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Abstract	
 

Cancer is a disease characterised by the uncontrolled growth of mutated cells, and is 

one of the leading causes of death worldwide, with over a third of people diagnosed with cancer 

in their lifetime. Despite extensive investment of both time and money in cancer research, poor 

patient outcomes and quality of life, and the evolution of treatment resistant cancers indicates 

that continued research, and more efficacious therapies are required. A recent investigation 

identified a mycothiol analogue which displayed significant toxicity in the promyelocytic 

leukemia cell line (HL60). Designed as a negative control, no biological activity was expected 

from this compound and its cellular target and mode of action are unknown.  

 

This thesis describes the synthesis of a toxic trichlorovinyl cysteine-containing 

analogue of mycothiol, and the attempted synthesis of a propynylated and fluorescent 

derivative of this. The research also details immunomodulatory investigations, which were 

undertaken to probe the mode of action of the lead compound, and to determine whether its 

precursor, N-Boc-S-trichlorovinyl cysteine, induced toxicity through the same mechanism. The 

lead compound demonstrated mild immunomodulatory activity in splenocytes isolated from 

euthanised C57BL/6 mice, and enzyme linked immunosorbent assays revealed a likely Th2 

mediated response, induced by the production of IL-4. The precursor however appears to 

promote a strong pro-inflammatory response, by inducing IL-17a production, which is widely 

considered a deleterious immune response in cancer. Whilst further work is required to 

determine the cellular target of the lead compound, the research described demonstrates the 

potential for this compound as an anti-cancer agent, while the precursor appears inappropriate 

for further development.  
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Chapter	1	
	
1.	Introduction		

	
The aim of the work reported in this thesis is to synthesise a toxic mycothiol analogue, 

and to investigate its mode of action in the HL60 cell line.  

 

Previous work sought to develop novel agents for the treatment of mycobacterial 

infection based on a trichlorovinyl cysteine-containing analogue of mycothiol. An 

unexpected discovery from that work was that a control compound showed promising 

anti-cancer like activity against the HL60 promyelocytic leukemia cell line. The work 

reported in this thesis was undertaken to probe the mode of action of this compound. The 

original intention was to assess pathways affected by the compound based on analysis of 

proteome responses in HL60 cells. However, a prolonged break-down of the liquid 

chromatography-tandem mass spectrometry machine (LC-MS/MS) over the final months 

of this research necessitated a late change of research goals. A set of assays were 

undertaken to evaluate the immunomodulatory activity of the lead compound, to assess 

whether its activity was appropriate for an anti-cancer treatment. These assays were also 

utilised to determine whether the activity of compound 1 is distinct from that of a 

precursor, N-Boc-S-trichlorovinyl-L-cysteine (N-Boc TCVC). 

 

  To explain the background to the discovery of the activity of the lead compound, 

there follows an introduction to mycothiol, and the role of the β-lyase enzyme in the 

biological activity of N-Boc TCVC. This is followed by a description of how target 

identification was approached in this thesis. The chemical synthesis and biological aims 

of this investigation, and how they changed during the course of the research are also 

discussed. 

 

1.1	Mycothiol		
 

Mycothiol is a thiol-containing compound with a protective role in the detoxification 

of electrophilic xenobiotics in actinomycetes bacteria.1 Mycothiol is composed of a 

cysteine conjugated to GlcN-Ins, a glucosamine which is linked to an inositol group at 



 
2 

the anomeric centre.2 Mycothiol functions by binding to exogenous compounds through 

the cysteine thiol group, and forming mycothiol-toxin conjugates, which can be further 

metabolised by mycothiol-S-conjugate amidase (Mca) to produce an N-acetyl cysteine S-

conjugate of the toxin (Figure 1.1).1 

 
Figure	1.1	Mycothiol	detoxification	pathway	

	

Mycothiol is not found in human cells, where an analogous peptide glutathione performs 

a similar role.3 Despite their similar function, the structure of glutathione is different to 

that of mycothiol, and consists of a tripeptide, containing a glutamine, cysteine, and 

glycine (Figure 1.2).4 As mycothiol is an essential peptide for bacteria such as 

Mycobacterium tuberculosis and is absent in human cells, the mycothiol detoxification 

pathway has been investigated as a potential target for anti-tuberculosis treatment.5–7  

 
Figure	1.2	Structure	of	mycothiol	(L)	and	glutathione	(R)	

	
1.2	Halogenated	Alkenes		
 

Halogenated alkenes such as tetrachloroethylene and trichloroethylene are commonly 

used solvents, and have important industrial applications, particularly in dry cleaning, 

metal degreasing, and in the production of chlorinated chemicals.8,9 Human exposure to 

these chlorinated solvents generally occurs through inhalation, although contamination 

of drinking water is common.8 Recent investigations by the US Environmental Protection 
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Agency (US EPA), the International Agency for Research on Cancer (IARC) and the 

National Toxicology Program (NTP) classified tetrachloroethylene as a probable human 

carcinogen, with significant non-cancer neuro- and nephrotoxicity.8,10,11 Interestingly, the 

acute toxicity of tetrachloroethylene is primarily associated with its metabolism and 

attempted detoxification by glutathione, predominantly in the liver and kidney.12 

Conjugation of tetrachloroethylene to glutathione is catalysed by glutathione S-

transferase, and leads to the production of S-(1,2,2-trichlorovinyl) glutathione (TCVG) 

(Figure 1.3).13 This precursor is then further metabolised by γ-glutamyltransferase and 

dipeptidases to form S-(1,2,2-trichlorovinyl)-L-cysteine (TCVC).13 The majority of 

TCVC is subsequently detoxified through N-acetylation, and excreted in the urine. A 

small percentage of TCVC however can act as a substrate for β-lyase enzymes.13 β-lyases 

catalyse a β-elimination, causing the production of 1,2,2-trichlorovinylthiol (TCVSH), 

pyruvate and ammonia.12,13 TCVSH is unstable, and can rearrange to form acylating 

species, such as dichlorothioketene, which is the likely agent of the associated neuro- and 

nephrotoxicity.13,14 

 

 
	

	

	

	

	

	

	

	

	

	

Figure	1.3	Glutathione	mediated	tetrachloroethylene	detoxification	pathway.	(A)	Glutathione	S-transferase.	(B)	γ-
glutamyltransferase	and	dipeptidase.	(C)	β-lyase.	(D)	N-acetyltransferase	

	

β-lyase activity is a secondary function of pyridoxal phosphate containing amino 

acid metabolising enzymes, including aminotransferases.15 As transamination is an 

essential process in all living systems, and aminotransferase enzymes are found in human 

and Mycobacterium, it is expected that some incidental β-lyase activity will occur in both 
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systems.16 It was with the goal of treating tuberculosis by exploiting the ubiquitous nature 

of the β-lyases, that a trichlorovinyl conjugated mycothiol analogue was synthesised.5 

	
1.3	Mycothiol	Conjugates	as	Therapeutics		
	

Due to the substantial structural differences between glutathione and mycothiol, and 

the inherent substrate specificity of their metabolising enzymes in human cells and 

Mycobacterium, it is expected that mycothiol conjugates can only be metabolised in the 

cells of Mycobacterium and not humans. As a result, these compounds have been 

investigated as potential treatments for tuberculosis. One such investigation explored the 

effects of conjugating a trichloroethylene group to the thiol of a simplified mycothiol 

backbone in Mycobacterium smegmatis and Mycobacterium bovis.5 Four analogues were 

synthesised, each containing a trichloroethylene group, but differing in the conformation 

of the anomeric center, and protection of the cysteine’s amine (Figure 1.4). It was 

hypothesised that within Mycobacterium, compounds 2 and 4 would be recognised as a 

substrate for mycothiol metabolism, due to their structural similarity to an endogenous 

mycothiol, bound to an exogenous toxin. The β-anomers, compounds 1 and 3 were 

designed to act as negative controls within Mycobacterium as it was expected that the 

differing geometry at the anomeric centre would exclude them as substrates for mycothiol 

metabolising enzymes.  

 

The N-Boc protected precursors, compounds 1 and 2 were included in biological 

investigations as it was speculated that the lipophilicity of the Boc group would improve 

cellular transport of the compounds into the cell. It was expected that once within a 

Mycobacterium cell, compounds 2 and 4 would be cleaved by mycothiol S-conjugate 

amidase (Mca) to release an S-trichlorovinyl cysteine and a thioglycoside.13 β-lyase 

cleavage of the cysteine, through the incidental activity of aminotransferase enzymes, 

would result in the liberation of an unstable S-haloalkene, which is subsequently 

converted into the toxic dichlorothioketene (Figure 1.5).14,15 This toxic metabolite could 

then cause cellular damage to the Mycobacterium, resulting in cell death.13,14 As 

compounds 1 and 3 were not expected to act as substrates for Mca metabolism, it was 

expected that only compounds 2 and 4 could be able to induce toxicity.  
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Figure	1.4	Compounds	synthesised	and	tested	by	Riordan	

 

Biological testing of these four compounds indicated that compounds 3 and 4 had 

moderate activity against Mycobacterium smegmatis and Mycobacterium bovis. 

Surprisingly, the highest activity was observed in HL60 cells treated with compound 1 in 

which an IC50 of 16.5 ± 0.2 𝜇M was recorded. This IC50 indicates that there is reasonable 

efficacy in human cancer cells, and that compound 1 may represent a potential anti-cancer 

lead compound.5 Although the activity of this simplified mycothiol analogue looks 

promising, the mechanism of its toxicity is unclear. This is especially true when the design 

of the compound is considered. It was predicted that none of the mycothiol analogues 

would be active in human cells, as the considerable difference in their structure compared 

to glutathione should prevent their recognition by glutathione metabolising enzymes. 

Furthermore, the β-anomer was designed to cause a reduction in activity even in 

Mycobacterium, so any activity in human cells is particularly surprising. 

 

Based on the design of compound 1, there are two hypotheses which could explain 

the toxicity observed in HL60 cells. HL60 cells may be able to process compound 1 and 

release the known toxic metabolite, dichlorothioketene, which subsequently inhibits cell 

growth. Alternatively, the toxicity could be caused by a cellular target interaction, which 

is not mediated by the release of dichlorothioketene. To determine the potential 
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usefulness of compound 1 as an anti-cancer agent, its mechanism of action must be 

determined 

 
 

Figure	1.5	Proposed	method	of	dichlorothioketene	liberation	in	Mycobacterium.	(A)	Mca.	(B)	β-lyase	

	

1.4	Cancer	
	

Cancer is a disease characterised by the uncontrolled growth of mutated cells, and 

is one of the leading causes of death worldwide, with an estimated 38.5% of people 

diagnosed with cancer in their lifetime.17 Although advances in treatment have been 

significant in recent years, necessary improvements in the quality of life and patient 

outcomes, as well as the evolution of treatment resistant cancers indicates that 

continued research and new therapies are required.18,19 Common cancer treatments 

options include surgery, radiation therapy, chemotherapy, and targeted therapy.18 

 

1.4.1	Targeting	Cancer	Through	Sugar	Conjugation		

	
Targeted therapy seeks to exploit cancer cell-specific mechanisms to cause selective 

toxicity or growth inhibition in cancer cells.18 While small molecule drugs are commonly 

administered as a targeted therapy, complete specificity towards cancer cells is rare, and 

mild to severe side effects are often caused by off target effects in healthy cells.20–22 

Targeting strategies which seek to exploit the differences between healthy and cancerous 

cells are varied, and include antibody conjugation, hormone therapies, angiogenesis 

inhibitors and apoptosis inducers.23,24 
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Sugar conjugation is one method of targeting that is rarely utilised in cancer 

treatments, but which could have significant effects on the specificity of a drug. The 

Warburg effect was first reported in 1930, and describes the phenomenon by which 

cancerous cells tend to rely on aerobic glycolysis for energy production, while healthy 

cells preferentially employ oxidative phosphorylation.25 Aerobic glycolysis is a 

comparatively inefficient process, with oxidative phosphorylation achieving 18 fold more 

energy production from the same amount of glucose.25 Consequently, cancerous cells 

generally consume significantly more glucose than healthy cells. This trend has been 

utilised in cancer imaging, through positron emission tomography (PET) scanning.26 In 

PET scanning, a radio-labelled glucose is injected into an individual, and areas of high 

glucose concentration can be visualised as opaque areas in a translucent image of the 

body.26 Areas of high glucose metabolism indicate potentially cancerous sites. Although 

the preference of cancer cells for sugar as fuel has already been exploited for cancer 

imaging, its use as a targeting strategy in drug design is largely unexplored. Conjugation 

of a chemotherapeutic to a sugar motif may lead to preferential uptake into cancerous 

cells, and therefore targeted toxicity. PET scanning is used to visualise many different 

types of cancer including; lung, lymphoma, melanoma, thyroid and pancreatic, and its 

wide scope indicates the potential for a wide scope of the sugar conjugation strategy.27  
 

Bleomycin is an example of an FDA approved targeted anti-cancer therapy which 

contains a disaccharide moiety.28 While research has indicated that the disaccharide 

component of bleomycin does not contribute to its toxicity, it has been shown to 

determine the specificity for cancerous cells, where removal of the disaccharide moiety 

significantly reduces selectivity.29 In vitro investigations of existing FDA approved drugs 

chlorambucil and docetaxel have indicated that conjugation of sugar moiety to the 

compounds increases specificity to cancer cells.27 This indicates the specificity afforded 

to Bleomycin is not necessarily limited to this drug, but could be exploited in more anti-

cancer agents.27 Interestingly, bleomycin is clinically used in the treatment of lymphoma, 

testicular cancer, ovarian cancer and cervical cancer, all cancers which can be visualised 

by PET scans.  
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Figure	1.6	The	disaccharide	moiety	found	in	bleomycin,	which	contributes	to	the	cancer	specific	toxicity	of	this	

targeted	treatment	

	

1.4.2	Targeting	Cancer	with	Immunomodulatory	Therapeutics		

 
In recent years, significant advances in the use of immunomodulatory therapeutics 

for cancer treatment has piqued an interest in the unmatched specificity that is afforded 

by these drugs.30 Immunotherapy seeks to treat cancer by generating or improving an 

existing immune response against cancer cells.30 Immune-cell-targeted monoclonal 

antibody (mAb)  and adoptive cellular therapy (ACT) are widely considered to be the 

most efficacious immunomodulatory treatment strategies.30 ACT utilises personalised 

medicine, by first isolating tumour specific T cells from a patient, and then stimulating 

these cells to increase their activity, before injecting the cells back into the patient.31,32  In 

comparison, mAb therapy utilises antibodies to cause selective toxicity to deleterious 

cells or proteins specifically.33  

 

Although the most successful immunomodulatory drugs are themselves either 

immune cells, or immune cell-like, immune-stimulatory activity is also observed in many 

natural products, including extracts from plants such as Viscum album, Panax ginseng, 

Tinospora cordifolia and Asparagus racemosus.30,34 In some cases, such as with Viscum 

album individual peptides isolated from plant extracts have been identified as the source 

of the immunomodulatory activity.35 While these peptides lack the specificity of other 

FDA approved immunomodulatory cancer treatments, they have been investigated for 

their potential use as an adjuvant in combination therapy.35,36 Peptides may act to augment 

the immune response to cancer, which is notoriously suppressed during conventional 

cancer therapies, such as radiation and chemotherapy.34–36 Thus, as the role of 

immunomodulatory drugs in the treatment of cancer is ever-increasing, the focus on both 
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highly specific immune cell mediators and generalised immuno-stimulatory compounds 

symbolises the potential for substantial improvements in anti-cancer treatments. 

  

1.5	Target	Identification	and	Mode	of	Action		
 

Identifying the cellular target and mode of action of a compound is a vital step in the 

drug development process, which can determine whether subsequent research is 

worthwhile. There are both direct and indirect methods of target identification. One direct 

method of target identification is affinity purification. In affinity purification, the strong 

interaction between a compound and its cellular target is exploited, to isolate or “pull 

down” the target from a complex mixture, such as a cell lysate. 

 
When direct methods of target identification fail, indirect methods can be used to gain 

insight into how the compound of interest is interacting with a cell. In fluorescent 

imaging, a fluorophore is conjugated to the lead compound, which is then incubated with 

cells. Fluorescence microscopy can then be used to visualise the colocalisation of the 

compound of interest, with specific cellular compartments. Another popular method of 

indirect target identification is proteomics. In proteomics, an entire proteome is analysed 

by mass spectrometry, both in the presence and absence of test compound. Proteomics 

enables a broad and comprehensive analysis of the cell, and therefore reveals which 

cellular pathways are likely to be influenced by the lead compound. 

 

Much insight can also be probed by investigating the immunomodulatory effects of a 

compound. Like fluorescence microscopy and proteomics, this will not lead to the direct 

identification of the cellular target of a compound, but can provide insight into some of 

the activity observed within a cell. In investigating anti-cancer lead compounds, this can 

be particularly important when considering the widespread suppression of the immune 

system, which can be induced by the cancerous cells themselves.37 Antibodies, such as 

IgM have been shown to eliminate B cell tumours through the induction of apoptosis and 

complement.38 Pro-inflammatory factors have been implicated in both the prevention and 

the promotion of cancer.39,40 For example, IL-17a is a pro-inflammatory cytokine with 

tumour enhancing effects in prostate, cervical and breast cancer.41–43 Conversely, tumour 

specific Th1 cells drive inflammation which leads to the eradication of cancer, through 

the induction of angiostatic chemokines and cytotoxic macrophages.39 The immune 
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system plays a vast and complex role in the treatment of cancer, and investigating the 

immunomodulatory effects of a potential anti-cancer compound could indicate any 

valuable or potentially problematic cellular responses.  
 

1.6	Aims	and	Objectives	
	
  The original aim of this thesis was to synthesise a toxic trichlorovinyl cysteine- 

containing analogue of mycothiol (compound 1) and investigate its mode of action in 

HL60 cells. The synthesis of two derivatives of this compound, functionalised with a 

propynyl or a fluorescent motif was a secondary objective. These were to be utilised in 

biological assays, towards discerning the cellular target of the toxic mycothiol analogue 

(compound 1). Unfortunately, due to difficulties associated with the final synthetic step 

in the synthesis of both functionalised derivatives, the research goals were modified 

considerably, and are as follows: 
 

1) Synthesise a toxic trichlorovinyl cysteine- containing analogue of mycothiol 

(compound 1) 

2) Determine the toxicity of a precursor to compound 1, N-Boc TCVC in HL60 cells 

3) Utilise immunomodulatory assays to investigate the underlying cellular response 

to treatment with both N-Boc TCVC and compound 1 and ascertain whether N-

Boc TCVC and compound 1 mediate their toxicity through a shared mechanism 

4) Determine whether the immunomodulatory activities of N-Boc TCVC or 

compound 1 justify further investigations into their anti-cancer properties 

 
Figure	1.7	N-Boc	TCVC,	precursor	to	compound	1	

Both the chemical synthesis and the biological investigations undertaken during this 

research are described below.  

 

1.7	Structure	Design		
	

Compound 1 (Figure 1.8) will be synthesised for use in further biological studies. The 

attempted synthesis of two analogues, one containing a fluorophore, and one containing 
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an alkyne moiety will also be described. The chemical synthesis methodology will 

primarily be sourced from Riordan’s masters thesis, with additional methods from Knapp 

and Hiremathad.5,44,45  

 

1.7.1	Cell	Line	Selection	

	
Compound 1 and N-Boc TCVC will be tested in both HL60 and RAW264.7 cell 

lines. HL60 cells will be utilised for the initial MTT assays, to determine the IC50 of both 

treatments, while RAW264.7 cells will be treated in a phagocytosis assay. A third cell 

type, splenocytes isolated from euthanised C57BL/ 6 mice will also be tested. These 

splenocytes will be utilised in enzyme linked immunosorbent assays (ELISA). Testing 

compound 1 and N-Boc TCVC in three different cell types, including primary cells, 

allows a more comprehensive investigation into the mechanism of action of each 

compound. 

 

1.7.2	Structure	Selection		

	

Figure	1.8	The	lead	compound	to	be	synthesised	for	biological	investigations	

The proposed structure of compound 1 is based on the analogue synthesised and 

tested by Riordan.5 This structure has been selected for further biological analysis, as it 

demonstrates the greatest activity against human cells, and therefore has the greatest 

potential as an anti-cancer agent.  The structure differs considerably from that of 

mycothiol. Most notably through the presence of the trichloroethylene group, initially 

designed to act as the ‘warhead’ of the compound in Mycobacterium. The structure also 

deviates from mycothiol in the simplified 𝛽-GlcN-inositol backbone. This was initially 

reported by Knapp, who replaced the anomeric oxygen linker with a sulfur, and simplified 
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the inositol ring, to bypass various complications in the synthesis.44 Although N-Boc 

protection of a lead compound is unusual, the significant increase in activity against 

human cells seen in the MTT results reported by Riordan justifies having the protecting 

group in the final compound, as it may confer a cellular transportation advantage.5  

 

1.7.3	Alkyne	Conjugate	

	
The attempted synthesis of an analogue containing an alkyne group in place of the 

trichloroethylene on the cysteine will also be discussed. This analogue was designed for 

use in affinity purification studies, in an attempt to identify the cellular target of 

compound 1. Although there are many different methods commonly used to identify a 

cellular target with  affinity purification, it was proposed that employing the copper(I)-

catalyzed alkyne-azide cycloaddition (CuAAC) reaction would present a particularly 

elegant solution.46 In this reaction, the modified lead compound binds to its cellular target 

and reacts with an azide coated solid support, to form a stable triazole product. The 

proteins of the cellular target are then eluted off the solid support, and identified through 

LC-MS/MS, to reveal the cellular target. Unfortunately, as the synthesis of compound 5 

was unsuccessful, affinity purification was not utilised in the biological investigations.  

 
Figure	1.9	Proposed	structure	of	the	alkyne	containing	analogue,	compound	5	

	

1.7.4	The	Fluorescent	Conjugate		

	
The synthesis of an analogue containing a fluorophore in the place of the 

trichloroethylene on the cysteine was also attempted. In the literature the cellular 

localisation of mycothiol is most commonly tracked using monobromobimane, which 
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alkylates the cysteines thiol to form a fluorescent tag.47 Monobromobimane was also 

chosen as it is a similar size to the trichloroethylene substituent, which may reduce the 

potential efficacy effects of modifying the structure at the thiol centre. Had the synthesis 

of this analogue been successful, visualisation through fluorescence microscopy could 

have provided insight into the cellular localisation of both compounds 1 and 6.  

 

 
Figure	1.10	Proposed	Structure	of	the	fluorophore	containing	analogue,	compound	6	

 

1.8	Biological	Investigations			
	

Due to the incomplete synthesis of compounds 5 and 6 the biological 

investigations were considerably modified from the original aims of this thesis. 

Investigations into the immunomodulatory effects of both compound 1, and the precursor 

N-Boc TCVC were undertaken to determine whether the toxicity of compound 1 was 

mediated by the release of the known toxic metabolite dichlorothioketene, or through an 

unknown cellular target interaction. This also allowed investigations into any deleterious 

or advantageous immunomodulatory effects of either compound, which could influence 

their potential as anti-cancer lead compounds.   

 
1.8.1	Enzyme	Linked	Immunosorbent	Assay	(ELISA)		

 
ELISA investigations allow the quantification of a cellular response to treatment. 

For the purpose of this research, several ELISAs were carried out. The ELISAs assessed 

the production of IL-10, IL-4, IFN-γ, IL-17a and IgM in splenocytes isolated from 

euthanised C57BL/ 6 mice, and treated with both compound 1, and the precursor N-Boc 

TCVC. Upon exposure to xenobiotics, cells can produce an immunological response, 
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which is determined by the specific stimulatory compound. There are three benefits of 

this assay. Firstly it allows compound 1 to be tested in primary cells, which are widely 

considered to be more physiologically relevant than cell lines.48,49 Additionally, by 

measuring which cytokines are produced in treated cells, a broad understanding of the 

type of immune response that is occurring can be gained. When considering the ultimate 

goal of developing an anti-cancer treatment, this insight could be very useful. Finally, it 

can help to elucidate whether N-Boc TCVC and compound 1 are both mediating their 

effects through the liberation of dichlorothioketene. If this is occurring, then the 

immunological response should be consistent between the treatments. Conversely, if 

compound 1 is causing toxicity through an unknown target interaction, a different pattern 

of immune response between the treatments could be expected. 

 

1.8.2	Phagocytosis	Assay		

	
A phagocytosis assay, which measures the phagocytic ability of cells will also be 

carried out on RAW264.7 cells, a murine macrophage-like cell line. As phagocytosis a 

fundamental process for macrophages, any inhibition induced by treatment with 

compound 1 and N-Boc TCVC will be discernable in this cell line.50 This highly specific 

assay was undertaken due to the structural similarity of N-Boc TCVC to a known kinesin 

inhibitor, S-trityl-L-cysteine, which has been shown to inhibit tumour growth.51 Kinesins 

are a class of motor protein, which when inhibited by S-trityl-L-cysteine, prevent the 

cytoskeletal organisation required for phagocytosis and formation of the mitotic spindle.51 

This assay will determine whether either treatment mediates their toxic effects through a 

similar mechanism as the structurally related kinesin inhibitor, and allows further 

opportunity to ascertain whether compound 1 and N-Boc TCVC share the same 

mechanism of action, or whether compound 1 acts through an unknown target interaction.  
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Chapter	2		
	
2.	Synthesis	of	Cysteine	Derivatives		
	

This chapter outlines the successful synthesis of the functionalised N-Boc-L-

cysteine derivatives, compounds 7, 8 and 9. These compounds were synthesised with the 

intention of subsequent conjugation to thioglycoside 11, to form target compounds 1, 5 

and 6, which could then be utilised in biological investigations, to determine the mode of 

action of compound 1.  

 

2.1	Synthesis	of	N-Boc-S-trichlorovinyl	Cysteine		
	

2.1.1	N-Boc	Protection	of	Cysteine		

 
 Synthesis of the N-Boc-S-trichlorovinyl-L-cysteine (N-Boc TCVC) initially 

requires protection of the cysteine by Boc. This is followed by conjugation of 

trichloroethylene to the thiol center. Previous accounts in the literature have reported 

successful Boc protection of cysteine, when the thiol group has already been 

alkylated.52,53 Consistent with this, Riordan reported issues with the initial Boc protection 

of cysteine, due to the propensity of cysteine to dimerise through a disulfide bond, and 

form cystine, when S-alkylation has not yet occurred.5 As cystine has two potential sites 

for N-Boc protection, several side products can be produced. This includes N,N-diBoc 

cystine, and both the unprotected and singly protected cystine. As well as sequestering 

cysteine, and therefore reducing the overall yield of N-Boc-L-cysteine these side products 

can also complicate purification. Although a singly Boc protected cystine is easily 

separated from the product through aqueous work-up, the N,N-diBoc cystine will partition 

into the organic layer and, as such, a further step of purification is required to remove the 

side product. Riordan reported that increasing the equivalents of cysteine, relative to di-

tert-butyl dicarbonate minimises the formation of the completely protected cystine, while 

the singly protected cystine side-product and any dimer are easily removed during 

aqueous work up.5  Following these conditions Boc protection was carried out with four 

equivalents of L-cysteine hydrochloride monohydrate, and the reaction proceeded with a 

60.1% yield, without any N,N-diBoc cystine impurity. 
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2.1.2	S-alkylation	with	Tetrachloroethylene		

 

 
Figure	2.1	N-Boc	TCVC	

The successful synthesis of N-Boc TCVC was achieved by utilising the 

methodology described by Riordan.5 Boc protected cysteine was dissolved in acetonitrile 

and tetrachloroethylene. Following the addition of four equivalents of 1,5-

diazabicyclo(4.3.0)non-5-ene (DBN), the reaction was stirred for 30 minutes. No 

modifications of Riordan’s method were required, and the thioether bond was installed 

swiftly, with a yield of 59%.5  

 
 
2.2	Synthesis	of	N-Boc-S-propynyl-L-Cysteine		
 
2.2.1	S-alkylation	of	L-cysteine		

 

 
Figure	2.2	N-Boc-S-propynyl-L-cysteine	

The attempted synthesis of the propynyl cysteine derivative (compound 8) 

initially focused on the conjugation of propargyl bromide to the thiol of L-cysteine, and 

the subsequent Boc protection of the amine. Following a method outlined by Hiremathad, 

it was proposed that the reaction could take place in basic conditions, with ammonium 

hydroxide acting as both a base and a solvent for the reaction.54  L-cysteine was dissolved 

in ammonium hydroxide and one and a half equivalents of propargyl bromide added 

dropwise at 0 °C. The reaction mixture was then brought up to room temperature, and 

stirred for three hours. Unfortunately, despite several attempts with this procedure, the 

conjugation of propargyl bromide was consistently incomplete.  
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2.2.2	S-propynylation	of	N-Boc-L-Cysteine		

 
A reliable but low yielding method of propynylation was achieved, by carrying 

out Boc protection of the amine prior to S-alkylation. N-Boc-L-cysteine was prepared as 

discussed in section 2.1.1. Following a method reported by Conte et al, the N-Boc-L-

cysteine was then dissolved in dichloromethane, before the addition of the base 

triethylamine, which deprotonates the thiol centre.55 At room temperature, 1.2 equivalents 

of propargyl bromide was then added. The reaction proceeded as described, with a yield 

of 21%.  

 
2.2.3	S-alkylation	and	N-Boc	Protection	of	L-cysteine		

	
In an attempt to increase the yield of the S-propynylation of N-Boc-L-cysteine, a 

final alternative method was trialled, which combined both the Boc protection of cysteine, 

and the S-alkylation reaction into a one-pot process. In this method, reported by Curran 

et al., sodium ethoxide was generated from ethanol and sodium metal, and used to 

deprotonate the thiol of L-cysteine hydrochloride monohydrate.56 Following this, four 

equivalents of propargyl bromide was added to the reaction mixture dropwise. The excess 

ethanol was subsequently removed in vacuo, and the propynyl cysteine redissolved in 

THF. A solution of two equivalents of di-tert-butyl dicarbonate in THF was then added 

and the reaction stirred overnight.  

 
By essentially combining the propynylation and Boc protection only a single 

work-up is required for the entire transformation. Aqueous work up of this reaction 

required a separation at both pH 11 and pH 3, to remove all potential impurities, of which 

there were many (Table 2.1).  Although the organic phase still contains two impurities, 

N-Boc-L-cysteine and N,N-di-Boc cystine the formation of these side products was 

minimised, by using four equivalents of propargyl bromide to ensure almost complete 

propynylation of the cysteine, which prevents formation of both the cystine dimer, and 

the free thiol.  

 

By ensuring total S-alkylation of cysteine, the number of equivalents of di-tert-

butyl dicarbonate could also be increased to two, as Boc protection of the dimer no longer 

presented with a risk during purification of the reaction mixture. Therefore, the 
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production of both N-Boc-L-cysteine and N,N-di-Boc cystine was minimised. 

Gratifyingly, the overall yield was greatly improved from that of the independent N-Boc 

protection, followed by propynylation, which had a combined yield of 11.2%, compared 

to the 64% yield in this one-pot reaction.   

 
Table	2.1.	Species	formed	during	the	one-pot	propynylation	and	Boc	protection	of	cysteine	

Organic Phase Aqueous Phase 

 

  

  
 

         NaCl 

 

 

2.3	Synthesis	of	a	Fluorescent	Derivative		

 
Figure	2.3	N-Boc-S-bimane-L-	cysteine	

2.3.1	Conjugation	of	Monobromobimane	to	Cysteine		

 
As with the N-Boc-S-propynyl-L-cysteine, the initial attempts to synthesise N-

Boc-S-bimane-L-cysteine focused on first carrying out the S-alkylation, before Boc 

protecting the amine centre. Knapp reported one such method, in which 
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monobromobimane was dissolved in trisaminomethane (tris) buffer, and added to a 

solution of L-cysteine hydrochloride monohydrate in the same buffer.44 This reaction was 

attempted, but purification and work up of the reaction mixture proved troublesome, due 

to the polarity of the unprotected amine. The bimane derivative partitioned into the 

aqueous layer during work up. Additionally, the trisaminomethane introduced by the 

buffer is not removed by aqueous work up. Due to the sensitivity of bimane to light, 

purification by flash chromatography on silica was not considered an ideal method of 

removing the buffer salt. Therefore the Boc protection was carried out in the presence of 

tris.   

 

Despite the presence of trisaminomethane, Boc protection, as outlined in section 

2.1.1, was carried out on the S-bimane-L-cysteine. This procedure was optimised by 

Riordan on a gram scale, but due to the expensive of monobromobimane, was being 

carried out with only 5 mg of material.5 Less than ideal reaction conditions, combined 

with the small amount of starting material meant only trace amounts of product were 

obtained, and a secondary route was explored.  

 

2.3.2	Conjugation	of	Monobromobimane	to	N-Boc-L-Cysteine		

	
A second method was subsequently attempted, in which cysteine hydrochloride 

monohydrate was N-Boc protected prior to S-alkylation with monobromobimane. The 

benefits of this reversal of procedure were two-fold. Firstly, completing the N-Boc 

protection of cysteine monohydrate hydrochloride allowed the large-scale synthesis of N-

Boc-L cysteine. This increased the yield of the reaction, as it was carried out at the scale 

for which it was optimised, and meant that the first synthetic step for both compounds 9 

and 7 was completed with only one reaction. Secondly, carrying out the S-alkylation with 

monobromobimane after N-Boc protection minimised the loss of the more expensive 

reagent. As Boc protection has less than perfect yields, even under ideal reaction 

conditions, up to 50% of the fluorescent conjugated product could be lost during this step, 

representing a significant waste of material. By reversing the procedures, this loss was 

minimised, as the fluorescent conjugate needs only undergo a single additional 

conversion, which is conjugation to thioglycoside 11 to complete the synthesis of the final 

compound (compound 6). 
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In this secondary procedure, Boc protection of of L-cysteine hydrochloride 

monohydrate was carried out as outlined in section 2.1. Following this, a solution of 

monobromobimane, in Tris buffer, was added to a solution of N-Boc-L-cysteine in the 

same buffer and stirred for 20 minutes. Unfortunately, thin layer chromatography (TLC) 

analysis indicated that once again the cysteine derivative separated into the aqueous layer, 

during work-up with dichloromethane. Acidification of the reaction mixture to pH 3 with 

1 M sulfuric acid resulted in protonation of the carboxylic acid group, and a subsequent 

separation with dichloromethane saw partition of the product into the organic layer, as 

visualised with UV light (366 nm). The product was a bright green oil, and was 

synthesised with a 60% yield.  

 

2.4	Summary		
	

The successful synthesis of all three functionalised cysteine derivatives signaled 

a half-way point towards completion of both of the chemical synthesis objectives 

originally outlined in this thesis. Synthesis of the thioglycoside backbone, and its 

subsequent conjugation to each of these cysteine derivatives is required to fulfill the 

objectives.   
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Chapter	3	
 

3.	Synthesis	and	Attempted	Conjugation	of	Thioglycoside	11	

 
Figure	3.2	Compound	11,	thioglycoside	precursor	to	1,	5	and	6	

This chapter outlines the successful synthesis of the thioglycoside backbone, 

compound 11, and its subsequent conjugation to N-Boc-TCVC, to fulfill the first 

synthetic aim of this thesis, the synthesis of compound 1. The attempted conjugation of 

N-Boc-S-propynyl-L-cysteine and N-Boc-S-bimane-L-cysteine to thioglycoside 11 is 

also described. This was undertaken in an attempt to synthesise two analogues of 

compound 1, for use in biological investigations. Unfortunately, despite many attempts 

and the use of a range of reaction conditions, successful conjugation of the two analogues 

was not achieved, and biological investigations were commenced with only the use of 

compound 1, and its precursor N-Boc TCVC. 

 
 

3.1	Synthesis	of	Thioglycoside	11	
	

The synthesis of  compound 11 followed methods outlined by Riordan.5 The first 

step in the synthesis of the thioglycoside backbone was pentaacetylation of D-

glucosamine to form 𝛼-D-glucosamine pentaacetate (compound 13, Figure 3.2). This was 

achieved by dissolving one equivalent of D-glucosamine in pyridine, and adding excess 

acetic anhydride. The reaction proceeded smoothly without production of any 𝛽-

glucosamine pentaacetate.  

 
The subsequent step was formation of thioglycoside 14. Compound 13 was 

dissolved in 1,2-dichloroethane, and three equivalents of cyclohexanethiol added.  The 

reaction was then cooled to 0 °C, before the addition of two equivalents of the Lewis acid 

boron trifluoride etherate (BF3.OEt2). The reaction was subsequently heated to 55 °C for 

four and a half hours. The reaction proceeded through a Lewis acid catalysed nucleophilic 

substitution mechanism, whereby BF3 binds to the oxygen of the acetyl group, thereby 
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withdrawing electron density, and promoting nucleophilic attack from the sulfur of 

cyclohexanethiol at the anomeric centre. Riordan noted that the 𝛼 and 𝛽 anomer are 

formed in a 2:1 ratio under these reaction conditions. As Riordan was synthesising both 

the 𝛼 and 𝛽 anomers of the final compound, and the 1,2-𝛼-cis glycosidic linkage was 

considered one of the most difficult linkages to install, this conversion was considered 

advantageous.5 The 𝛼 anomer was not considered valuable in the biological investigations 

for this thesis, and therefore minimal formation was preferable. Interestingly, under 

nearly identical reaction conditions as those utilised by Riordan, a 1:5 ratio of the 𝛼/ 𝛽 

anomers was obtained. The single difference between the two methods was an increased 

reaction time; Riordan’s reaction ran for 3 hours, compared to the 4.5 hours reported here. 

Although the reaction was overall lower yielding than reported by Riordan (21.8% yield 

vs. 33%), the total yield of the 𝛽 anomer was improved.5 Any 𝛼	anomer that was produced 

was easily separated during flash chromatography on silica, either immediately, or after 

the subsequent Boc protection step.  

 
After installation of the thioglycoside, activation at the amine deacetylation, was 

achieved through the addition of a Boc group. Following the procedure outlined by 

Riordan, compound 14 was dissolved in THF, and di-tert-butyl dicarbonate (8 

equivalents) and catalytic amounts of 4-dimethylaminopyridine (DMAP) were added.5 

The reaction mixture was refluxed at 66 °C for 16 hours, to afford the Boc protected 

thioglycoside, compound 15. 1H NMR of this compound consistently revealed the 

presence of rotamers in a 1:1 ratio, which was also observed by Riordan.5 

 
The final step in the synthesis of the thioglycoside backbone was deacetylation 

and N-Boc deprotection of compound 15. Compound 15 is dissolved was methanol, and 

through the addition of sodium metal, sodium methoxide was generated, which 

subsequently nucleophilically attacks at the acetylated centers. The addition of excess 

concentrated hydrochloric acid was followed by concentration of the reaction mixture, in 

vacuo, to afford compound 11. This was utilised in the coupling reaction without any 

work up step, or removal of the sodium chloride generated in the reaction.  
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Figure	3.2	Synthesis	of	thioglycoside	11,	and	attempted	conjugations	to	compounds	7,	8	and	9.	aby	weight,	from	

unpurified	11	

 

3.2	Conjugation	of	Thioglycoside	11	and	N-Boc	TCVC	
 

The one successful conjugation of thioglycoside 11 to compound 7 was achieved 

following the methods outlined by Riordan.5 Initially the amine of the thioglycoside was 

deprotonated by one equivalent of potassium-tert butoxide, in DMF. This solution was 

then added to the carboxylic acid, which is premixed with two equivalents of EDC in 

DMF, at 0 °C. The reaction mixture is stirred at room temperature for two hours, before 

the DMF was distilled off the crude product, which was subsequently purified by flash 

chromatography, to afford compound 1 as a white powder, with a 27% yield. As 11 was 
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carried through to the conjugation without any further purification, the yield was 

calculated from the combined mass of 11 and any impurities present. Completion of this 

conjugation was the final step in the synthesis of compound 1, and allowed biological 

testing to commence.  

 

3.3	Conjugation	of	Thioglycoside	11	and	the	Fluorescent	Cysteine	
Derivative	
 

After the successful conjugation of cysteine derivative 7 to thioglycoside 11, the 

same reaction conditions were utilised in an attempt to conjugate the fluorescent cysteine 

derivative, compound 9, to the thioglycoside 11 backbone. It was hypothesised that the 

modified substituents around the sulfur group would not affect the coupling reaction. The 

reaction did not proceed, with no evidence of coupling evident by 1H NMR. Additionally, 

neither thioglycoside 11 nor the fluorescent cysteine derivative 9 were isolated during 

purification.  

 

Only one attempt at the fluorescent conjugation was made, due to the relative 

expensive of monobromobimane, and the small-scale synthesis of compound 9. Instead 

the focus turned to coupling the propynylated cysteine derivative, with the intention of 

discovering a successful and robust coupling procedure which could subsequently be 

applied to the fluorescent analogue or to generate a product that could be coupled to an 

azide-derivatised fluorophore through CuAAC chemistry.  

 
3.4	 Conjugation	 of	 Thioglycoside	 11	 and	 N-Boc-S-propynyl-L-
Cysteine	
	

Despite the failure of the attempted conjugation of the fluorescent cysteine 

analogue to thioglycoside 11, the same reaction conditions were utilised in the initial 

attempted conjugation of N-Boc-S-propynyl-L-cysteine to the thioglycoside backbone. 

The hypothesis that the modifications on the sulfur group would not affect the coupling 

reaction was quickly disproven, when multiple attempts to conjugate compound 7 to 

thioglycoside 11, failed.  

 
The difficulties associated with the conjugation of thioglycoside 11 to the 

functionalised N-Boc TCVC were initially reported by Riordan.5 Installation of an amide 
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bond is generally considered a straightforward reaction, and is possible under relatively 

mild conditions. This bond however proved especially problematic. Riordan noted that 

neither of the two most commonly used bases in amide bond formation, trimethylamine 

and DMAP, were able to effectively deprotonate the thioglycoside hydrochloride.5 

Instead a much stronger base, potassium-tert butoxide was required. While the reaction 

proceeded successfully under these conditions, the yield of 35% was low, given coupling 

reactions of this kind often report yields of up to 75 %.57,58 Riordan indicated that there 

was room for optimisation of this reaction, but this was not achieved.5  

 

Initial attempts focused on utilising near identical reaction conditions to those 

reported by Riordan, in which the amine of the thioglycoside was deprotonated by one 

equivalent of potassium-tert butoxide, in DMF, and then added to N-Boc-S-propynyl-L-

cysteine, which is premixed with EDC in DMF at 0 °C.5 1H NMR of this first conjugation 

attempt showed only degradation of the	thioglycoside and the cysteine derivative 8, and 

no indication of any product formation. Somewhat surprisingly, there was also no 

recovery of unreacted starting materials.  This observation led to the hypothesis that the 

product was lost during the work up. As DMF is miscible with water and many organic 

solvents, an aqueous work-up is not sufficient to completely remove the solvent. 

Furthermore, the product is likely to be water soluble. In the synthesis of 1, this problem 

was avoided by distilling DMF off the product, under house vacuum. Although the 

distillation was carried out under reduced pressure, significant heating was required to 

remove all of the solvent, given its boiling point of 153 °C.  

 
Thus, to circumvent the use of high temperatures during a DMF distillation in the 

second coupling attempt, the distillation was carried out under reduced pressure on the 

high vacuum, with only very mild heating required. The second coupling attempt also 

utilised N,N,N′,N′-Tetramethyl-O-(1H-benzotriazol-1-yl)uronium hexafluorophosphate 

(HBTU), a coupling reagent, in place of the EDC,  as well as trimethylamine. 

Triethylamine, HBTU and N-Boc-S-propynyl-L-cysteine were premixed in DMF at 0 °C 

for 30 minutes. Thioglycoside 11 was premixed for 15 minutes with one equivalent of 

potassium-tert butoxide in DMF, before dropwise addition to the N-Boc-S-propynyl-L-

cysteine solution. It was envisioned that the addition of trimethylamine would ensure 

deprotonation of the carboxylic acid, while the use of HBTU in amide couplings was 

supported in the literature.59 
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This reaction was trialled twice. There was no evidence of either starting material 

in 1H NMR analysis of the initial attempt, nor was there any indication that the coupling 

had occurred. The second attempt presented more interesting 1H NMR data. The 1H NMR 

data for the second HBTU attempt correlates strongly to that which is seen for compound 

1. This is especially clear in the regions that correspond to the thioglycoside. Two 

diagnostic shifts which are a good indication of whether or not coupling has occurred, are 

those which correspond to H-1 and H-2 of the uncoupled thioglycoside. In the uncoupled 

thioglycoside, H-1 is seen as a doublet at 4.90 ppm, while H-2 is seen as a triplet at 3.14 

ppm. In the coupled product, compound 1, these peaks shifted to 4.70 and 3.53 ppm 

respectively. Importantly, these diagnostic peaks at 4.70 and 3.53 are also seen in the 1H 

NMR of the second HBTU attempt, while the peaks corresponding to the uncoupled 

starting material at 4.90 and 3.14 ppm are not apparent. The 1H NMR spectra also 

corresponds well for the cyclohexane peaks, although these are considerably less 

diagnostic than the H-1 and H-2 peaks, as they shift only slightly once the coupling has 

taken place. 

 

While the spectra of the second HBTU attempt does establish that coupling of the 

thioglycoside has occurred, the spectra of the product does not correspond well to that 

which is expected for a propynylated cysteine. There are five hydrogen environments that 

should be discernable in the coupled product, which correspond to: The 9 Boc hydrogens, 

the single 𝛼-hydrogen, two 𝛽-hydrogens, CH2-CCH, and the CCH hydrogen. Although 

formation of the amide bond should result in a more shielded chemical environment 

around the 𝛼-proton, which is expected to shift upfield as a result, the other protons are 

not expected to experience a significant change, and therefore the chemical shifts in the 
1H NMR spectra should be relatively consistent between the uncoupled N-Boc-S-

propynyl-L-cysteine and the coupled product.  Both the Boc and the 𝛽-protons 

correspond well to the expected chemical shifts, based upon the 1H NMR of compound 

8, but unfortunately the expected peaks for both the 𝛼-proton and the CH2-CCH are 

obscured by solvents in the spectra. Furthermore, the CCH peak appears to have shifted 

to 2.61 ppm, which is a considerable downfield shift, given the consistency seen with the 

Boc and 𝛽-protons. 
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Table	3.1	1H NMR	shifts	of	protons	in	the	uncoupled	compound	8	and	the	product	of	the	second	attempt	at	HBTU	

coupling	

 Boc 

protons 

𝜶-proton 𝜷-protons CH2-CCH CCH 

Compound 

8 

1.46 ppm 4.58 ppm 3.25- 3.11 

ppm  

3.32 ppm 2.29 ppm 

HBTU 

attempt 2 

1.47 ppm Obscured 3.20- 3.12 

ppm  

Obscured 2.61 ppm 

 
 

Due to the small amount of compound isolated from flash chromatography, the 
13C NMR spectra was incomprehensible. It was proposed that while conjugation between 

a cysteine and the thioglycoside backbone has likely taken place, the cysteine could be 

any one of N-Boc-S-propynyl-L-cysteine, S-propynyl-L-cysteine, N-Boc-L-cysteine, or 

cysteine, through degradation of the compound. Unfortunately, mass spectrometry did 

not identify any compounds which corresponded to any of these potential conjugations.   

 
The evidence of formation of compound 5 was therefore inconclusive, and the 

reaction was attempted again, this time utilising hydroxybenzotriazole (HOBt) as an 

alternative auxiliary coupling reagent. HOBt is one of the most commonly used additives 

in EDC coupling reactions, and functions to reduce the formation of an undesirable side 

product, N-acylurea.60 In coupling reactions activated with a carbodiimide, an 

intermediate, O-acylisourea, is formed when the carboxylic acid nucleophically attacks 

the carbodiimide (Figure 3.3, A). This O-acylisourea can act as a leaving group, and 

therefore enable nucleophilic attack at the carbonyl carbon by the amine of thioglycoside 

11, resulting in formation of the desired amide bond between cysteine derivative 8 and 

the thioglycoside (Figure 3.3, C). Expulsion of the leaving group during formation of the 

amide bond results in the production of a urea byproduct (Figure 3.3, D). The O-

acylisourea can also undergo a rearrangement, whereby an N-acylurea is formed, and 

aceylated by another equivalent of the carboxylic acid (Figure 3.3 B). This is an 

irreversible side reaction, which can significantly reduce the yield of the reaction. 

Unfortunately, the use of solvents with a high dielectric constant, such as DMF, can result 

in stabilisation of the N-acylurea transition state, and therefore favour the formation of 

this undesired side product.61,62  HOBt is utilised as a coupling reagent, partially due to 



 
28 

its ability to minimise this side reaction, as its oxygen engages in nucleophilic attack of 

the activated carboxylic acid and subsequently forms an activated ester.63 Following this, 

the amine can couple with the ester, and form the desired amide.63  

 
Figure	3.3	Pathway	to	the	expected	products	of	conjugation	of	11	and	N-Boc-S-propynyl-L-cysteine.	(A)	O-

acylisourea.	(B)	N-acylurea.	(C)	Compound	5.	(D)	Urea	

 
1H NMR of this fourth coupling attempt clearly indicated that the reaction was 

unsuccessful. For the first time, unreacted starting material was isolated during flash 

chromatography. Only the N-Boc-S-propynyl-L-cysteine was isolated, while the 

thioglycoside 11 appears to have either reacted or degraded entirely. Unlike the third 

attempt, there was no evidence of coupling.  

 
Table	3.2	Reaction	conditions	and	results	of	attempted	conjugations	to	thioglycoside	11	

Entry  Coupling Reagent  N-Boc-S-propynyl-
L-cysteine Premix 

Conditions 

Results 

1 EDC (2 equivalents) DMF Degradation, no 
starting materials 

present. 

2 HBTU (1.1 
equivalents) 

 Trimethylamine (1.3 
equivalents), DMF 

Degradation, no 
starting materials 

present.  

3  HBTU (1.1 
equivalents) 

Trimethylamine (1.3 
equivalents), DMF 

Some evidence for 
coupling, inconclusive. 

4 HOBT (1.3 
equivalents) 

EDC (1.3 equivalents), 
DMF 

Some propargyl 
cysteine, no evidence 

of coupling 
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3.5	Summary	of	Chemical	Synthesis	
 

The successful synthesis of thioglycoside 11 and its conjugation to N-Boc-S-

trichlorovinyl-L-cysteine signaled completion of the first synthetic target of this thesis, 

and commencement of biological investigations. Unfortunately, the conjugation of both 

the propynylated and the fluorescent cysteine analogue was not achieved. This was 

particularly surprising, given the extensive literature supporting the use of HOBT, HBTU 

and EDC mediated amide bond formation, in both fast and high yielding reactions. 

Despite motivation to complete the synthesis of these two analogues, the conjugation 

attempts were ceased, as the research focus shifted to biological investigations.  
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Chapter	4	
 

4.	Introduction	to	Biological	Investigations		
 

  In pursuance of investigating the mechanism of action of compound 1, biological 

investigations were commenced, despite the failed attempted synthesis of compounds 5 

and 6. Given that direct target identification through affinity purification was no longer 

possible, the research goal of this thesis shifted focus, to investigate whether compound 

1 mediates its cellular inhibition through the release of the toxic dichlorothioketene, as is 

expected for the precursor N-Boc TCVC, or through an alternative cellular target 

interaction. It was originally intended to focus biological investigations on proteomic 

analysis. HL60 cells were treated with either compound 1 or N-Boc TCVC at both the 

IC10 and IC50 concentrations, as determined by prior MTT assays. The cells were then 

processed, and proteins prepared for proteomic analysis. Unfortunately, due to the 

prolonged (>4 month) break down of the LC-MS/MS instrument, these samples could not 

be analysed before the end of this research.  

 

An alternative strategy for the biological investigations was devised. This focused 

on investigating the biological activity of both compound 1 and N-Boc TCVC in the hopes 

of determining whether the compounds act through a shared mechanism of action. At the 

time when it became apparent that the LC-MS/MS instrument would not be available, a 

fellow research student, Vimal Patel in the School of Biological Sciences, had developed 

a set of assays chosen to evaluate the biological activity of new compounds. These assays 

primarily assess the immunomodulatory effect of treatments within a cell. As immune 

function depends on many fundamental cellular processes including translation, protein 

trafficking, protein processing for production and release of cytokines and cytoskeletal 

function required for endocytosis, the information gained from these assays could provide 

useful insight into the mechanism of action of both compound 1 and N-Boc TCVC.  

 

Investigations therefore turned to exploring the immunomodulatory activity of 

compound 1 and N-Boc TCVC, particularly through the use of enzyme-linked 

immunosorbent assays (ELISAs). The ELISAs were undertaken to determine whether 

compound 1 and N-Boc TCVC have equivalent immunomodulatory effects in cells, and 
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thereby help ascertain whether the treatments mediate their toxicity through a shared 

mechanism. 

	

Results	and	Discussion		
4.1	MTT	Assays	
 

 MTT assays were carried out to assess the metabolic function of cells treated with 

both compound 1 and N-Boc TCVC. The IC50 of compound 1 in HL60 cells was found 

to be 7.8 ±	0.05	𝜇M, compared to that of N-Boc TCVC, which was found to have an IC50 

of 116.8 ±	0.06	𝜇M. While it is clear that a much greater concentration of N-Boc TCVC 

is required to generate a similar level of toxicity as compound 1 in HL60 cells, the cause 

of this reduced activity is not as obvious. As both compounds were initially dissolved in 

100% ethanol, to form a 10 mM solution, and diluted to the required concentrations in 

cell culture medium prior to cell treatment, and no particulates in the solution were 

observed throughout the biological testing it is unlikely the solubility of the test 

compounds caused this discrepancy in toxicity. The comparatively high IC50 of N-Boc 

TCVC may indicate that it is unable to enter the cell at an appreciable concentration, and 

that the thioglycoside backbone of compound 1 is acting as a mediator of improved 

transport. This could be through utilising its amphiphilic properties to aid in passive 

cellular transport, or through exploiting a a glucose transporter, which tend to be 

upregulated in cancer cells.64–66 The poor activity could also imply that N-Boc TCVC has 

relatively inferior biological activity due to a fundamental difference in the way each of 

the compounds interacts with the cell. Although it is easy to speculate, the lower IC50 of 

N-Boc TCVC neither supports nor disputes the hypothesis that both treatments mediate 

their effects through the same mechanism of toxicity, the release of dichlorothioketene.  

 

While the MTT results alone are not sufficient to confirm any mechanism of 

toxicity, additional studies such as ELISAs and a phagocytosis assay can provide 

significantly more information about the cellular response to treatment with both 

compound 1 and N-Boc TCVC.  
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4.2	Enzyme-linked	Immunosorbent	Assays		
 

Several ELISAs were carried out on splenocytes isolated from euthanised C57BL/ 

6 mice. These assays allowed the compounds to be tested in primary cells, which are 

known to be more physiologically relevant than immortalised cell lines such as HL60.48 

These assays also allowed further comparisons of the cellular interactions of compound 

1 and N-Boc TCVC, to investigate the hypothesis that they cause toxicity through the 

same mechanism.  

 

The maximum non-inhibitory concentration (MNIC) in murine splenocytes was 

found to be 10 𝜇M for compound 1 and 70 𝜇M for N-Boc TCVC, Interestingly, the 

toxicity of both compounds was significantly reduced in splenocytes, compared to 

HL60s. Only cells treated at concentrations below the MNIC are considered below, to 

prevent confounding variables such as cell viability.  The ELISAs quantified the immune 

response to compound 1 and N-Boc TCVC through measuring the amount of IgM, IL-10, 

IFN-𝛾, IL-4 and IL-17a that was produced by the splenocytes in response to the various 

treatments.  

 

4.2.1	 	B	cell	activity		

 
To measure IgM production, splenocytes were stimulated with LPS to activate B 

cells, which were subsequently treated with either compound 1 or N-Boc TCVC. IgM is 

a subset of antibodies produced by the B cells, in response to exposure to an antigen, but 

unlike many cells of the immune system, has a broad and non-specific substrate 

recognition.67 IgM is the first antibody produced in an immune response, and is therefore 

useful when investigating the short term immunomodulatory effect of a drug.68 The 

physiological role of IgM is activation of the classical complement pathway, and it 

therefore has pro-inflammatory effects, as well as increasing opsonisation and cell lysis.69 

Splenocytes treated with compound 1 at a concentration of 0.01- 10 𝜇M did not 

demonstrate a significant change in IgM production, which remained consistent with the 

vehicle stimulated cells (Figure 4.1). Some unusual data was recorded in splenocytes 

treated with N-Boc TCVC. The amount of IgM appears to fluctuate significantly between 

treatment concentrations, initially rising to 128% of the vehicle control at a treatment 

concentration of 0.7 𝜇M, before dropping to 65% when treated at a concentration of 7 
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𝜇M (Figure 4.2). Splenocytes treated at the maximum concentration (70 𝜇M) once again 

produced excess levels of IgM, at 125% of that of the vehicle control. IgM production is 

clearly inconsistent between cells treated with compound 1 and N-Boc TCVC, indicating 

that the compounds are interacting with the cell in very different ways, and therefore 

challenging the hypothesis that compound 1 mediates its toxicity through the release of a 

toxic dichlorothioketene. The unusual fluctuations in IgM production seen during 

treatment with N-Boc TCVC however cast doubt on the reliability of this data. Despite 

consistency within the replicates of this experiment, data from a biological repeat could 

be useful to determine whether this effect is reproducible. Time and resource constraints 

prevented the collection of replicate data.  

 

IL-10 is an anti-inflammatory cytokine, which is produced by T cells, B cells, 

macrophages, and dendritic cells.70 The role of IL-10 during infection is to suppress the 

immune system, and this cytokine is considered vital to prevent the immunopathology 

associated with an unchecked immune response.71 In splenocytes stimulated with LPS, 

the production of IL-10 remained consistent during treatment with both N-Boc TCVC 

and compound 1, albeit at a slightly lower average concentration than in vehicle treated 

cells (Figures 4.1 and 4.2). Very little can be inferred from this data, although it does 

appear that cells treated with both compound 1 and N-Boc TCVC have a similar IL-10 

response, indicating that the immunomodulatory effect, and therefore mechanism of 

action, of these compounds may be similar. 

 

 
Figure	4.1	The	amount	of	IL-10	and	IgM	production	(±	SEM)	in	LPS	stimulated	splenocytes	treated	with	compound	1,	

compared	to	%	vehicle	control	(performed	in	triplicate	from	splenocytes	isolated	from	two	mice)	
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Figure	4.2	The	amount	of	IL-10	and	IgM	production	(±	SEM)	in	LPS	stimulated	splenocytes	treated	with	N-Boc	TCVC,	
compared	to	%	vehicle	control	(performed	in	triplicate	from	splenocytes	isolated	from	two	mice)	

 
4.2.2	 	T	Cell	Activity		

 
To measure the production of cytokines IL-10, IFN-𝛾, IL-4 and IL-17a, 

splenocytes were stimulated with ConA, to active T cells, which were subsequently 

treated with compound 1 or N-Boc TCVC.  

 

The production of IL-10 in cells stimulated with ConA, and treated with N-Boc 

TCVC remains consistent throughout treatment concentrations, at approximately 77% of 

the vehicle control (Figure 4.4). The production of IL-10 in T cells treated with compound 

1 increases significantly at the greatest treatment concentration, to 230% of the vehicle 

(Figure 4.3). Although this appears to be a point of significant difference in the 

immunomodulatory activity of compound 1 and N-Boc TCVC, the variation in cells 

treated with compound 1 at a concentration of 10 𝜇M is significant, indicating that the 

uncertainty in this measurement may be too pronounced for any reliable insights to be 

gained. As with the IgM, this data would profit from a repeated experiment to determine 

the reproducibility of the inflated IL-10 production by cells treated with compound 1. 

 

IFN-𝛾 is a cytokine produced by T helper 1 (Th1) cells with potent 

immunomodulatory effects, which have been described as bidirectional, given the 

propensity for both stimulatory and inhibitory activity.72 The bidirectional activity of 

IFN-𝛾 is a result of its many interactions with cells of the immune system. IFN-𝛾 can 

directly inhibit viral replication, stimulate regulatory T cell (Treg) function, inhibit the 

production of IL-17a, increase phagocytosis, and increase the production of pro-

N-Boc TCVC (uM)

C
yt

ok
in

e 
an

d 
A

nt
ib

od
y 

Pr
od

uc
tio

n 
(%

 o
f c

on
tr

ol
)

0.07 0.7 7 70
0

50

100

150
IL-10

IgM



 
35 

inflammatory cytokines.72,73 Throughout treatment with both compound 1 and N-Boc 

TCVC, the amount of IFN-𝛾 remains relatively consistent, indicating that neither 

treatments stimulate the production if IFN-𝛾. As the immunomodulatory activity is 

comparable, this finding supports, but does not prove, the hypothesis that N-Boc TCVC 

and compound 1 have the same mechanism of action.  

 

IL-4 is a cytokine secreted by T helper 2 (Th2) cells, which regulates the 

differentiation of naïve T cells into Th2 effector cells, through a positive feedback loop.74 

Th2 cells are primarily active against extracellular pathogens, and largely act through the 

humoral immune system.74 The amount of IL-4 produced by ConA-stimulated cells, 

treated with either compound 1 or N-Boc TCVC is one of the most pronounced points of 

deviation between the two treatment types. IL-4 production decreases consistently in N-

Boc TCVC treated cells, from 281% of the vehicle, to 45% of the vehicle, with the 

greatest reduction in IL-4 production observed at the greatest concentration of N-Boc 

TCVC. Interestingly, the amount of IL-4 is substantially higher in cells treated with the 

lowest concentration of N-Boc TCVC compared to vehicle treated cells. Conversely, the 

production of IL-4 increases steadily with the concentration of compound 1, from 137% 

to 307% of that of the vehicle. the greatest concentration of N-Boc TCVC. Interestingly, 

the amount of IL-4 is substantially higher in cells treated with the lowest concentration 

of N-Boc TCVC compared to vehicle treated cells. Conversely, the production of IL-4 

increases steadily with the concentration of compound 1, from 137% to 307% of that of 

the vehicle. The immunomodulatory activity of compound 1 is at its most pronounced in 

this assay. Compound 1 appears to stimulate a Th2 cell response, which could in theory 

bolster the humoral immune response. Further investigations to confirm whether the IL-

4 is inducing the differentiation of naïve T cells into Th2 effector cells could help to 

validate this study, and determine whether the increase in IL-4 results in a functional 

change in the cells. 
	

The final cytokine measured was IL-17a, a pro-inflammatory cytokine produced 

by T helper 17 cells (Th17). IL-17a induces the production of chemokines, which recruit 

immune cells to a site of inflammation.75 It is in the production of IL-17a that the 

immunomodulatory activity of compound 1 and N-Boc TCVC diverge unquestionably. 

IL-17a production hovers at approximately 171% of that of the vehicle in cells treated 

with compound 1 (Figure 4.3). 
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Figure	4.3	The	amount	of	IL-10,	IF-	𝛾,	IL-4	and	IL-17a	production	(±	SEM)	in	conA	stimulated	splenocytes	treated	with	

compound	1,	compared	to	%	vehicle	control	(performed	in	triplicate	from	splenocytes	isolated	from	two	mice)	

	

	

Figure	4.4	The	amount	of	IL-10,	IF-	𝛾,	IL-4	and	IL-17a	production	(±	SEM)	in	conA	stimulated	splenocytes	treated	with	
N-Boc	TCVC,	compared	to	%	vehicle	control	(performed	in	triplicate	from	splenocytes	isolated	from	two	mice)	

On the other hand, treatment with N-Boc TCVC resulted in an increase of IL-17a 

production to up to 1100% of that of the vehicle (Figure 4.4). This is by far the greatest 

immunomodulatory effect observed throughout all of the ELISAs, and indicates that N-

Boc TCVC has a pro-inflammatory effect on splenocytes. Once again, validation of this 

study by determining whether the observed increase in production of IL-17a translates to 

a functional change could be very valuable. 

 

 The results of the ELISAs reveal much about the immunomodulatory activity of 

both compound 1 and N-Boc TCVC. Not only are the principal effector molecules 

different with each treatment type, but the strength of the immunomodulation is also 

considerably different. While N-Boc TCVC appears to promote a strong pro-

inflammatory response, by inducing IL-17a production, compound 1 appears to 
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preferentially induce a more moderate Th2 mediated response, induced by the production 

of IL-4. Given the substantial differences in the immunomodulatory activity of N-Boc 

TCVC and compound 1, it is unlikely that two act through the same mechanism of action.  

 

 

4.3	Phagocytosis	assay		
 

The final biological investigation undertaken during this research was a 

phagocytosis assay, which quantifies the phagocytic ability of a cell, after treatment with 

either compound 1 or N-Boc TCVC. This assay was carried out to determine whether 

compound 1 or N-Boc TCVC were inducing their toxicity through modulation of 

cytoskeletal functioning or directly through kinesin inhibition. Kinesin is a protein target 

for a structurally related compound, S-trityl-L-cysteine, which blocks mitotic progression 

by inhibiting the human kinesin Eg5.51 Due to the structural similarity of N-Boc TCVC 

and S-trityl-L-cysteine, it was hypothesised that a similar interaction could be occurring 

in cells treated with compound 1 or N-Boc TCVC. As functional motor proteins are 

required for phagocytosis, this assay was carried out to determine whether this process 

was impeded by treatment with compound 1 or N-Boc TCVC.76  

 

In this assay RAW264.7 cells, a murine macrophage-like cell line, were treated 

with either compound 1 or N-Boc TCVC. The cells were then incubated with pHrodo 

bioparticles. These particles consist of E. coli conjugated to a pH sensitive fluorophore, 

which only fluoresces at low pH. The pathogen-associated molecular pattern molecules 

(PAMPs) of E.coli stimulate phagocytosis of the pHrodo bioparticles by macrophages.77 

Once within the lysosome of the cell, the low pH enables fluorescence of the fluorophore. 

The amount of fluorescence, and therefore the amount of phagocytosis, can then be 

quantified by flow cytometry. 

 

Flow cytometry indicated that neither treatment with compound 1 nor N-Boc 

TCVC caused any discernible effect of the phagocytic ability of the RAW264.7 cells 

(Figures 4.5 and 4.6). This indicates that despite the structural similarity of the S-trityl-L-

cysteine and TCVC, the toxicity associated with both of these compounds is unlikely to 

be mediated by inhibition of microtubule function or kinesins. 
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Figure	4.5	The	phagocytic	ability	of	RAW264.7	cells	(±	SEM)	treated	with	compound	1,	as	determined	by	the	mean	

fluorescent	intensity,	compared	to	%	vehicle	(performed	once	in	triplicate)	

	

	

 
	

	

	

	

	

	

Figure	4.6	The	phagocytic	ability	of	RAW264.7	cells	(±	SEM)	treated	with	N-Boc	TCVC,	as	determined	by	the	mean	
fluorescent	intensity,	compared	to	%	vehicle	(performed	once	in	triplicate)	

	
4.4	Summary		
	

The biological activity of compound 1 and N-Boc TCVC was probed through 

immunomodulatory assays. Neither the splenocytes isolated from euthanised C57BL/ 6 

mice, nor the RAW264.7 cells were found to be susceptible to either treatment, with only 

the highest treatment concentrations resulting in mild cellular inhibition. This indicates 

that within these cells, the treatment compounds are not reaching the same concentration 

as in HL60s. This could be a result of defective transport or an increased metabolism of 

the compounds. The reduced toxicity may also be a result of the different cell types 

lacking the specific target, which is found in HL60 cells.  
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There was no activity for either compound 1 or N-Boc TCVC  in the IgM, IL-10 

or IFN-𝛾 assays. Following the revised strategy for biological investigations in this thesis, 

a major objective was to identify any functional differences between compound 1 and N-

Boc TCVC, which suggest that the compounds mediate their toxicity through different 

modes of action. The substantial difference observed in the production of IL-4 and IL-

17a upon treatment provides two points of validation, that compound 1 is not acting as a 

pro-drug of N-Boc TCVC, and therefore is not inducing toxicity through the liberation of 

a dichlorothioketene. This signals completion of the third objective of this thesis, to 

ascertain whether N-Boc TCVC and compound 1 mediate their toxicity through a shared 

mechanism.  

 

 Insight into the immunomodulatory activities of both N-Boc TCVC and 

compound 1 was also gained. The stimulation of an IL-17a response by N-Boc-TCVC 

indicates this compound is likely an inappropriate anti-cancer lead compound. The pro-

inflammatory activity of IL-17a has implicated this cytokine in tumour development in 

prostate, cervical and breast cancer and therefore is an undesirable immune response, 

which anti-cancer therapies would avoid inducing.  

 

The mild induction of a Th2 response by compound 1 may also indicate a 

limitation in its potential as an anti-cancer lead compound. Although the role of Th1 cells 

in tumour regression is well documented, Th2 cells do not appear to play such a part. Th1 

cells are known to enhance cytokine and lymphocyte activity against tumour cells, while 

Th2 cells are primarily associated with eliminating parasites.78,79 By stimulating an 

inappropriate immune response, CD4+ T cells are sequestered for the Th2 lineage, and as 

a result, the anti-cancer Th1 response may be diminished. This is especially concerning 

given that the production of IL-4 prevents the repolarisation of Th2 cells towards the Th1 

cell lineage.78 

 

These results indicate that the immunomodulatory activity of both compound 1 

and N-Boc TCVC may limit their use in anti-cancer investigations. Although the toxicity 

of compound 1 was found to be substantial in HL60s, the significance of the immune 

system in the treatment of cancer must also be considered.  
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Chapter	5	
 
5.1	Concluding	Remarks		
	

The original objective of this thesis was to investigate the mode of action of a 

toxic S-trichlorovinyl-L-cysteine-containing analogue of mycothiol, compound 1, in 

HL60 cells. A secondary aim was the synthesis of two analogues of compound 1, 

containing a propynyl or a fluorescent group in place of the S-trichlorovinyl on compound 

1. Compound 1 was successfully synthesised according to the methods described by 

Riordan, with only one notable deviation in outcomes observed during conjugation of the 

peracetylated glucosamine to cyclohexanethiol.5 Riordan reported a 2:1 ratio of 𝛼/𝛽 

anomers, whereas a reproducibly 1:5 ratio of 𝛼/𝛽 anomers was observed during this 

research, with the salient difference between the reaction conditions being an increase in 

reaction time.5 

 

Following completion of the synthesis of compound 1, and so fulfilment of the 

first research objective, the attempted synthesis of the two functionalised analogues was 

attempted. The precursor to the propynyl analogue of compound 1, N-Boc-S-propynyl-L-

cysteine, was successfully synthesised from cysteine monohydrate hydrochloride in a 

one-pot reaction, following methods outlined by Curran, with a 64% yield.56 The 

precursor to the fluorescent analogue of compound 1, N-Boc-S-bimane-L-cysteine was 

synthesised from N-Boc-L-cysteine, following a method outlined by Knapp, with a yield 

of 60%.44 Despite the successful synthesis of all precursors to the two analogues, 

conjugation was never achieved. The relatively straightforward amide bond was installed 

in only one circumstance, and characterisation of this conjugated product was 

complicated due to only trace amounts of product detected.  

 

Due to time constraints, the biological investigations were commenced before 

either the propynyl or the fluorescent analogue could be successfully synthesised, and as 

a result the biological objectives had to be modified to allow for testing of only compound 

1 and N-Boc TCVC. The biological investigations were initially intended to be 

undertaken through analysis of the proteomic changes in response to the treatment. This 

was expected to reveal the pathways the cell used in response to the treatment.  However, 
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the prolonged break down of the LC-MS/MS meant the research objectives once again 

had to be modified. The first of these new research objectives sought to determine the 

toxicity of a precursor to compound 1, N-Boc TCVC in HL60 cells. This objective was 

completed through performing MTT assays with N-Boc TCVC, which demonstrated a 

relatively weak toxicity, with an IC50 of 116.8 ±	0.06	𝜇M.  

 

The second objective focused on establishing whether N-Boc TCVC and 

compound 1 mediate their toxicity through a shared mechanism, and thus whether 

compound 1 primarily acts as a prodrug for TCVC, with enhanced transport into target 

cells before metabolic transformation to release TCVC as a mediator of function. 

Immunological investigations which measured the immune response to treatment with 

either N-Boc TCVC or compound 1 were then carried out in splenocytes isolated from 

euthanised C57BL/6 mice. The results of the biological investigations indicate that 

compound 1 and N-Boc TCVC do not act through the same mechanism. While cells 

treated with high concentrations of N-Boc TCVC produced up to 1100% more IL-17a 

than cells treated with vehicle, the amount of IL-17a produced by cells treated with 

compound 1 remained relatively consistent, at 171% of that of the vehicle, even at the 

highest concentrations of treatment. Conversely, the amount of IL-4 produced in cells 

treated with compound 1 increased up to 307% of that of the vehicle, while it decreased 

to 45% of that of the vehicle in cells treated with N-Boc TCVC. These results indicate 

that while compound 1 is only mildly immunomodulatory it appears to stimulate a Th2 

cell response. On the other hand, N-Boc TCVC appears to have quite a significant, and 

specific immuno-stimulatory effect on Th17 cells. Given the substantial differences in 

the immuno-stimulatory activity of compound 1 and N-Boc TCVC, the hypothesis that 

the two act through the same mechanism of action can be tentatively rejected.  

 

The third and final objective was to determine whether the immunomodulatory 

activities of N-Boc TCVC or compound 1 justify further investigations into their anti-

cancer properties. The strong stimulation of an IL-17a response by N-Boc-TCVC 

demonstrates that it is an inappropriate lead compound for anti-cancer research, given the 

strong pro-tumour effect this cytokine has in many cancers. While the 

immunomodulatory effect of compound 1 was mild in both its strength and its 

significance for an anti-cancer lead compound, the production of IL-4 does not indicate 

any beneficial immunomodulatory activity of this compound.   



 
42 

Despite the significant adjustments to the objectives of the biological 

investigations, several valuable outcomes resulted from this research. It was determined 

that toxicity induced by compound 1 is not mediated by the release of dichlorothioketene, 

and a more specific target interaction is likely the cause of this toxicity. Furthermore, N-

Boc-TCVC was shown to be an inappropriate anti-cancer lead compound. The potential 

of compound 1 as an anti-cancer lead compound was neither supported nor entirely 

undermined by the immunomodulatory investigations.  

 

5.2	Future	Directives		
 
This thesis describes the synthesis of a toxic S-trichlorovinyl-L-cysteine-

containing analogue of mycothiol, and the attempted synthesis of two derivatives of this. 

This thesis also details immunomodulatory investigations, which were undertaken to 

probe the mode of action of compound 1.  

 

Given that neither functionalised cysteine was successfully conjugated to the 

thioglycoside backbone, further development of a successful method of conjugation is an 

obvious area of potential future research. An alternative synthetic route, in which the Boc 

protected cysteine is conjugated to the thioglycoside backbone before derivatisation could 

present with more successful results. Carrying out the conjugation reactions on a larger 

scale would also prove to be a useful undertaking, and could enable comprehensive 

characterisation of the products of the reaction, and therefore provide a clear insight into 

why the coupling reactions failed. 

 

Further biological investigations could also be of interest. Whilst useful new 

information on both N-Boc TCVC and compound 1 have been obtained, the original 

intention of identifying the pathways associated with the action of compound 1 was not 

addressed.  Isolates of the cytosolic proteome were prepared in triplicate for both 

compound 1 and N-Boc TCVC treatments at both IC50 and IC10 concentrations, in HL-60 

cells. These isolates are available for analysis when the opportunity arises for further 

chemical and biological investigations. If successful synthesis of the propynylated 

derivative is achieved, then carrying out affinity purification as outlined in the original 

objectives would complement the proteomics research. Proteomics provides a broad 

perspective on the entire cellular response to treatment, while affinity purification reveals 
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a highly specific interaction, which may directly identify the cellular target of the 

treatment. 
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Chapter	6	
6.	Experimental	
 

6.1	General	Experimental			
	
The following conditions apply to all subsequent chemical syntheses, unless otherwise 

stated. Reactions were performed under an inert atmosphere, either with argon by a 

balloon, or nitrogen delivered via manifold. All reactions were stirred using a magnetic 

stir bar. Dichloromethane, THF and diethyl ether were used directly from a Pure Solve 

Md-5 purification system (Innovative Technology). Anhydrous dimethylformamide and 

acetic anhydride were used without further purification. Triethylamine and acetonitrile 

were refluxed over calcium hydride, and methanol over sodium before distillation under 

nitrogen. Boron trifluoride diethyl etherate was distilled over calcium hydride before each 

use. All reagents were used as received, without further purification.  

 

Reactions were monitored with analytical thin layer chromatography (TLC), using plastic 

backed pre-coated silica TLC plates (Polygram SilG/ UV254) and visualized with UV 

irradiation (254 nm or 366 nm) and through treatment with potassium permanganate, p-

anisaldehyde or ceric ammonium molybdate dips. Purification via flash chromatography 

utilised silica-gel 60 Å(Pure Science, 40- 63 microns). 

 

 1H NMR spectra were obtained using a Varian Unity Inova 500 spectrometer at 500 

MHz. The chemical shifts (ppm) are referenced to the residual solvent peak, and are 

recorded as follows: chemical shifts, multiplicity, integration, peak assignment. 13C NMR 

spectra were obtained using a Varian Unity Inova 500 spectrometer at 125 MHz. The 

chemical shifts (ppm) are referenced to the residual solvent peak. Mass spectra were 

recorded on an Agilent 6530 Accurate-Mass Q-TOF LC/MS high-resolution mass 

spectrometer (HRMS). Infra-red (IR) spectra were collected from liquid films 

(chloroform), or neat on a Perkin Elmer Spectrum One FT-IR spectrometer. Melting 

points were measured on Gallenkamp melting point apparatus.  

 

Cells were cultured in a Logic Labconco® Purifier® Biological Safety Cabinet, and 

grown in a SANYO Electric Co., Ltd incubator at 37 °C, with 5% CO2 atmosphere. 
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6.2	Experimental	Detail	for	Chemical	Synthesis		
 

N-Boc-L-Cysteine (12) 

 

Water (45 mL) and THF (5 mL) were degassed with nitrogen for 30 

minutes in separate round bottom flasks. L-Cysteine hydrochloride 

monohydrate (2.11 g, 13.4 mmol), sodium bicarbonate (1.95 g, 23.2 

mmol) and di-tert-butyl dicarbonate (0.67 g, 2.1 mmol) were placed 

in a round bottom flask under an argon atmosphere. Degassed water (43 mL) and THF (3 

mL) were subsequently added, and the reaction stirred under argon for 17 hours. Ethyl 

acetate (50 mL) was then added, and the reaction acidified to pH 3 with H2SO4 (1 M). 

The organic and aqueous layers were separated, and the organic layer washed with 

saturated brine (3 x 50 mL), dried over anhydrous MgSO4, and concentrated in vacuo to 

afford a colourless oil (378 mg, 57%) Rf 0.69 (3:1 DCM: EtOAc) 1HNMR (500 MHz, 

CDCl3) δ: 5.45 (br s, 1H), 4.63 (br s, 1H), 2.93-3.1 (m, 2H), 1.47 (s, 9H).  
 

N-Boc-S-trichlorovinyl Cysteine (7) 
 

N-Boc-L-cysteine (328 mg, 1.46 mmol) was dissolved in 

tetrachloroethylene (7.7 mL, 74.83 mmol) and acetonitrile 

(4.2 ml) and stirred under argon for 45 minutes. DBN (0.48 

mL, 3.86 mmol) was then added dropwise over 5 minutes, 

and the reaction stirred for a further 30 minutes. Dichloromethane (40 mL) and water (15 

mL) were added, and the reaction acidified to pH 2 with H2SO4 (1 M). The organic and 

aqueous layers were separated, and the organic layer washed with saturated brine (40 mL 

x 3), dried over MgSO4 and concentrated in vacuo to afford a colourless oil (308 mg, 

59%) Rf 0.38 (3:1 n-hexane: EtOAc). 1HNMR (500 MHz, CDCl3) δ: 5.43 (br s, 1H), 4.61 

(br s, 1H), 3.56 (br d, J= 13.7 Hz, 1H), 3.34 (br d, J= 13.9 Hz, 1H), 1.46 (s, 9H). 
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N-Boc-S-bimane Cysteine (9) 

 

Under darkness, monobromobimane (3.4 mg, 

12.4	𝜇mol) was added to 20 mM Tris HCl buffer (6.2 

mL, pH 8.0) to produce a 2 mM solution.  This was 

added to a 1 mM solution of N-Boc-L-Cysteine (0.0028 

g, 12.65 𝜇mol) in 20 mM Tris HCl buffer (9 mL, pH 

8.0). The reaction was stirred for 40 minutes in 

darkness, and then acidified to pH 3 with 1 M sulfuric acid. The organic layer was 

separated, and concentrated in vacuo to afford a fluorescent green oil (0.0031 g, 60%) Rf 

0.30 (EtOAc, visualized with UV at 366 nm) 1HNMR (500 MHz, CDCl3) δ: 5.37 (br s, 

1H), 4.57 (br s, 1H, H-1), 3.81(d, J= 14.3 Hz, 1H, H-3), 3.71 (d, J= 14.3 Hz, 1H, H-3) 

3.20 (dd, J= 14.1, 4.7 Hz, 1H, H-2), 2.94 (dd, J=14.1, 6.1 Hz, 1H, H-2), 2.41 (s, 3H, H-

5), 1.90 (s, 3H, H-4), 1.83 (s, 3H, H-6), 1.45 (s, 9H) 

 

N-Boc-S-propynyl-L-Cysteine (8) 

 

Method 1: Compound 12 (234 mg, 1.05 mM) was 

dissolved in 2 M ammonium solution (0.53 mL), and 

cooled to 0 °C with an ice bath. After 30 minutes, propargyl 

bromide solution (0.09 mL, 1.08 mM) was added dropwise, 

and the reaction stirred for 3.5 hours. The reaction mixture was then concentrated in 

vacuo, and recrystallised from water-ethanol, to afford a yellow powder (82 mg, 21%). 
 

Method 2: Sodium metal (507 mg, 22.0 mM) was added to ethanol (30 mL) and stirred 

under argon until completely reacted, to form sodium ethoxide. L-cysteine hydrochloride 

monohydrate (1.083 g, 6.2 mM) was added, and once dissolved, propargyl bromide (2.5 

mL, 29 mM) was added dropwise. The reaction was stirred for 2 hours, after which time 

the reaction mixture was concentrated in vacuo, and redissolved in THF (7.5 mL). Di-

tert-butyl dicarbonate (1.22g, 11.2 mM) was dissolved in THF (6.25 mL), and added to 

the cysteine solution. Triethylamine (2.5 mL, 17.8 mM) and distilled water (6.12 mL) 

were added, and the reaction stirred overnight. The THF was then removed in vacuo, and 

the water basified to pH 11 with sodium hydroxide solution (10%). The aqueous layer 

was washed three times with ethyl acetate (20 mL), and acidified to pH 3 with 
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concentrated HCl. The acidic aqueous layer was washed three times with ethyl acetate 

(20 mL). The ethyl acetate fractions were combined, dried with anhydrous MgSO4, and 

concentrated in vacuo to afford a tan oil (463 mg, 65%) Rf 0.63 (1:1 EtOAc: MeOH)  
1HNMR (500 MHz, CDCl3) δ: 5.39 (d, J= 7.7 Hz, 1H), 4.58 (d, J= 6.3 Hz, 1H, H-1, H-

1), 3.32 (dd, J= 12.1, 2.6 Hz, 2H H-3), 3.25- 3.11 (m, 2H, H-2), 2.29 (t, J= 2.6 Hz, 1H, 

H-4), 1.46 (s, 9H). 

 

2-Acetamido-2-deoxy-1,3,4,6-tetra-O-acetyl-α-D-glucopyranose (13) 

 

D-glucosamine (3g, 16.7 mM) was dissolved in pyridine (16.6 

mL). Acetic anhydride (15.6, 0.165 M) was added, and the 

reaction stirred for 18 hours. The solvent was removed in vacuo, 

and the resulting oil recrystallised using ethanol, to afford the 

product as a white powder (3.54 g, 54%). IR: 1735, 1672, 1363, 1217, 1111, 1018 cm-1. 
1H NMR (500 MHz, CDCl3) δ: 6.17 (d, J = 3.6 Hz, 1H), 5.56 (d, J = 9.0 Hz, 1H), 5.29 – 

5.16 (m, 2H), 4.54 – 4.40 (m, 1H), 4.25 (dd, J = 12.5, 4.1 Hz, 1H), 4.06 (dd, J = 12.5, 2.4 

Hz, 1H), 3.99 (ddd, J = 9.6, 4.2, 2.4 Hz, 1H), 2.20 (s, 3H), 2.09 (s, 3H), 2.05 (d, J = 5.5 

Hz, 6H), 1.94 (s, 3H). 13C NMR (125 MHz, CDCl3) δ: 171.9, 170.9, 170.1, 169.2, 168.8, 

90.8, 77.4, 77.2, 76.91 70.8, 69.9, 67.6, 61.7, 51.2, 23.2, 21.1, 20.9, 20.9, 20.7. 

 

Cyclohexyl 2-Acetamido-2-deoxy-1-thio-3,4,6-tri-O-acetyl-β-D-glucopyranoside 

(14)  

Compound 13 (2.4 g, 6.16 mM) was dissolved in 70 mL 

of 1,2-dichloroethane under an argon atmosphere. 

Cyclohexanethiol (3 mL, 24.5 mM) was added, and the 

reaction stirred for 30 minutes. The reaction mixture 

was cooled to 0 °C in an ice bath, and BF3OEt2 (1.5 mL, 12.15 mM) was added dropwise. 

The reaction was subsequently heated to 55 °C, and stirred for 4.5 hours. The reaction 

was quenched with the addition of saturated sodium bicarbonate solution, and the organic 

and aqueous layers were separated. The aqueous layer was washed twice with 

dichloromethane (60 mL), and the organic fractions with saturated brine (150 mL). The 

organic fraction was then dried over anhydrous MgSO4, and the solvent evaporated with 

a stream of compressed air. The resulting oil was purified by flash chromatography on 

silica, with 1:2 petroleum ether: ethyl acetate, to afford the product as a white powder. 
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The product was obtained as a mixture of anomers (𝛼:𝛽, 1:5, 0.60 g, 21.8%) Rf 0.60 

(EtOAc) IR: 3295, 2929, 2853, 1741, 1659, 1541, 1369, 1220, 1035 cm-1.  1HNMR (500 

MHz, CDCl3) δ: 5.44 (d, J= 9.1 Hz, 1H), 5.23 (dd, J= 10.2, 9.3 Hz, 1H), 5.06 (t, J= 10 

Hz, 1H), 4.76 (d, J= 10.4 Hz, 1H), 4.20 (dd, J= 12.3, 5.5 Hz, 1H), 4.13 (dd, J= 12.2, 2.4 

Hz, 1H), 3.97 (td, J= 10.3, 9.1 Hz, 1H), 3.68 (ddd, J= 10.0, 5.5, 2.5 Hz, 1H), 2.92 (m, 

1H), 2.07 (s, 3H), 2.05- 2.01 (m, 6H), 1.95 (m, 5H), 1.73 (m, 2H), 1.40- 1.20 (m, 7H). 
13C NMR (125 MHz, CDCl3) δ: 171.2, 170.8, 170.2, 169.5, 83.8, 75.9, 73.8, 68.7, 62.7, 

54.0, 43.7, 34.2, 34.0, 25.8, 23.5, 20.9, 20.8. HRMS (ESI): m/z C22H35Cl3N2O7S2 

calculated 445.1770 found 445.17975 
 

Cyclohexyl 2-(N-tert-butyloxycarbonylacetamido)-2-deoxy-3,4,6-tri-O-acetyl-1-

thio-β-D- glucopyranoside (15)  

Compound 14 (0.304 g, 0.56 mM) was dissolved in 

THF (4 mL). DMAP (12.6 mg, 0.10 mM) and di-tert-

butyl dicarbonate (0.9480 g, 4.3 mM) were added. The 

reaction mixture was refluxed at 66 °C for 16 hours. The 

solvent was then removed in vacuo, and the product purified by flash chromatography on 

silica with petroleum ether: ethyl acetate 4:1. (213 mg, 70%) Rf 0.66 (CHCl3) IR: 2929, 

2854, 1740, 1696, 1237, 1141, 1045, 1012 cm-1. 1HNMR (500 MHz, CDCl3) δ: 5.82 (dd, 

J= 10.1, 8.8 Hz, 1H, H-3), 5.71 (dd, J= 10.3, 8.9 Hz, 1H, H-3’), 5.59 (d, J= 10.1 Hz, 1H, 

H-1), 5.34 (d, J= 10.2 Hz, 1H, H-1’), 5.08 (dd, J= 10.2, 8.9 Hz, 1H, H-4’), 5.03 (dd, 

J=10.2, 8.8 Hz, 1H, H-4), 4.91 (t, J= 10.3 Hz, 1H, H-2’), 4.23 (m, 3H, H-2, H-6a, H-6a’), 

4.11 (m, 3H, H-6b and H-6b’), 3.78 (ddd, J= 10.3, 5.8, 2.4 Hz, 1H, H-5), 3.69 (ddd, J= 

10.2, 5.4, 2.4 Hz 1H, H-5’), 2.84 (m, 2H, H-7, H-7’), 2.42 (s, 3H, acetyl), 2.34 (s, 3H, 

acetyl), 2.07 (s, 3H, acetyl), 2.06 (s, 3H, acetyl), 2.01 (s, 6H, 2 x acetyl), 1.89- 1.99 (m, 

10H, 2 x acetyl and cyclohexane), 1.73 (m, 5H, cyclohexane), 1.50- 1.60 (m, 20H, Boc 

and cyclohexane 1.26- 1.40 (m, 10H, cyclohexane). 
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Cyclohexyl 2-Amino-2-deoxy-1-thio-β-D-glucopyranoside·HCl (11) 

 

Compound 15 (210 mg, 0.38 mM) was dissolved in 

methanol (2 mL) under an argon atmosphere. Sodium 

metal (9.6 mg, 0.42 mM) was added, and the solution 

stirred for 2 hours. Concentrated aqueous hydrochloric 

acid (0.5 mL, 5.8 mM) was added, and the solution stirred for 18 hours. The solvent was 

removed in vacuo to afford the product as a yellow solid (127 mg, 0.46 mM). IR: 3360, 

2923, 2851, 1611, 1505, 1447, 1060 cm-1. 1HNMR (500 MHz, D2O) δ: 4.89 (d, J= 10.4 

Hz, 1H, H-1) 3.87 (d, J= 12.3 Hz, H-6), 3.71 (dd, J= 12.5, 5.1 Hz, 1H, H-6’), 3.60 (t, J= 

9.3 Hz, 1H, H-3), 3.49 (m, 2H, H-4, H-5), 3.11 (t, J= 10.3 Hz, 1H, H-2), 3.05 (m, 1H, H-

7), 1.97 (br s, 2H, cyclohexane), 1.71 (d, J= 15 Hz, 2H, cyclohexane), 1.56 (d, J= 15 Hz, 

1H, cyclohexane), 1.15- 1.45 (m, 5H, cyclohexane).  

 

Cyclohexyl 2-Amino-2-N-(N-tert-butylcarbonyl-S-trichlorovinyl -L-cysteinyl)-2-

deoxy-1- thio-β-D-glucopyranoside (1) 

 

Compound 11 (21 mg, 0.07 mM) was dissolved in 

DMF (0.5 mL). Once fully dissolved, potassium tert-

butoxide (7.5 mg, 0.07 mM) was added and the 

solution stirred under argon. In a separate round 

bottom flask, compound 7 (40 mg, 0.11 mM) was 

dissolved in DMF (0.5 mL), and the solution cooled to 

0 °C in an ice bath. EDC (25 mg, 0.16 mM) was added, 

and the solution premixed for 10 minutes. The thioglycoside solution was added dropwise 

to the cysteine solution, and the reaction mixture stirred for 2 hours. The DMF was 

distilled off under reduced pressure, and the resulting oil purified by flash 

chromatography on silica, using stepwise elution with petroleum ether, dichloromethane, 

diethyl ether, ethyl acetate and dichloromethane: methanol (3:2). The product was 

isolated as a white powder (11 mg, 27%). Rf 0.31 (EtOAc). M.p. 196-200 °C. 1HNMR 

(500 MHz, CD3OD) δ: 4.72 (d, J= 10, 1H, H-1), 4.25 (m, 1H, H-8), 3.86 (dd, J= 12.1, 

2.0 Hz, 1H, H-6), 3.66 (dd, J= 12, 5.5 Hz, 1H, H-6’), 3.53 (m, 2H, H-2 and H-3), 3.47 

(dd, J= 14.2, 4.3 Hz, 1H, H-9), 3.21- 3.31 (m, 2H, H-4 and H-5), 3.10 (dd, J= 5, 10 Hz, 

O
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1H, H-9’) 2.93 (m, 1H, H-12), 2.00 (m, 1H, cyclohexane), 1.91 (m, 1H, cyclohexane), 

1.70 (m, 2H, cyclohexane) 1.56 (m, 1H, cyclohexane) 1.43 (s, 9H, Boc),  1.36- 1.18 (m, 

5H, cyclohexane). HRMS (ESI): m/z C22H35Cl3N2O7S2 calculated 608.0951 found 

608.0955. 

 

6.3	Experimental	Detail	for	MTT	Assay		
 

100 𝜇L of an HL60 cell suspension (1 x 106 cells / mL) was added to a 96 well 

plate, and treated with either compound 1 or N-Boc-TCVC at a concentration range of 

200 – 1.6 𝜇M. The volume was brought up to 200 𝜇L with RPMI 1640 media, and the 

cells incubated at 37 °C for 24 hours. Each well was subsequently treated with 20 𝜇L of 

MTT, and incubated for 2 hours at 37 °C, before the addition of 100 𝜇L of solubiliser. 

The cells were incubated overnight at 37 °C. The absorbance was read in a microplate 

reader at 570 nm.  

 
MTT and solubiliser were prepared according to methods outlined by Berridge.80 
 
The MTT assay was performed three times, in triplicate, and the IC50 values determined 

using GraphPad Prism software.  

 
6.4	Experimental	Detail	for	ELISAs	
 

C57BL/6 mice, housed at the Malaghan Institute of Medical Research Animal 

Facility, were euthanised by carbon dioxide inhalation (VUW, Animal Ethics Committee 

protocol 25295), and their spleens were placed in a 70 𝜇m cell strainer atop a 50 mL 

concical tube. Spleens were mashed with a 1 mL syringe plunger, and cells collected into 

the tube with 10 mL CTCM. This single cell splenocyte suspension was centrifuged at 

3000 x g for 4 minutes, before resuspending the pellet in 2 mL RBC lysis buffer. After 2 

minutes incubation, 8 mL of CTCM was added and cells centrifuged again. This pellet 

was resuspended to a concentration of 1 x 107 cells/ mL for use.  

 
Splenocytes were seeded into 96 well plates at 1 x 106 cells per well. Vehicle 

controls or treatments were added as indicated (Table 6.1), along with 1	𝜇g/ mL ConA to 

activate T lymphocytes, 0.1 𝜇g/ mL LPS to activate B cells, or media for unstimulated 

controls. After 48 hours of incubation, plates were spun at 300 x g for 4 minutes, and 
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supernatants collected for ELISA analysis. Cells viability was determined through an 

MTT assay.  

 
96-well ELISA plates were coated overnight at 4 °C with a capture antibody, 

which was removed after incubation. Plates were then blocked with 5% FCS in PBS for 

2 hours, before being washed three times with 0.05% tween in PBS. The plates were then 

loaded with 50 𝜇L of cell supernatant or standards, and washed four times, before the 

addition of 50 𝜇L of detection antibody. Plates were then incubated at room temperature 

for 1 hour and washed eight times. 100 𝜇L of TMB reagent (BD Bioscience) was then 

added into each well. After colour development, the reaction was stopped with 100 𝜇L of 

stop solution, and absorbance was read at 460 nm.  

 
CTCM media was prepared with 86% DMEM, 10% FCS, 1% NEAA, 1% HEPES, 1% 

PenStrep, 1% L-Glutamine and 0.01% 2-Mercaptoethanol. 

 
ELISAs were performed in triplicate, on splenocytes isolated from two C57BL/6 mice. 

 
Table	6.1	ELISA	reagents	and	conditions		

IFN-𝛄	 Concentration/	
Dilution		

Diluent		 Reagent	

Capture 1:1000 Na2HPO4 (0.1M, 
pH9.0) 

rat anti mouse; BD 551216 

Blocking Solution  5% FCS  PBS (pH 7.4) - 
Top Standard  1:100 5% FCS in PBS - 

Detection 1:4000 5% FCS in PBS rat anti mouse; BD 554410 
Streptavidin horseradish 
peroxidase  

1:2000 5% FCS in PBS BD 554066 

	
IL-4	
Capture 1:1000 PBS (pH 7.4) rat anti mouse; BD 554434 
Blocking Solution 5% FCS PBS (pH 7.4) - 

Top Standard 1:100 5% FCS in PBS - 
Detection  1:4000 5% FCS in PBS rat anti mouse; BD 554390 

Streptavidin horseradish 
peroxidase  

1:2000 5% FCS in PBS BD 554066 
 

	
IL-10	
Capture 1:500  

 
Na2HPO4, (0.1M, 
pH6.0) 

rat anti mouse; BD 551215 

Blocking Solution  5% FCS PBS - 

Top Standard 1:40 5% FCS in PBS - 
Detection  1:2500 55% FCS in PBS rat anti mouse; BD 554465 
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Streptavidin horseradish 
peroxidase  

1:1000 5% FCS in PBS BD 554066 
 

	
IL-17a	

	

Capture 1:125 Na2HPO4, (0.1M, 
pH6.0) 

rat anti mouse; BD 551225 

Blocking Solution 5% FCS PBS  - 
Top Standard  1:100 5% FCS in PBS - 

Detection  1:500 5% FCS in PBS rat anti mouse; BD 555067 
Streptavidin horseradish 
peroxidase  

1:1000 5% FCS in PBS BD 554066 
 

	
IgM	
Capture 1:500  Na2HPO4, (0.1M, 

pH6.0) 
rat anti mouse; BD 553435 
 

Blocking Solution 5% FCS PBS - 
Top Standard 1:2000 5% FCS in PBS - 

Detection  1:1000 5% FCS in PBS rat anti mouse; BD 553406 
Streptavidin horseradish 
peroxidase  

1:1000 5% FCS in PBS BD 554066 
 

	
 
6.5	Experimental	Detail	for	Phagocytosis	Assay		
 

1 x 105 RAW264.7 cells were seeded into wells of a 96 well plate and treatment 

or vehicle controls added. After 4 hours incubation at 37 °C (5% CO2), 25 𝜇g/mL pHrodo 

bioparticles were added, along with treatment or vehicle, to maintain treatment 

concentration. The cells were incubated for a further 4 hours, and the fluorescence 

measured with a BD FacsCanto II flow cytometer, to determine the phagocytic ability of 

cells. Flow cytometry data was analysed using FlowJo v10 (TreeStar LLC, Oregon) 

 

In parallel a second 96 well plate was seeded with 1 x 105 RAW264.7 cells, and 

treatment or controls added. The cells were incubated for 4 hours, before the addition of 

1ug/mL of MTT to each well. After 45 minutes, solubilising solution was added and the 

viability of cells was assessed, measuring formazan formation using a PerkinElmer 

Enspire plate reader at 560nm. 



 
53 

7.	Appendix		

 
1H	NMR	of	N-Boc-S-trichlorovinyl-L-cysteine	7	

 
1H	NMR	of	N-Boc-S-propynyl-L-cysteine	8	
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1H	NMR	of	N-Boc-S-bimane-L-cysteine	9	

 

 
1H	NMR	of	peracetylated	glucosamine	13	
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1H	NMR	of	compound	14	

 
 

 
1H	NMR	of	compound	15	
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1H	NMR	of	compound	11	

 
1H	NMR	of	compound	1	
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