to 

inoculated 300 mL LB culture and cultured at 37°C until OD600 reached 0.8 to 1.0. IPTG was 

added to final concentration of 0.6 mM and cultured overnight at 20°C. Cells were harvested 

by centrifugation at 3,000 g for 20 minutes, resuspended in PBS and lysed by sonication. After 

centrifugation at 10,000 g for 10 minutes, supernatant was loaded onto Ni-NTA column (2 mL 

packed volume, Invitrogen) which was equilibrated with 10 mL PBS. After sample loading, 

column was washed by 10 mL PBS, bound protein was eluted by 6 mL 250 mM imidazole in 

PBS. Purified hGal3 CRD was desalted by HiTrap desalting column (GE). Purification of 

proteins were confirmed by SDS-PAGE. Protein concentrations were determined by Nanodrop 

and stored at 4ºC.  

 

4.4 STD NMR Spectroscopy 

NMR samples were prepared in a total volume of 600 µL, consisting of; 510 µL phosphate 

buffered saline (PBS) (10 mM phosphate, 150 mM NaCl, pH 7.5), 60 µL deuterium oxide, and 

30 µL DMSO-d6. Final concentrations of galectin-3 protein were 10 μM for 1H STD NMR or 

20 µM for competition STD NMR. While concentrations of compounds were 500 µM, unless 

otherwise indicated. Samples are transferred to 5 mm Bruker NMR tubes for data acquisition.  

All 1H NMR spectra were acquired with a Bruker Avance 600 MHz NMR spectrometer 

equipped with 1H/13C/15N triple resonance cryoprobe at 298 K.  Saturation transfer difference 

(STD) NMR experiments were performed with the Bruker pulse program stddiffgp19.3, which 

includes water suppression and spinlock to suppress protein signals. A saturation time of 2 sec 

was used. Spectra were recorded with selective saturation at 0.6 ppm for saturation of protein 

signals and 300 ppm for reference using a series of 50 msec Gaussian‐shaped pulses. Control 

experiments with ligand-only samples and protein-only samples were also performed to 

exclude artefacts and to ensure the observed difference corresponds to true saturation transfer 

from protein to ligand. A total of 1024 scans were recorded for each STD NMR experiment. 

All spectra were processed by Mestrelab Research MNova software. 
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6.0 Appendices 

6.1 Appendix 1- MD Simulation 

 

Figure A1: The root mean square distribution (RMSD) values between pairs of structures from 50 ns simulations 

of galectin-3 with compound 37. This graph was used to establish 0.145 nm as an appropriate RMSD cut-off for 

cluster analysis. The y-axis represents arbitrary units indicating the number of conformations observed. 

 

Figure A2: Surface representation of the galectin-3 CRD with the three most populated clusters from the MD simulations. 

Each clearly representing the terminal methyl ester protruding outside the binding site to offer an optimal site of attachment 

for the linker-thalidomide moiety. The three most populated clusters accounted for 91.4%, 6.3% and 2.6% of the confirmations 

observed in the simulation. This image was created and captured using PyMOL™ Molecular Graphics System, Version 1.8.0.0 

by Schrödinger. 
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6.2 Appendix 2- NMR Spectra 
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