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Abstract: 

Glycosaminoglycans are becoming more and more focused upon as a research topic due to 

the broad use they have in aiding wound healing and preventing cell motility through 

competitive inhibition of the HGF-Met pathway. This pathway is extremely important in 

various cellular processes including cancer development, metastasis, tissue regeneration, 

damage and cell motility.   

This project aimed to synthesise a series of easily prepared (3 step) mono, di-, tri- and tetra-

sulfated glycomimetic compounds for their use in preventing HGF-induced cell motility in 

cancers, prevention of Met activation and for their beneficial actions in assisting wound 

healing.  

These compounds were prepared through 4 major synthetic routes:  

1) Coupling reaction of phenols with solketal, followed by deprotection of the acetonide and 

reaction of hydroxyl groups with SO3 complexes.  

2) Coupling phenols with allyl bromide, followed by asymmetric dihydroxylation and 

reaction of hydroxyl groups with SO3 complexes.  

3) Direct sulfation / sulfonation of phenols with SO3 complexes. 

4) Directed ortho-lithiation followed by exchange with an electrophile.  
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These compounds were tested for cell motility prevention by a wound healing assay and 

cytotoxicity was determined through a cell viability assay. 

Results showed that many of the compounds were easily synthesised in few steps and 

relatively high yields, with a number of the compounds demonstrating promising activity in 

slowing HGF-mediated cell motility at low µM concentrations, with motility being stimulated 

at higher concentrations. Further optimisation of the compounds with the highest activity 

along with further biological testing would help to ascertain a more certain SAR. 

Details of the compound observed with the highest efficacy (Compound 26) are shown in 

Figures 1-3. 

 

Figure 1. Graph showing percentage of wound still open after 24 hours following 

treatment with control drugs and varying concentrations of compound 26. 

Table 1. Percentage of wound still open after 24 hours 

NT HGF CRIZ 1 2 3 

45.05% 1.98% 43.8% 79.91% 82.05% 42.67% 
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Figure 2. Graph showing the effects of varying concentrations of compound 26 on DAOY 

cell viability. 

 

 

 

 

 

 

 

 

Figure 3. Structure of 1,3,5-trihydroxy-2,4,6-benzenetrisulfonic acid potassium salt. 
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Overall, several of the sulfated glycomimetic compounds synthesised in this project show 

promising activity in inhibiting the HGF/Met pathway, although more work is required to 

further optimise the SAR and assure effective inhibition.
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1. Introduction: 

1.1 . Hepatocyte Growth Factor: 

Hepatocyte Growth Factor (HGF) is an extremely important pleiotropic heparin-binding 

glycoprotein which is involved in cellular processes in virtually all multicellular organisms 

(Ricci, Catizone, & Galdieri, 2002; Yano, Tsuda, Ueda, & Higashio, 1998). HGF is commonly 

associated with the formation, repair and growth of cells and was initially purified through 

isolation from rat serum in 1984 (Buchstein et al., 2009; Mizuno & Nakamura, 2013). HGF 

has been documented as having significant roles in helping heal and repair damage, 

mediating various disorders with Oliveira et al., (2018) highlighting that HGF is a factor in 

one such disease: diabetes, more specifically in insulin resistance. They continue to explain 

that in individuals where insulin resistance is displayed, HGF is usually upregulated, along 

with other growth factor-like hepatokines which affect the way glucose reacts to several 

insulin sensitive cell types. Additionally, the receptor for HGF, c-Met is structurally similar to 

the insulin receptor, ISNR. This suggests that as the level of HGF increases, it can potentially 

interfere competitively with insulin, binding to ISNR and assisting insulin resistance (Fafalios 

et al., 2011). 

Other functions of HGF include tissue repair and cellular regeneration. Firstly, in relation to 

the repair of nerve cells, Ko, Lee, Lee, Nho, & Kim, (2018) explain that peripheral nerve 

regeneration in sciatic nerve injury was promoted through the increase of HGF released in 

areas of injury. Furthermore, when treated with a c-Met inhibitor, axon and myelin 

regrowth was decreased, demonstrating involvement of HGF and c-Met in nerve repair.  
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HGF is widely known to be heavily involved in the process of wound healing, allowing cells 

to proliferate and migrate enabling wounds to close, in addition to reducing inflammation 

and scarring (Dally et al., 2017). Dally et al., (2017) and Nakamura & Mizuno, (2010) go on to 

demonstrate that HGF is found to play a significant part in embryogenesis, tissue 

homeostasis, repair, regeneration, organ development and protection. It was found that 

during various organ diseases, the level of HGF is highly upregulated, likely as an attempt to 

repair any damage that may have been caused to any tissues (Nakamura & Mizuno, 2010). 

They further state that when the level of HGF was reduced through anti-HGF antibodies, the 

rate of degradation in tissue was observed to increase, demonstrating the role HGF plays in 

the maintenance of tissue function. 

HGF is secreted in its inactive form referred to as pro-HGF and activated in the body through 

a urokinase-type plasminogen activator (uPA) ǘƻ ʰǖ-HGF through hydrolysis of an arginine-

valine bond, thus becoming the ligand for the tyrosine kinase Met (Naldini et al., 1995). 

Buchstein et al., (2009) goes on to explain that pro-HGF has a relatively uncommon 

structure in comparison to other growth factors which are generally much smaller and 

usually only single-domain proteins, whereas HGF is relatively large (92 kDa) and is a multi-

domain protein. This is further enforced by Naldini et al., (1995) and Dally et al., (2017), who 

explain that h ǖ-HGF is comprised of a 55-сл ƪ5ŀ ʰ ŘƻƳŀƛƴ which contains a N-terminal 

hairpin loop and 4 kringles (NK1-NK4), which allow binding and activation of the receptor. 

There is also the 32-34 kDa ß domain which contains a secondary receptor binding site 

linked through a disulfide bridge as a heterodimeric protein. This then exists as 3 major 

isoform variants: HGF-NK, NK1 and NK2, where NK1 is an agonist to c-Met and NK2 is a 

partial c-Met antagonist. 
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Figure 4. 5ƻƳŀƛƴ ǎǘǊǳŎǘǳǊŜǎ ƻŦ ʰ ŀƴŘ ǖ IDC chains (a) Crystal structure of NK1 and SPH 

domains (b)Φ wŜǇǊƛƴǘŜŘ ŦǊƻƳ άaŜǘΣ ƳŜǘŀǎǘŀǎƛǎΣ Ƴƻǘƛƭƛǘȅ ŀƴŘ ƳƻǊŜέ ōȅ Birchmeier, C., 

Birchmeier, W., Gherardi, E., & Vande Woude, G. F. 2003. Nature Reviews Molecular Cell 

Biology, 4(12), 915ς925.  

Nakamura & Mizuno, (2010) explain that HGF is produced by stromal cells and is involved in 

stimulating many cellular functions such as angiogenesis, cell motility, cell proliferation, and 

morphogenesis. This is then a particular target for anticancer drugs as it shows activity in 

many human cancer pathways. This further assists the progression of tumour cells whilst 

aiding metastasis through increasing cell motility (Matsumoto & Nakamura, 1997). Targeting 

HGF, and consequently its receptor the tyrosine kinase Met, allows reduction in the activity 

of the HGF-Met pathway. Focussing on treating this pathway in cancer may achieve reduced 
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mortality rates, as the rates of tumour progression, angiogenesis, and metastasis would be 

minimised thus leading to potentially less aggressive and slower growing cancers (Cecchi, 

Rabe, & Bottaro, 2012). 

 

 

1.2. Met: 

Met is a Receptor Tyrosine Kinase (RTK) which are a class of cell surface receptors primarily 

involved in signalling pathways of most cancers. This is largely due to their ability to control 

cellular invasion, proliferation, cancer cell regulation and angiogenesis which have a distinct 

role in the manifestation of many cancers (Maroun & Rowlands, 2014). All 518 known 

human RTKs have similar molecular structures, which further fall into 20 subfamilies, all 

sharing three common features: a ligand binding region in the ECM, a singular 

transmembrane helix and a cytoplasmic region that contains the tyrosine kinase, in addition 

to the carboxy terminal and juxtamembrane regions (Lemmon & Schlessinger, 2010). 

The Met pathway is initiated through the binding of HGF to Met, resulting in dimerisation 

followed by autophosphorylation of two tyrosine residues.  This in turn activates further 

downstream signalling pathways, in particular MAPK and PI3K, resulting in cell 

morphogenesis, proliferation, apoptosis protection, cell scatter and mobility (Mo & Liu, 

2017).  



 
 

5 | P a g e 
Alexander Bunte 

 

Figure 5. Dimerisation of inactive monomers to form the active RTK dimer. Adapted from 

ά/Ŝƭƭ {ƛƎƴŀƭƛƴƎ ōȅ wŜŎŜǇǘƻǊ ¢ȅǊƻǎƛƴŜ YƛƴŀǎŜǎέ ōȅ {ŎƘƭŜǎǎƛƴƎŜǊΣ WΦ нлллΦ Cell, 103(2), 

211-225. 

Met is a key example of this; in many cancers it is overexpressed. This is especially seen in 

non-small cell lung, gastrointestinal and hepatocellular carcinomas due to Met being the 

major pathway affecting cancer progression rate as suggested by Maroun & Rowlands, 

(2014). They suggest that its ability to communicate with the vascular endothelial growth 

factor receptor (VEGFR), results in upregulated angiogenesis and endothelial cell growth. 

This is reinforced by Cecchi et al., (2012) and Maroun & Rowlands, (2014) who explain that 

elevated Met and HGF levels as a result of mutations to Met generally lead to a poor 

prognosis for the sufferer due to the increased activity allowing primary cancer effecting 

pathways to function unchecked. Organ & Tsao, (2011) further support this by explaining 
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ǘƘŀǘ ǎƻƳŜ ŎŀƴŎŜǊǎ Ŏŀƴ ōŜ άŀŘŘƛŎǘŜŘέ ǘƻ aŜǘ ŜȄǇǊŜǎǎƛƻƴ όƻƴŎƻƎŜƴŜ ŀŘŘƛŎǘƛƻƴύ ŀƴŘ ǊŜǉǳƛǊŜ ƛǘ 

to support tumour growth and survival of the cancer itself.  

In terms of selecting Met as a target for anticancer drugs and therapies, there are 3 main 

routes: a) preventing the combination of HGF and Met extracellularly, b) preventing 

phosphorylation of the tyrosine domain, and c) inhibiting Met kinase-dependent signalling 

(Maroun & Rowlands, 2014). When targeting Met, HGF is found to be the sole co-factor 

ligand. This allows us to select Met as an effective target for anticancer drugs due to both 

aŜǘΩǎ ŀŎǘƛǾŀǘƛƻƴ ƻŦ ŀ ƭŀǊƎŜ ǊŀƴƎŜ ƻŦ ƛǘǎ ƻǿƴ and ƻǘƘŜǊ ǊŜŎŜǇǘƻǊǎΩ ƻƴŎƻƎŜƴƛŎ ǇǊƻŎŜǎǎŜǎ in 

addition to the fact that there is only one known ligand in which anticancer drugs would be 

competing, in order to inhibit the pathway effectively (Dua, Zhang, Parry, & Penuel, 2011).  

Met possesses a very complex structure due to it being a transmembrane bound receptor 

with several extracellular (Sema, PSI, IPT) and intracellular domains (Juxtamembrane, 

Kinase) and a multifunctional docking site (Organ & Tsao, 2011). Met is initially secreted as 

an inactive single-chain molecule that is then cleaved between residues 307-308, resulting 

in the production of a disulfide-bridged heterodimer (Birchmeier, Birchmeier, Gherardi, & 

Vande Woude, 2003). Cleavage of an inactive form of Met to give the active form is similar 

to the way active HGF is produced, as discussed earlier, pro-HGF is cleaved to form active 

HGF.  Structurally, Met is comprised of a cysteine domain attached to four immunoglobulin 

domains which are suggested to hold the ß chain of the protein in such a way that it allows 

binding of its ligand, HGF resulting in the activation of the HGF-Met pathway (Birchmeier et 

al., 2003).  
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Figure 6. Transmembrane domain structure of Met. Reprinted from άAn overview of the c-

MET signaling pathwayέ ōȅ Organ, S. L., & Tsao, M. S. 2011. Therapeutic Advances in 

Medical Oncology, 3(1), S7ςS19. 

Other RTKs are able to be targeted through the use of drugs such as cabozantinib, an 

inhibitor for Met, VEGFR2, AXL, KIT, KIE2, FLT3 and RET kinases. This targets multiple RTK 
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pathways at the same time, allowing increased survival rates due to the level of kinase 

inhibition when compared to other drugs like erlotinib (Maroun & Rowlands, 2014). They 

report that in a phase II randomised and controlled clinical trial investigating the efficacy of 

cabozantinib and erlotinib alone, versus a combination of the two, was found that in 

patients with advanced NSCLC, erlotinib alone gave 1.8 months of progression free survival 

(PFS) whereas cabozantinib gave 4.3 months. This demonstrates the effectiveness of a 

multi-kinase inhibitor (cabozantinib) versus a single EGFR inhibitor (erlotinib). However, a 

combination of the two gave 4.7 months of PFS, an increase over drug monotherapy 

showing that inhibiting many RTK pathways will generally increase the level of PFS.  

 

 

1.3. Cell Motility: 

Cell motility is a process which is involved in various critical bodily processes and diseases, 

namely wound repair, tissue growth and cell invasion in metastatic cancers. In cancer it is 

rarely the primary tumour that is the cause of death, rather the formation of various 

metastases throughout the body as a result of malignant cells moving and uncontrollably 

growing in remote tissues (Yilmaz & Christofori, 2010). They continue to explain that cells 

can migrate both as a group, or as single cells with several processes being undertaken 

during the migration. During this the cell itself changes at the molecular level through 

modification to its cell-cell and cell-matrix adhesion and the actin cytoskeleton. However, as 

of yet the understanding of how cells physically migrate out of tissues, survive immune 

detection and response, and begin metastasis in distant tissues is not fully known.  
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Jiang et al., (2015) describe that cell adhesion and inter-cellular structures are the primary 

factors in maintaining a single tumorous mass, and failures of these structures may lead to 

cells spreading out from the tumour and forming metastases.  Jiang et al., (2015) and 

Stuelten, Parent, & Montell, (2018) both introduce the role of the E-ŎŀŘƘŜǊƛƴ άǎǿƛǘŎƘέ ǿƘƛŎƘ 

in most epithelial cell mediated cancers show loss of functionality. They clarify that loss of 

ǘƘŜ άǎǿƛǘŎƘέ in cancers leads to reduced cellular adhesion, increasing the chance of cancer 

cells detaching from the primary tumour and migrating. In addition to this, loss of contact 

inhibition allows these cells to have unchecked cellular growth and therefore support the 

process of secondary tumour growth (Cavallaro & Christofori, 2004). 

Another process which leads to similar effects to that of the E-ŎŀŘƘŜǊƛƴ άǎǿƛǘŎƘέ ƛǎ EMT 

(epithelial-mesenchymal transition). This is a differentiation which epithelial cells undergo in 

order to morph into a mesenchymal phenotype. This is achieved through a series of 

biochemical modifications to the cell (Kalluri & Weinberg, 2009). Completion of this 

modification enables the cells to have an increased level of motility, invasiveness and the 

ability to resist apoptotic signals that are characterised by the deterioration of the basement 

membrane. Subsequent formation of mesenchymal cells enables them to migrate away 

from the source and form metastases. 
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Figure 7. Role of EMT in cancer metastasis. Reprinted ŦǊƻƳ άThe basics of epithelial-

ƳŜǎŜƴŎƘȅƳŀƭ ǘǊŀƴǎƛǘƛƻƴέ ōȅ YŀƭƭǳǊƛΣ wΦΣ ϧ ²ŜƛƴōŜǊƎΣ wΦ !Φ нллфΦ Journal of Clinical 

Investigation, 119(6), 1420ς1428.  

Normal and malignant cells are said to generally migrate through amoeboid, mesenchymal 

or individual pathways (Stuelten et al., 2018), or collective cell migration in cellular sheets, 

strands, clusters and tubes (Jiang, Li, He, & Zhao, 2013). The format of cell migration is 

dependent on the cell type; epithelial cells usually migrate in sheets, whereas colorectal 

cancer cells disseminate as single, solitary cells (Yilmaz & Christofori, 2010). 

As tumour metastasis is the primary death factor in 90% of cancer related deaths, selecting 

this as a target for anticancer drugs would be a credible choice, as the inhibition of signalling 

pathways such as EGFR, HGF-Met, FGFR and IGF1R which are involved with cell movement, 

proliferation, differentiation and survival could reduce the level of both primary tumour size 

and metastasis formation, making treatment a much more streamlined, specific, less toxic 

and more successful approach (Leber & Efferth, 2009; Yilmaz & Christofori, 2010). 

Cell motility is also essential to wound healing, utilising various processes such as EMT and 

scatter factor mediated collective cell migration to close up wounds through the directional 

migration of a cell sheet, in addition to increased epithelial cell proliferation and the 

following migration of cells to the centre of the wound, allowing wound closure and 

therefore repair (Jiang et al., 2013). 
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1.4. Glycosaminoglycans: 

Glycosaminoglycans or GAGs are one of the most complex of the four major sulfated 

polysaccharide biopolymers found generally on cell surfaces and in the extracellular matrix 

(ECM) within mammals, and have been found to be a very worthwhile target for the 

development of new drugs, nanoparticles and imaging agents for use in cancers and healing 

medicines through the mimicry of GAGs and proteoglycans (PGs) (Yamada, Sugahara, & 

Özbek, 2011). 

These are found primarily as glycolipids or PGs in the body, bound to cell membrane protein 

and lipids respectively, and are usually comprised of alternating units of N-acetyl-D-

glucosamine (GlcNAc), or N-acetylgalactosamine (GalNAc) and a hexuronic acid (HexA), 

being either glucuronic acid (GlcA) or iduronic acid (IdoA) (Scott & Panitch, 2013; Yamada et 

al., 2011). It has been also discovered that some PGs are substituted with multiple GAG 

chains, for example syndecan-1 (heparan sulfate, chondroitin sulfate) and aggrecan (keratan 

sulfate, chondroitin sulfate). This increases the level of structural diversity of the GAG 

family, as PGs are usually classed by their location, basement membrane, ECM and GAG 

substitution pattern (Yip, Smollich, & Götte, 2006). Scott & Panitch, (2013) continue to 

explain that the monomer units of GAGs and PGs have sulfation patterns that vary across 

the monomer units, with GlcA being sulfated on carbon 2 and/or 3, whereas GalNAc is 

usually sulfated on carbons 4 and/or 6. 
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Figure 8. Structures of Chondroitin Sulfate (CS), Dermatan Sulfate (DS), Heparan Sulfate 

(HS) and Hyaluronic Acid (HA). Reprinted from ά9Ǿƻƭǳǘƛƻƴ ƻŦ ƎƭȅŎƻǎŀƳƛƴƻƎƭȅŎŀƴǎΥ 

/ƻƳǇŀǊŀǘƛǾŜ ōƛƻŎƘŜƳƛŎŀƭ ǎǘǳŘȅέ ōȅ ¸ŀƳŀŘŀΣ {ΦΣ {ǳƎŀƘŀǊŀΣ YΦΣ ϧ mȊōŜƪΣ {Φ нлммΦ 

Communicative and Integrative Biology, 4(2), 150ς158. 

Sulfation in these molecules is a key feature, as the presence of multiple -SO3 groups each 

providing a negative charge allows for a high level of anionic charge density, therefore giving 
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GAGs the ability to increase osmotic pressure around areas which are highly saturated with 

GAGs (Scott & Panitch, 2013). Scott & Panitch, (2013) further explain that the anionic quality 

of these molecules facilitates their ability to interact as several growth factors, cytokines 

and proteases. 

Yamada et al., (2011) and (Yip et al., 2006) explain that GAGs are involved in a range of 

important roles throughout the body, the focus being on cell growth and differentiation, 

morphogenesis, angiogenesis, cell adhesion, cell signalling, inflammation, cell migration and 

wound healing. This gives GAGs a strong foundation in many physiological processes which 

may facilitate the development of new drugs and treatments for a wide range of diseases in 

the form of anticancer, anticoagulant, antithrombotic and wound healing drugs (Volpi, 

2006). Cancer is a key example, as GAGs and PGs are known to be dysregulated in various 

cancer pathways, generally correlating to the severity of the prognosis (Yip et al., 2006). 

They continue to illustrate that cancer cell GAGs and PGs can influence several factors of the 

cancer itself in the way of reduced cell adhesion, increased cell invasion, motility and 

angiogenesis, this being a major ŦŀŎǘƻǊ ƛƴ ŘŜǘŜǊƳƛƴƛƴƎ ǘƘŜ ŎŀƴŎŜǊΩǎ ƛƴǾŀǎƛǾŜƴŜǎǎ ŀƴŘ ƎǊƻǿǘƘ 

rate.  

One such example of this is Heparan Sulfate (HS) which in transformation from colon 

adenoma to carcinoma is seen to have a reduction in the level of sulfated sites when 

compared to normality. This strongly influences the function of the molecule, resulting in 

increased cancer progression and is also observed across ovarian, squamous cell and 

hepatocellular carcinomas (Yip et al., 2006).  Afratis et al., (2012) and Belting, (2014) suggest 

that an oversulfated HS mimic would have strong anti-tumour effects, as this inhibits various 

tumour cell functions through promotion of phenotype transformation.  This results in 
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suppression of processes involved in further progression of the cancer as well as inhibiting 

interactions with growth factors and cytokines such as the HGF-Met pathway through their 

HS chains. These are largely responsible for cell motility and proliferation. Furthermore, HS 

has uses outside of cancer treatment as suggested by Yamada et al., (2011) who explain that 

oversulfated HS could have a role in the protection of tissues in direct environmental 

contact from pathogens without use of any active immune system. 

 

 

1.5. Aims: 

This project aimed to synthesise a series of mono, di, tri and tetra-sulfated 

glycosaminoglycan mimics and investigate their functionality in both reducing the level of 

HGF-induced cell motility and their ability to inhibit the activation of the Met pathway 

through HGF. 

Synthesis of these glycomimetic compounds was the major focus of this project and was 

achieved in 1-4 steps depending upon the molecule being synthesised. Three major 

categories of compounds were synthesised during this project: 

a) Enantioenriched benzonitrile glycomimetics ς through coupling with allyl bromide, 

followed by asymmetric dihydroxylation and sulfation (Compounds 12 + 13). 

b) racemic benzonitrile glycomimetics ς through coupling with solketal, deprotection of the 

acetonide, and sulfation of the vicinal diol (Compounds 6, 8 + 17). 
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c) aryl sulfated and sulfonated glycomimetics ς through direct sulfation and sulfonation of 

OH groups on substituted phenols (Compounds 24 ς 30). 

Following synthesis of glycomimetic compounds, subsequent testing on DAOY 

medulloblastoma cells was performed to investigate firstly, their ability to reduce cell 

motility in wound healing assays and secondly, to ascertain whether the compound has any 

effect on cell viability, as we are aiming to prevent cell mobility while having little to no 

effect on cell viability. These tests would show us if the compounds synthesised here would 

have any effect on cell proliferation, motility or Met inhibition. Successful results in slowing 

wound healing and high cell viability counts would suggest effective inhibition of HGF-Met, 

with little cytotoxicity, and would therefore lend itself as a good candidate for use as an 

anti-cancer drug. Conversely, should the compound show increased cell proliferation and 

motility on the wound healing assay, this would suggest its suitability for use as a wound 

healing drug. 

 

 

2. Results and discussion: 

2.1. Synthetic Overview: 

This project addresses 6 major synthetic pathways (A ς F) in preparation of a series of novel 

glycomimetic compounds for testing on DAOY cells in order to determine efficacy.  
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Figure 9. Synthetic pathway A - Preparation of 3-cyano substituted glycomimetics. 
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Compounds 2 - 13 were derived from 3-cyanophenol, and the reaction pathway split into 3 

distinct sub routes:  

 

Figure 10. Sub-route A-1 - Preparation of 5-substituted racemic sulfates. 

These compounds were formed by firstly reacting N-bromosuccinimide with 3-cyanophenol 

by electrophilic aromatic substitution to give compound 2 in high yield (92%). This was then 

coupled with solketal through the Mitsunobu reaction which exhibited some difficulty in 

purification and isolation of the compound to yield 43% of compound 3. This low yield is 

likely due to loss of product through the multiple purification steps undertaken required to 

remove contaminants. Additionally, some cleavage of the acetonide may have occurred 

during column chromatography due to the acidic nature of silica resulting in a portion of the 

product eluting as the diol at a different point, resulting in loss of yield. 
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Subsequently, the acetonide was cleaved using p-toluenesulfonic acid to give the vicinal 

diol, compound 4 in a moderate yield (50%). This low yield is attributed to having worked on 

a very small scale, as considerable amounts of product can be lost in various simple steps 

such as transfer of the compound between glassware, with some quantity of product 

becoming unrecoverable both from traces left on glassware used and in the aqueous waste 

left over following the workup. Furthermore, we have seen that small-scale workups are 

usually relatively inefficient, firstly due to the issues discussed earlier, and secondly to the 

fact that comparatively large amounts of solvent and water are required to allow for ease of 

handling, therefore facilitating successful isolation of product. 

Once successful deprotection of the acetonide was achieved, the diol was then sulfated to 

give the glycomimetic, compound 6 in high yield (91%). Sulfation of these 2,3-diols is facile 

and requires low temperatures over an extended reaction period. Purification poses some 

challenges, as aqueous extraction is not viable due to the solubility of the sulfate. Therefore, 

solvent must be removed under high vacuum, followed by column chromatography in 

methanol to yield the pure sulfate. Ways to mitigate this have been achieved and is 

discussed further in section 2.4. 
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Figure 11. Sub-route A-2 - Preparation of 2,5-substituted stereorandom sulfates. 

 

Following synthesis of 5-substituted sulfates, compound 3 was utilised to produce a 2,5-

substituted sulfate 8 which was achieved through coupling a second molecule of solketal to 

compound 3 through an Ullmann-type reaction to give compound 5 (95%). This reaction 

functioned extremely well, and a further series of bis substituted sulfates with varying 

positions should be investigated using this method as chlorine-substituted arenes are 

relatively common and easy to obtain from chemical suppliers. 

Compound 5 was deprotected with use of Amberlyst 15 H+ resin as an acidic source to give 

the bis diol compound 7 (50%), resulting in a moderate yield. This again may have been due 

to loss through transfer and workup, although some of this loss may have been due to 

degradation of the molecule from the acidic conditions resulting in loss through in the 
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workup. There is also the potential for the product to bind to the ion exchange resin, 

ultimately being lost upon discarding the used resin, this should be investigated in order to 

mitigate losses. 

Sulfation of the bis diol was then completed to give the final glycomimetic compound 8 

(83%). As with compound 6, solvent needed to be removed through high vacuum followed 

by methanol column chromatography to give the pure sulfate. 

 

Figure 12. Sub-route A-3 - Preparation of 2,5-substituted enantio-enriched sulfates. 
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Preparation of compound 9 was accomplished through allylation of compound 1 and gave 

the product in good yield (95%). 

Subsequent Sharpless asymmetric dihydroxylation was undertaken to give the 

enantioenriched S (compound 11) and R (compound 10) 2,3-diols in 82% and 87% yields 

respectively. Asymmetric dihydroxylation of simple alkenes is very easy but has some 

drawbacks in the form of extended reaction times and low temperatures (>12 h, 0 °C) which 

can require specialist equipment. High yields and success rates are almost always observed 

from this reaction, making it an effective way to form enantiomeric diols (Hentges & 

Sharpless, 1980). Due to our inability to measure the e.e of these enantioenriched 

compounds, it was assumed to be successful due to preceding literature demonstrating 

success with similar substrates and conditions. 

Following this, compounds 10 and 11 were then sulfated to give the enantioenriched S and 

R sulfates (compounds 12 and 13) in good yields of 79% and 76%. In this case a different 

sulfation method was utilised, using sulfur trioxide tributylamine complex, which allows for 

an aqueous workup, making purification much easier (Gill, Male, & Jones, 2019). 

Furthermore, this method introduced an integral sodium salt exchange step, allowing simple 

removal of the product ς tributylamine salt and giving an easy to handle, pure sulfate. 
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Figure 13. Synthesis of sulfur trioxide tributylammonium complex. 

 

Figure 14. Synthetic pathway B - Preparation of 5-chloro substituted sulfates. 

Synthesis of compound 15 was attained by nucleophilic aromatic substitution of compound 

14 with solketal and gave a good yield of 76%. A disubstituted variant of this molecule was 

attempted, compound 43 (Figure 15), however the electron donating effect from the 

acetonide and the loss of a chlorine electron withdrawing group, greatly deactivates the ring 

preventing further substitution. This reaction proceeds with relative ease and efficiency and 

it would be worthwhile investigating its use in other syntheses, where chlorine is in a 

different position on the aromatic ring.  
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Following nucleophilic substitution, compound 15 was then deprotected using Amberlyst 15 

H+, utilising the same method used in previous deprotections to give compound 16 at a high 

yield of 0.166 g, 93%. As with previous deprotections, this proceeds without issue, giving the 

vicinal diol. 

 

Figure 15. Failed synthesis of compound 43. 

Compound 16 was sulfated using the basic sulfation method (sulfur trioxide trimethylamine 

complex, DMF, 40 °C, 16 h), to give the glycomimetic compound 17 in high yield (83%). This 

sulfate was subjected to the same isolation and purification methods as described earlier to 

give the pure sulfated compound. 
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Figure 16. Synthetic pathway C - Synthesis of compounds 24 ς 30. 

Compounds 24-30 were prepared by reaction of the chosen substituted phenol with SO3 

pyridine complex at reflux in toluene to give the corresponding aryl glycomimetic. 

Potassium salts were obtained through treatment of the sulfate with 0.2M KOH. Synthesis 

of these simple glycomimetics was sustained at high yields throughout the series of 

compounds, likely due to the simplicity of the reaction and purification steps. 

Compound 30 is an exception to the general conditions, requiring a different set of reaction 

conditions (chlorosulfonic acid, dichloromethane, room temperature, 16 h), to yield the 
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trisulfate rather than the trisulfonic acid 26, which is produced when the general procedure 

is used. 

Table 2. Yields of compounds 24 - 30. 

Compound Number Yield 

24 76% 

25 73% 

26 61% 

27 69% 

28 64% 

29 74% 

30 66% 
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Figure 17. Synthetic pathway D - Preparation of 2,2-dimethyl-4-(phenoxy)methyl-1,3-

dioxolane. 

Compound 37 was investigated as we were attempting to determine a synthetic step which 

would allow us to couple substituted phenols with solketal, without the use of the 

Mitsunobu reaction, which had proved somewhat unsuccessful for us. However, this was 

found to be even more labour intensive as the formation of compound 37 was not achieved 

in good yield without the use of a tosylate intermediate which required prior preparation. 

Synthesis of compound 33 was attempted through asymmetric dihydroxylation of 

compound 31, and then protection of the diol (compound 32) to form the acetonide, 

compound 33. However, this was found to be inviable as only a small percentage of 
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acetonide was formed in the protection step even with considerably extended reaction 

times. 

We therefore synthesised the protected diol (compound 37) through a more involved route 

utilising solketal tosylate (compound 35) formed through coupling of solketal with tosyl 

chloride (compound 34). This tosylate intermediate allowed us to prepare compound 37 

easily in one step. This route was also not without its difficulties however, as the initial 

attempt at the synthesis was met with failure, yielding compound 35 in a low amount of 

product. This was due to contamination of the tosyl chloride with p-toluenesulfonic acid 

resulting in subsequent deprotection of the acetonide in situ. We resolved this through 

purification of the tosyl chloride by Soxhlet extraction with petroleum ether to exclude any 

p-toluenesulfonic acid.  

The reaction was repeated with the purified tosyl chloride, and yielded compound 35 in a 

high yield of 89% which was then used to synthesise compound 37 in a moderate yield of 

48%.  

 

Figure 18. Synthetic pathway E - Determination of lithiation conditions. 

Lithiation of this compound was investigated in order to determine whether ortho lithiation 

was attainable on substrates similar to compound 37. In order to determine the correct 
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conditions for ortho lithiation, it was decided to run several trial reactions utilising the same 

materials with varying conditions, as shown in table 3. in section 3.2.16. Reactions were 

quenched with D2O, to achieve lithium - deuterium exchange. This was followed by 1H NMR 

spectroscopy, allowing us to determine reaction success quantitatively. Loss of 1 aromatic 

proton in the spectrum signifies reaction success, as deuterium is not observed in NMR 

spectra. 

 

 

 

 

 

Figure 19. Synthetic pathway F - Preparation of substituted diarylmethanes. 

Substituted diarylmethanes were selected for synthesis and subsequent investigation, due 

to the lack of data available for more complex multi-ringed sulfates. A diarylmethane 

species was selected, as the coupling of the phenyl rings were able to be both easily joined 

through a simple lithium cross coupling reaction in one step while directing the coupling to 

the desired ortho position on compound 39. 

The synthesis of these was attempted through reaction of compound 39 with 3-

(bromomethyl)benzonitrile by directed ortho lithiation to give the substituted 

diarylmethane, compound 40 at a yield of 63%. 
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Due to time constraints, this synthesis was never completed. However, given more time, 

this would be a worthwhile area to continue research, as diarylmethane-based 

glycomimetics have not been investigated thoroughly as of yet. 

 

 

2.2. Synthesis of enantio-enriched diols: 

 

Figure 20. Synthesis of (R)-3-(2,3-dihydroxypropoxy)benzonitrile. 

Synthesis of enantiomeric vicinal diols such as (R)- and (S)-3-(2,3-

dihydroxypropoxy)benzonitrile by Sharpless asymmetric dihydroxylation have been 

documented in literature to a large extent (Elsevier, 2019). Synthesis of these compounds 

was achieved through preparation according to the route taken by Raiber et al., (2007) in 

which, a substituted phenol was reacted with allyl bromide to give the O-allyl species, an 

example of which can be seen in Figure 20 as compound 9, 3-allyloxybenzonitrile. Coupling 

of allyl groups generally shows a very specific set of peaks in the product, 6.05 ppm (m, 1H), 

5.48 ppm (dd, 1H), 5.40 ppm (dd, 1H) and 4.55 ppm (d, 2H). Aromatic peaks integrate to 1 : 
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1 : 2 at 7.45 ς 7.1 ppm, signifying 4 aromatic protons, as expected . These are easily 

observed in Figure 21, signifying a successful reaction.  

This was followed by Sharpless asymmetric dihydroxylation to give the vicinal diol 

enantiomer. Both the allylation and asymmetric dihydroxylation (AD) reactions always seem 

to proceed with yields above 80% and require little to no purification, even on large scales. 

These procedures were repeated to give both (R)- and (S)- 3-(2,3-

dihydroxypropoxy)benzonitrile which were then subjected to sulfation outlined in section 

2.5.  

 

Figure 21. 1H NMR of 3-allyloxybenzonitrile.  

Although AD reactions are very simple to carry out, due to commercial AD reagents being 

readily available for use from various suppliers, they do however require a relatively long 

reaction time (>12 h) in addition to maintaining constant cooling at 0 °C throughout the 

whole duration of the reaction. Maintaining the low temperature can prove to be somewhat 
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challenging without available specialist equipment to hand. Given that we do not have a 

way to monitor our e.e, we can assume that a good e.e would be achieved due to preceding 

literature reporting that low temperatures, and high pH in asymmetric dihydroxylation, yield 

a good e.e, and as temperature increases and pH decreases, e.e tends to suffer 

(Mehltretter, Dobler, Sundermeier, & Beller, 2000). 

A way to overcome this could be to utilise the Mitsunobu reaction, as discussed in section 

2.2, using pre-purchased optically pure (R)-(-) and (S)-(+)-solketal and then coupling it with 

the desired phenol to give a product with a definite high e.e. 
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