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V. Abstract 

Glucuronidases are part of the glycosidase enzyme family that cleaves polysaccharide 

chains in organisms. In humans, exo-acting β-glucuronidase and endo-acting 

heparanase were identified as the main glucuronidases, though, despite their 

important function in the body, their disfunction plays a significant role in various 

diseases, including Sly syndrome, Crohn’s disease and cancer. To design novel drugs 

to treat these diseases, understanding the role of these enzymes in pathology is 

crucial. Though structures have been identified that can act as irreversible inhibitors 

and activity-based probes, the current generation lacks the enzyme specificity required 

to be utilized as diagnostic tools. 

A cyclophellitol derivative with an aziridine warhead, which was previously synthesized 

and evaluated by Wu et al., showed a higher specificity as a glucuronidase inactivator 

than its predecessors. A crucial step in its synthesis, the installation of the aziridine 

ring, is, however, met with poor yields and side-product formation, and requires four 

individual reaction steps. The goal of this project was to explore an alternative one-

step method to install the aziridine warhead utilizing Du Bois’ catalyst and O-(2,4-

dinitrophenyl)hydroxylamine (DPH).  

Although the final structure could not be synthesized due to time constraints, the work 

in this thesis shows that the ester located at the C6 position may not need to be 

reduced whilst generating the cyclophellitol aziridine scaffold. This could potentially 

allow for a milder, more convenient implementation of the COO- functionality at a later 

stage. Furthermore, it was shown that BCl3 could be used for an effective 

debenzylation of the carbocycle intermediate with good yields under mild conditions. 
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VI. Layman Abstract  

When you get sick with a disease like cancer, there can be many reasons why. One of 

these reasons is when certain enzymes, which are proteins that regulate all sorts of 

processes in your body, are not functioning correctly.  

To better treat diseases, it is important that we better understand the role that these 

enzymes play while you are sick. Researchers may use molecules that act as probes 

and will attach themselves to specific enzymes, which then allows their activity to be 

measured in different situations.  

Sometimes, these probes are inspired by molecules found in nature. In Japan, a 

molecule called cyclophellitol was found in a mushroom species, which was found to 

attach itself to enzymes that play an important role in cancer development, but because 

it also attaches itself to other enzymes, it is difficult to use cyclophellitol as a research 

tool. Because of this, many researchers have been looking for ways to improve its 

specificity. 

In 2017, Liang Wu and his colleagues found that be modifying the original cyclophellitol 

structure by replacing the three-membered oxygen ring by a three-membered nitrogen 

ring (an aziridine), and by adding a functional group (a carboxylate) in a specific 

position, the selectivity of this probe could be improved a lot. However, adding the 

aziridine is a difficult process. In this project, the goal is to see whether it can be done 

in an easier, faster way. 

Although there was not enough time to create the final molecule and install the 

aziridine, some important data could be gathered that could potentially help with the 

adding of the carboxylate at a later stage in the synthesis. This could be helpful for 

future researchers that may want to investigate optimizing the synthesis of this 

molecule.
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1. Introduction 

This work focuses on an irreversible inhibitor, examined for its inhibitory properties 

towards a specific class of enzymes, namely glucuronidases. To allow for a deeper 

level of understanding by readers of any background, subchapters 1.1. and 1.2. aim to 

introduce the cellular compounds modified by these enzymes, glycans, and their 

biological roles. Subchapter 1.3. then outlines an overview of the different types of 

enzymes that catalyse glycosidic bond modifications, as well as their mechanisms, 

which is relevant for understanding the inhibition mechanism of the probe that is 

discussed in this work. Finally, subchapters 1.4. and 1.5. focus on human 

glucuronidase enzymes in particular, as well as the irreversible inhibitor that is the 

subject of this project.  

1.1. Glycans and glycosylations. 

Glycans are sugar-based polymers that, amongst others, cover the exterior of a cell.1 

They are also referred to as polysaccharides and are made up of monosaccharides 

that are linked through glycosidic bonds.2 However, when glycans are connected to 

other biomolecules such as lipids (glycolipids) or proteins (glycoproteins), other bonds 

are also possible, such as N-, S- and C-linked glycans.3 Some examples of these 

bonds are presented in figure 1. 

 

Figure 1. Examples of different glycosidic bonds. Maltose (1) contains an O-glycosidic bond; Adenosine (2) contains an N-

glycosidic bond; Sinigrin (3) contains an S-glycosidic bond; Aloin (4) contains a C-glycosidic bond. 

The formation of these bonds plays a large role in the formation of connections 

between glycans and other biomolecules, as well as in structural and functional 

regulation of, for example, proteins, which is why these bonds are often formed within 

the context of a post-translational modification.4–6 Several examples shall be presented 

in the following chapter.  
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In table 1, several examples are described for the natural occurrence of the formation 

of said bonds, as well as several examples of their clinical relevance. 

Glycosylations play a larger role in biological organisms than merely synthesising 

polysaccharides and glycoconjugates. Research has shown that various natural 

compounds undergo glycosylations for various reasons, such as increasing the 

hydrophilicity of a molecule, thus potentially improving the bioavailability of said 

compound.7 Another is the regulation of the activity of certain biomolecules. The 

attachment of glycosyl residues can “activate” compounds, affecting both the reactivity 

and selectivity.8 

 

Table 1. Several examples of different glycosylations. The table includes an example of its common occurrence, as well as its 

clinical relevance. 

Bond 

formation 

Common occurrence Examples of clinical 

relevance 

O-linked 

glycosylation 

• The most common form of 

glycosylation in natural, 

biological systems. 

• Sugar attachment to proteins 

via serine or threonine 

residues (proteoglycans).9 

• Sugar attachment to certain 

lipids (glycosphingolipids).10 

• Determination of blood 

groups via Lewis 

epitopes.9 

• Involved in tumour 

metastasis.11  

N-linked 

glycosylation 

• Sugar attachment to proteins 

via asparagine residues 

(proteoglycans).12 

• Modifications in natural N-

linked glycosylation 

processes are linked to 

many diseases, including 

rheumatoid arthritis and 

cancer.13,14 

• Plays an important role in 

proper protein folding.15 

S-linked 

glycosylation 

• Uncommon in nature, but is 

produced by certain modified 

• More resistant than 

traditional O-glycans to 
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bioorganisms.16,17 Occurs via 

cysteine residues.18 

hydrolysis and enzymatic 

degradation.19 

• Unnatural glycans are 

investigated for their use 

as O-glycan mimics within 

the context of 

pharmaceutical 

applications.19,20 

C-linked 

glycosylation 

• C-glycosylation occurs 

between a tryptophan residue 

and a mannose sugar.21 

• Significant increase in 

stability towards hydrolysis 

and enzymatic 

degradation compared to 

O-glycan analogues.22 

• Like S-linked glycans, C-

linked glycans are 

researched as O-glycan 

mimics with a higher 

resistance against 

degradation.23 

 

1.2. The biological role of glycans. 

Throughout the years, it has been well-established that glycans play a significant role 

in the growth and survival of all biological organisms. One example is that almost all 

proteins produced by ribosomes require glycosylation to initiate and regulate protein 

folding, so post-translational glycosylation of proteins is essential in this process.24,25 

Another example is the added stability that adding glycans to certain amino acid 

residues of proteins provides. N-linked glycans play a significant role in this; the 

connection of a glycan to an asparagine residue appears to exert its stabilising effect 

in the form of conformational changes, which leads to a preference of the structure to 

adhere to a more compact conformational structure.26 Finally, the recognition of 

glycans is essential when it comes to intercellular communication, which occurs via 

glycan-binding proteins (GBPs).27–29  
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Concurrently, a plethora of glycans have been identified, of which the function is yet to 

be discovered. Strasser (2014) describes how the function of many N-glycans in plants 

is still unknown30, while Stone et al. (2016) describe the obscurity of the function of 

many O-glycans in viral pathogenesis.31  

This, then, leads to the next topic: the role of glycans in pathogenesis. Researchers 

have found that glycans play a significant role in the interaction between a host and a 

pathogen, regardless of whether the nature of said pathogen is bacterial or viral.32 In 

a review, Zhao et al. (2021) describe that glycans on the spike protein of SARS-CoV-

2 are vital for virus-host interactions.33 The virus utilises the spike protein to protrude 

into the host cell.34,35 Then, it appears that the spike protein is glycosylated by the host, 

which not only allows for improved interaction with the cell surface, but also obscures 

the underlying polypeptide of the spike protein, hindering the formation of antibodies 

by the host (referred to in literature as a "glycan shield").36–38 

In bacteria, glycans play many roles, from colonisation to host-cell invasion. For 

instance, Vollmer et al. (2019) describe the role O-acetylation and deacetylation of 

glycans play in the cell wall of Streptococcus pneumoniae. It gives the bacteria a 

resistance against lysozyme-mediated extermination, thus providing a survival 

advantage.39 Interestingly, host glycans can also benefit invading bacterial pathogens. 

It is well established that anatomical barriers of the immune system, such as the 

gastrointestinal- and respiratory tract, are heavily glycosylated on their surface.40,41 

Several bacterium species, however, utilise these glycans to thrive in these 

environments. An example is the species Bacillus subtilis, which utilises the YesU 

protein to adhere to and colonise on the host cell via fucosylated glycans.42 

Finally, it was also found that certain toxins utilise glycans to target specific parts of an 

organism. As the structure of glycoconjugates can widely differ between different cell 

types, species and types of tissue, toxins made up of lectin complexes can be utilised 

to achieve a high specificity rate.43,44 An example is the toxin produced by Clostridium 

botulinum known as Botulinum neurotoxin A, or simply Botox. A study by Yao et al. 

(2016) found that the toxin requires the recognition of two elements for binding: a 

specific peptide moiety, as well as a specific N-glycan, which is present on the synaptic 

vesicle glycoprotein 2 family of every vertebrate.45,46 This allows the toxin to target 

motoneurons with a remarkable specificity, and researchers seek to understand this 
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mechanism better to potentially exploit this specificity within the context of novel 

pharmaceuticals.47 

1.3. Enzymatic catalysis of glycosidic bond modifications. 

Glycosylations can occur both enzymatically and non-enzymatically (also called 

glycations).48 This paper, however, shall focus on enzyme-mediated reactions 

involving glycans. 

1.3.1. Glycosyl transferases. 

As described in chapter 1.1, there are several different types of glycosylations, and 

while their mechanisms may vary, several aspects remain the same across all variants. 

1.3.1.1. Similarities between glycosylation reactions. 

In general, three similarities can be observed across all glycosylation reactions. 

First, glycosylations are an enzymatic process. Glycosylation is known to be a 

tremendously complex process, in which many enzymatic steps are involved.49 

Describing these enzymes in a generalised sense far exceeds the scope of this 

thesis, but they are generally referred to as glycosyl transferases. Most of these 

enzymes are present in the rough endoplasmic reticulum and Golgi apparatus, 

though some can also be found in the cytoplasm.50 

Second, glycosylation reactions often involve activated nucleotide sugars. Activated 

nucleotide sugars function as glycosyl donors. In order for saccharides to achieve 

this activated form, they react with nucleotide triphosphates. While a large variety of 

these nucleotide sugars are found in nature, a total of nine have been identified in 

humans, as well as a natural pentose, which is incorporated in glycans as though it 

were a sugar, which can be divided into four categories.51–53 These are presented in 

table 2. 

Table 2. An overview of the nine nucleotide sugars found in the human body, as well as one pentose (CDP-D-Ribitol), which was 

found to be incorporated in glycans as though it were a monosaccharide. 

Uridine Diphosphates 

UDP-α-D-Glc, UDP-α-D-Gal, UDP-α-D-

GalNAc, UDP-α-D-GlcNAc, UDP-α-D-

GlcA, UDP-α-D-Xyl 

Guanosine Diphosphates GDP-α-D-Man, GDP-β-L-Fuc 
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Cytidine Monophosphate CMP-β-D-Neu5Ac 

Cytidine Diphosphates CDP-D-Ribitol 

 

Finally, glycosylation reactions are site-specific. This means that enzymes related to 

glycosylations are located in the endoplasmic reticulum, as well as several different 

compartments of the Golgi apparatus.54 Brockhausen (2006) created an overview of 

several membrane-bound glycosyl transferases in the cis-, medial- and trans 

compartment of the Golgi apparatus, which is shown in figure 2.55 It should be noted 

that these different compartments function under different pH (ER: pH 7.2; cis Golgi: 

pH 6.7; medial Golgi: pH 6.5; trans Golgi: pH 6.3), suggesting that certain glycosyl 

transferases may have different pH optima.56 

 

Figure 2. Distribution of several glycosyl transferases in the Golgi Apparatus. The pH decreases from the ER to the trans 

compartment of the Golgi apparatus. Taken from Brockhausen (2006). 

1.3.1.2. Proposed mechanisms of glycosylation reactions. 

While the overall mechanism of glycosyl transferases is generally the same, one can 

differentiate between the effect the reaction has on the stereochemistry of the anomeric 

centre. To this end, glycosyl transferases are divided into retaining and inverting 

enzymes.57 
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When inverting glycosyl transferases are involved, an SN2 reaction causes an inversion 

of the stereochemistry at the anomeric site. The glycosyl acceptor hydroxy group 

(usually at the C4) "attacks" the hydroxy group at the C1 of the activated glycosyl 

donor. The nucleotide diphosphate acts as a leaving group to complete the 

stereochemical inversion at the anomeric site.58 

This mechanism is shown in figure 3. 

 

Figure 3. Proposed mechanism of inverting glycosyl transferases. A base deprotonates the glycosyl acceptor, which then proceeds 

to attack the nucleotide sugar (SN2). This displaces the nucleotide diphosphate group, leading to an inversion of the 

stereochemistry at the anomeric centre. 

The mechanism of retaining glycosyl transferases is less straightforward, as it has 

been a topic of debate in the scientific community. Research suggests that the exact 

mechanism may depend on the family of the glycosyltransferase enzyme, providing 

evidence that, while so-called "family 6" glycosyl transferases may follow a double-

displacement mechanism due to the placement of a specific nucleophilic residue in the 

active site, other retaining enzymes appear to lack this nucleophilic site, prompting the 

theory that a single-displacement mechanism may be more likely for other 

glycosyltransferase families.59 

An example is alpha-1,3-galactosetransferase. Here, the Glu317 residue functions as 

the nucleophile, initiating the reaction by attacking the activated hydroxy and binding 

to the sugar molecule. Then, the glycosyl acceptor displaces Glu317 at the anomeric 

centre, leading to the retention of the original stereochemistry.60 In this case, the 

reaction would occur in a "double-inverting" manner. 

This mechanism can be seen in figure 4. 
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Figure 4. Proposed double-displacement mechanism of glycosyl transferases. In an initial step, a nucleophile in the active site of 

the enzyme displaces the nucleotide diphosphate group. This is followed by a nucleophilic attack of the glycosyl acceptor, leading 

to a double inversion, thus retaining the original stereochemistry. 

In the case of the single-displacement reaction scheme, several mechanisms have 

been proposed, all of which involve an oxocarbenium intermediate. In this mechanism, 

it is hypothesised that the glycosyl donor dissociates, leading to the aforementioned 

oxocarbenium ion, which would then be stabilised by dipole effects exerted by polar 

protein residues. However, Schuman et al. (2013) argue that, in the case of a 

unimolecular dissociation, a loss of stereo configuration would be inevitable, and 

propose that this retention of stereo configuration may be achieved through steric 

hindrance, which is achieved with bulky residues in the active site.59,61 

Another proposed mechanism by various researchers suggests a partial dissociation 

of the nucleotide diphosphate leaving group, during the nucleophilic attack of the 

glycosyl acceptor, following an SNi scheme.62–65 However, this mechanism, too, is met 

with criticism within the scientific community. For example, Soya et al. (2010) suggest 

that this transition state would both sterically and entropically be unfavourable.66 

Finally, an "SNi-like" mechanism suggests that the reaction may involve a short-lived 

ion pair, which then changes its position in the active site of the enzyme to allow for 

the nucleophilic attack of the glycosyl acceptor that leads to an overall retention of the 

stereochemistry at the anomeric centre. This reaction, unlike the previously described 

mechanism, could be described as a step-wise SNi mechanism.67,68 

An overview of all three proposed mechanisms is shown in figure 5. 
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Figure 5. Three proposed single-displacement mechanisms for retaining glycosyl transferases. (a) shows a unimolecular 

dissociation, followed by a stereoselective nucleophilic attack by the glycosyl acceptor, facilitated by the steric hindrance of the 

enzyme; (b) shows a partial dissociative mechanism, coordinated by the nucleotide diphosphate group; (c) shows a step-wise SNi 

mechanism via an ion pair intermediate. 

1.3.2. Glycoside hydrolases. 

Contrary to glycosyl transferases, glycoside hydrolases (or glycosidases) break down 

complex carbohydrate chains such as glycans. These enzymes are highly important 

for most living organisms due to their role in nutrition obtainment. Similar to glycosyl 

transferases, they can be found in the endoplasmic reticulum and Golgi apparatus, the 

lysosome, the gut, and even in saliva.69–73 

1.3.2.1. Various classifications of glycosidic hydrolases. 

Glycosidic hydrolases can be classified by several different factors. Two important 

classifications shall briefly be discussed here. 
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Endo- and exo-acting glycosidases. 

Endo refers to the fact that these enzymes will cleave a substrate somewhere in the 

middle of a polysaccharide, while exo refers to selective cleaving of the (often) non-

reducing end of a sugar chain.74 

α- and β-glycosidases. 

A glycoside hydrolase enzyme is either an α- or β-glycosidase depending on whether 

it cleaves α- or β-glycosidic bonds. An example of this is the comparison between 

alpha-glucosidase and beta-glucosidase; whilst they both release glucose after the 

hydrolysis reaction, the enzyme that is utilised depends on whether this is alpha- or 

beta-glucose.75,76 

1.3.2.2. Proposed mechanisms of glycosidic hydrolases. 

Similar to glycosyl transferases, glycosidases can be categorised as either inverting or 

retaining, and, as the name suggests, these reactions require a water molecule. 

Contrary to glycosyl transferases, it appears that the double displacement mechanism 

is widely accepted to be correct. 

In inverting glycosidases, two protein residues actively participate in the hydrolysis 

reaction as catalysts: an acid and a base (often protonated and deprotonated glutamic- 

or aspartic acid). The base deprotonates a water molecule, which then attacks the 

saccharide unit at the anomeric centre. This creates an oxocarbenium transition state, 

ultimately leading to the breakage of the glycosidic bond.77 

The mechanism, first proposed by Koshland (1953), of an inverting glycosidase is 

shown in figure 6.78 This figure shows the hydrolysis of an alpha-glycosidase.  
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Figure 6. Mechanism of an (alpha) inverting glycosidase-catalysed hydrolysis of a polysaccharide as proposed by 

Koshland (1953). 

In the case of retaining glycosidases, the glycosidic bond is initially protonated by the 

acid catalyst in the active site. In a following step, the base catalyst performs a 

nucleophilic attack on the anomeric centre to assist in the departure of the leaving 

group, leading to the covalent binding of the saccharide to the enzyme. Finally, the 

deprotonated acid catalyst deprotonates a water molecule, of which the hydroxide ion 

hydrolysis the bond between the enzyme and the saccharide, leading to a product with 

the same stereochemistry as the starting material at the anomeric center.78 

This mechanism, also proposed by Koshland (1953), is presented in figure 7. 

 

Figure 7. Mechanism of an (alpha) retaining glycosidase-catalysed hydrolysis of a polysaccharide as proposed by 

Koshland (1953). 

Discovering the mechanisms of various enzymes is still an ongoing process that 

occupies many researchers, leading to various interesting discoveries. One such 

example is the T4 phage lysozyme, also known as T4L, which was found to hydrolyse 

peptidoglycans in the bacterial cell wall. In a review by Davies & Henrissat (1995), a 

table with glycosidases from a variety of species was published with their respective 

mechanism, and at the time of publishing, the mechanism of T4L was still unknown.79 

A short while afterwards, Matthews et al. (1995) found that this enzyme has an 

inverting mechanism.80 Interestingly, Brockerman et al. (2019) showed that, by 
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substituting a threonine residue in the active site with a histidine residue, the 

mechanism changed to a retaining one.81 This suggests that, like glycosyl 

transferases, it is likely that there are multiple different mechanisms via which 

glycosidases could function. 

1.4. The role of β-glucuronidases. 

Throughout the years, a large number of glycosidases have been identified and 

characterised, both natural, found in living organisms and engineered, and have been 

classified in an intricate family system.82,83 

β-Glucuronidases are part of the glycosidase family 2, which specifically aid in the 

hydrolysis of β-glucuronic acid residues.84,85 In nature, a plethora of different β-

glucuronidases have been identified, with over 270 found in microbes found in the 

human gut.86 In humans, however, two were found to be most prevalent: Exo-acting β-

glucuronidase and Endo-acting heparanase. 

1.4.1. Exo-acting β-glucuronidase. 

Exo-acting β-glucuronidase was found to hydrolyse a variety of non-reducing ends of 

glycans and is predominantly present in the lysosomes.87 The crystal structure was 

determined by Sly et al. (2013) and a representation is presented in figure 8.73 
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Figure 8. A cartoon model of the overall structure of exo-acting β-glucuronidase. The figure shows the four subunits of the enzyme, 

each presented in a different colour. Taken from Sly et al. (2013). 

Exo-acting β-glucuronidase is classified as a retaining glycoside hydrolase, with two 

glutamic acid residues (Glu540 and Glu451) acting as catalysts in the active site of the 

enzyme during hydrolysis.85 

As these enzymes are vital for the complete metabolism of macromolecules in the 

body, a deficiency often leads to disease. A deficiency of exo-acting β-glucuronidase 

is called mucopolysaccharidosis type VII, also known as Sly Syndrome. The inability 

to adequately break down glycans leads to a build-up, which may lead to fetal death in 

the womb, while survivors often have to live with enlarged organs or limbs and suffer 

from various other complications, including sleep apnea and other musculoskeletal 

abnormalities.88–90 Treatments at the time of writing this thesis include injecting 

phosphorylated murine exo-acting β-glucuronidase to prevent mucopolysaccharide 

accumulation in tissue other than the brain, and gene therapy was suggested by Wolfe 

et al. (1992), utilising a retroviral vector to transport an exo-acting β-glucuronidase 

gene to stem cells to allow for long-term expression of the healthy enzyme.91,92 This 

was, indeed, found to partially cure Sly Syndrome by reducing lysosomal storage in 

both the spleen and the liver.91 



14 
 

1.4.2. Endo-acting heparanase. 

Like the exo-acting β-glucuronidase, endo-acting heparanase is a retaining glycosidic 

hydrolase, with the Glu225 and Glu343 participating in the hydrolysis. However, as an 

endo-acting enzyme, this heparanase specifically hydrolyses heparan sulfate side 

chains at a site that is not the end of a polysaccharide. Like exo-acting β-glucuronidase, 

it is also present in the lysosomes, but in addition, it can be found in the extracellular 

matrix.93 Its structure was first determined by Wu et al. (2015), and a 3D model is 

presented in figure 9.93,94 

 

Figure 9. A 3D model of human endo-acting heparanase, based on its crystal structure as determined by Wu et al. (2015). Taken 

from Rivara et al. (2016). 

This enzyme is notorious among researchers, being a very negative marker in various 

pathological scenarios.95 This is because heparan sulfate side chains play a major role 

in various extracellular processes, such as maintaining the structural integrity of a cell, 

as well as cellular organisation via interactions with various compounds in the body.96–

101 It thus comes as no surprise that heparanase plays a significant role in tumour 

progression, but was also found to play a role in other disorders such as Crohn's 

disease102 and rheumatoid arthritis103, but also in rare diseases such as vulvodynia104 

and AA amyloidosis105. 

As the role of heparanase in disease is due to overexpression, treatments commonly 

involve the inhibition of the enzyme. This includes inhibitions with sulfated 

polysaccharides106, pseudosugars107, heparanase-specific antibodies108 and nucleic 

acid-based inhibitors109, among others.  
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Inhibitors cannot only be utilised for the treatment of enzymatic disorders, but also to 

further study their role in disease. In the following chapter, the use of irreversible 

inhibitors for investigating these β-glucuronidases shall be further discussed. 

1.5. The use of irreversible inhibitors for investigating the role and 

function of β-glucuronidases in diseases. 

Using an irreversible inhibitor is an excellent way to assess the role an enzyme plays, 

both in diseased and healthy tissue. These include catalytic and metabolic pathways, 

as well as the roles enzymes play in pathology.110 

Whilst a reversible inhibitor may simply compete with the regular substrate of an 

enzyme, thus slowing down its conversion kinetics, an irreversible inhibitor will bind 

covalently to the enzyme at its active site. This bond cannot readily be broken under 

regular circumstances, thus preventing further conversion.111 

In many cases, the inhibitor contains an electrophilic group that then reacts with a 

nucleophilic residue in the active site of the enzyme. These groups may be aldehydes, 

alkenes, Michael acceptors or nitrogen mustards, among many others.112  

Whilst inhibitors are readily found in nature as part of metabolic processes, many are 

also produced artificially in the laboratory.113,114 These inhibitors can then be utilised in 

many different ways, including as novel drugs (with approximately 29% of drugs 

approved in 2019 being enzyme inhibitors)115 and antibiotics (by inhibiting enzymes 

vital for the survival of bacterial pathogens)116,117. In addition to this, many pesticides 

and herbicides used in agriculture are enzymatic inhibitors.118,119  

When it comes to designing novel inhibitors, researchers will often get inspired by 

natural compounds such as the regular substrate of an enzyme and adjust it to give it 

inhibiting properties. In other cases, natural inhibitors are adjusted to increase stability, 

reactivity and/or selectivity. 

1.5.1. The discovery of cyclophellitol & its derivatives as an irreversible inhibitor. 

Whilst screening for a β-glucosidase inhibitor, Atsumi et al. (1990) found that a 

compound isolated from the mushroom Phellinus sp. showed a high inhibition efficacy. 

Upon further investigation, this compound was identified as cyclophellitol (5), as shown 
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in figure 10.120 Whilst having a similar structure to β-glucose (6), it contains an epoxide 

instead of an acetal, to which it owes its inhibitory properties. 

 

Figure 10. Cyclophellitol (5), β-glucose (6) and cyclophellitol aziridine (7). 

Once cyclophellitol is recognised by the enzyme, it undergoes an acid-catalysed ring-

opening reaction with the nucleophilic site of the enzyme, leading to an ester bond 

which cannot be hydrolysed, thus irreversibly inhibiting the enzyme.121 The mechanism 

is presented in figure 11. 

 

Figure 11. Irreversible inhibition of a β-glucosidase by cyclophellitol. 

In 1991, the total synthesis of cyclophellitol, as well as some of its derivatives, was 

published by Tatsuta et al. (1991), who also found that the aziridine analogue may 

have a higher inhibitory activity in the case of certain β-glucosidases.122 

Throughout the years, researchers have synthesised further derivatives of these 

structures in an attempt to not only boost selectivity and activity, but also to improve 

these compounds as analytical tools. 

Several activity-based probes (ABPs) could be generated using cyclophellitol as a 

starting point. These ABPs generally consist of a warhead (the reactive moiety, here 

the aziridine), a linker and a tag to label and visualize the target. Some examples were 

synthesised by Kallemeijn et al. (2012). The introduction of a fluorescent tag on a 
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cyclophellitol- or cyclophellitol-aziridine scaffold, as seen in (8) and (9) (figure 12), 

allowed for the visualisation of these enzymes in living tissue.123  

 

Figure 12. Fluorescent Cyclophellitol-aziridine ABP (8) and Cyclophellitol ABP (9). 

 

Another study by Ben Bdira et al. (2016) used cyclophellitol-aziridine ABPs to 

investigate whether the stability of a specific β-glucosidase could be influenced by 

introducing a hydrophobic moiety. Indeed, the connection of an adamantane moiety to 

the probe (10) could significantly increase the melting temperature of the enzyme, thus 

presenting another example in which these cyclophellitol-based inhibitors can be 

utilised in research.124 The probe is presented in figure 13. 

 

Figure 13. Structure of a cyclophellitol-aziridine ABP with a hydrophobic adamantane moiety. 

 

1.5.2. Improving probe selectivity to target β-glucuronidases. 

Whilst a plethora of cyclophellitol-based probes were synthesised to investigate 

β-glucosidases, it is important to note that the main scaffold that interacts with the 

enzyme largely remains the same, leaving much to be desired when it comes to the 

selectivity of the probes. 
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As the name suggests, β-glucuronidases specifically cleave the bonds between a 

compound and glucuronic acid. To visualise this, an example reaction is presented in 

figure 14, where 2-naphthol glucuronide (11) is hydrolyzed.125 

 

Figure 14. Hydrolysis of 2-naphthol glucuronide (11) to glucuronic acid (12) and naphtalen-2-ol (13). 

A clear difference can be noted when comparing glucuronic acid (12) to cyclophellitol 

(5) and β-glucose (6). The carboxylic acid at the C6 position does not change the 

hydrolysis, so it likely plays a key role in substrate recognition. Indeed, a study done 

by Wu et al. (2015) reveals that the carboxylate interacts with multiple amino acid 

moieties in the active site of endo-acting heparanase (figure 15).94  

 

Figure 15. Substrate interactions in endo-acting heparanase. The image shows an interaction between the carboxylate group and 

the amino acid residues Gly349-Gly350 and Tyr391. Taken from Wu et al. (2015). 

Wu et al. (2017) proposed a new probe. Its structure was similar to the one published 

by Kallemeijn et al. (2012), with a key difference being the oxidised alcohol at the C6 

in an attempt to more closely mimic glucuronic acid. Indeed, this key difference showed 

superior specificity compared to its predecessors, labelling both the aforementioned 

exo-acting β-glucuronidase, as well as endo-acting heparanase. Nevertheless, off-

target effects were still not completely excluded, with the probe also binding to 
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glucocerebrosidase and β-galactosidase, as well as ProHSPE, a proenzyme of endo-

acting heparanase, which still limits its usage in clinical applications.123,126 

The structure of this novel β-glucuronidase probe is presented in figure 16. 

 

Figure 16. Structure of the novel β-glucuronidase ABP (14) by Wu et al. (2017). Various groups have been attached to the spacer, 

such as biotin and Cy5. 

 

1.5.3. Novel synthesis pathway of the β-glucuronidase ABP (14). 

The synthesis of this novel ABP can be divided into three parts: the generation of the 

carbocycle, the consequent aziridination, and finally, the introduction of the tag. In the 

following subchapters, the first two parts of the synthesis shall be examined more 

closely. 

1.5.3.1. Creating the carbocycle. 

The synthesis pathway starts from D-xylose (15), which undergoes the strategic 

instalment and removal of several protecting groups. Initially, the hydroxy-group at the 

anomeric centre is methylated via a Fischer-methylation to yield 16. This is followed 

by a tritylation reaction of the primary hydroxy group attached to the C5 of the 

xylofuranose ring, yielding 17. Consequently, the hydroxy groups at the C2 and C3 

positions are benzylated (18), followed by the removal of the previously installed trityl 

group (19).126,127 

These initial steps are shown in figure 17. 
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Figure 17. D-xylose undergoes several strategic protecting group instalments and removals, leading to a fully protected 

xylofuranose ring, with only the hydroxy group at the C5 position exposed. 

The synthesis pathway proceeds via the iodination of the hydroxy group at the C5 

position (20), which then enables a Bernet-Vasella fragmentation reaction. The 

resulting aldehyde (21) undergoes an indium-induced coupling reaction with ethyl 4-

bromocrotonate (22) to yield a diene structure 23. Finally, 23 undergoes a Grubbs 

Olefin Metathesis to yield carbocycle 24.126,127 

The abovementioned steps are visualised in figure 18. 

 

Figure 18. The previously partially protected D-xylose ring is iodinated, followed by a fragmentation reaction. The resulting 

aldehyde then undergoes a coupling reaction to yield a diene, which ultimately forms the desired carbocycle. 

1.5.3.2. Implementation of the aziridine ring and generation of the carboxylic 

acid. 

In an initial step, the ester positioned at the C6 is reduced to an alcohol (25) using 

DiBAl-H. The resulting structure undergoes four steps to introduce the aziridine ring 

with the correct stereochemistry (26). Finally, the aziridine ring is protected with a 

benzyloxycarbonyl (Cbz) group (27), which allows for the oxidation of the hydroxy 

group position at the C6 (28) without opening the ring. Finally, the ring is deprotected 
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using lithium and ammonia to yield the aziridine cyclophellitol scaffold with a carboxylic 

acid position at the C6 (29).126,127 

The previously described synthesis pathway is presented in figure 19. 

All in all, the synthesis pathway described in the previous two chapters contains 17 

individual steps, which would then need to be followed by the introduction of a spacer 

and tag, as well as the removal of the benzyl groups at the C2 and C3 positions. Based 

on the reported yields, the total yield for these 17 steps is approximately 12.5%. 

 

Figure 19. Introducing the aziridine ring to the carbocycle, followed by the oxidation of the C6 hydroxy group without opening the 

aziridine ring. 
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2. Aims of this study 

2.1. Motivation 

Clearly, a lot of progress has been made in the last years regarding the development 

of a β-glucuronidase-specific activity-based probe. However, due to off-target effects 

remaining a persistent problem, more research will have to be done on the design of a 

probe with a higher selectivity.  

To generate the main aziridine cyclophellitol scaffold, the generation of the aziridine 

ring onto the carbocycle is a key step. However, utilising current methods, the four 

required steps take more than two days in reaction time, which does not include the 

time required to purify the component after each step. Additionally, the formation of 

many by-products and only moderate yields leave much to be desired. A more efficient 

aziridination would be highly beneficial for not only further investigating possible 

adjustments to the current structure, but may also enable a more convenient synthesis 

of an optimised probe in the future for clinical application.  

2.2. Objective 

This study aims to explore whether the aziridine ring can be installed via an alternative, 

one-step reaction, with the option to potentially influence the stereospecificity via 

protecting group strategies. 

The focus of this project shall lie on synthesising the aforementioned carbocycle via a 

similar synthesis pathway, after which the aziridine ring is implemented via the usage 

of 2,4-dinitrophenylhydroxylamine (DPH, 30) and Du Bois' catalyst (Rh2(esp)2, 31), 

both shown in figure 20. 

 

Figure 20. The structures of DPH (30) and Du Bois' catalyst (31), to be used in the aziridination of the carbocycle. 
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The synthesis pathway commences via the formation of the carbocycle, utilising 

D-xylose as a starting point due to the favourable stereochemistry of the hydroxy 

groups. These steps mimic those previously described in literature, with several minor 

adjustments in the reaction conditions in an attempt to optimise yield and purity. An 

overview is presented in figure 21. 

 

Figure 21. Synthesis pathway of 24, starting from D-xylose (15). 

Following the synthesis of carbocycle 24, the benzyl protection groups are initially 

removed to prevent any interaction between the benzylic aromatic rings and the 

aromatic rings of Du Bois' catalyst. This way, the influence of intermolecular 

interactions on the success or failure of the implementation of the aziridine ring can be 

limited. 

In order to keep the ester and double bond intact, 24 will undergo a mild debenzylation 

reaction via BCl3. This reaction scheme is shown in figure 22. 

 

Figure 22. Synthesis pathway of debenzylated carbocycle 32. 

In a subsequent step, the free hydroxy groups are acetylated. This way, the reactivity 

and specificity of the aziridination reaction can be observed with minimal influence of 
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the carbocycle, as Jat et al. (2014) found that hydroxy groups in the vicinity of the 

double bond may have a directing effect.128 The acetylation is presented in figure 23. 

 

Figure 23. Synthesis pathway of 33, illustrating the acetylation of the deprotected carbocycle 32. 

Finally, the double bond of the carbocycle shall be aziridinated via the DPH/Rh2(esp)2 

strategy, which shall be further discussed in a later chapter. Important aspects that 

shall be considered when analysing the success of the reaction are its stereospecificity, 

with the D-(+)-form being preferred, and overall conversion. This final step is depicted 

in figure 24. 

 

Figure 24. Synthesis pathway to 34, illustrating the aziridination of fully protected carbocycle 33. 

One final key difference between the presented synthesis pathway and the previously 

described synthesis is the conservation of the ester functionality at the C6. Within the 

scope of this project, this has several benefits. First, as previously described, a hydroxy 

group in the vicinity of the double bond may have a directing effect on the aziridination, 

which is not desired in preliminary experiments. Second, the ester may be a convenient 

precursor to the desired carboxylate function. This could either occur immediately 

within a laboratory setting[1], or the ester moiety could be exploited for its ability to 

improve cellular uptake, upon which the ester would be hydrolysed via metabolic 

enzymes (esterases).129 

  

 
[1] Such a method shall be further discussed in the outlook of this thesis. 
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3. Results and Discussion 

In the following chapter, the conducted reactions shall be described in a logical order 

while discussing the future potential and/or problems when relevant. Unless 

specifically relevant for the discussion, spectra will be included in the appendix and 

referred to. 

3.1. The synthesis of the carbocycle. 

3.1.1. Fischer glycosylation of D-xylose (15) to generate methyl xylofuranoside 

(16).  

The synthesis of the carbocycle commences with the methylation of the hydroxyl group 

at the anomeric centre of D-xylose to generate an acetal. Whilst this reaction is 

frequently described in literature utilising methanolic hydrogen chloride, it is also 

described using acetyl chloride and dry methanol to generate the required dry acid in 

situ, and this is the method that was chosen within the scope of this project for its 

convenience. The protocol of Alcaide et al. (2014) was followed to synthesise methyl 

xylofuranoside (16) (figure 25).130,131 No precise conversion rate was determined, as 

the crude product was used for the following reaction. 

 

Figure 25. The synthesis of 16. 

In literature, it is described that the resulting product is a 1:1 mixture of the α/β 

anomers.132 It should be noted that the anomers do not need to be separated within 

the proposed synthesis pathway, as the fragmentation reaction will ultimately lead to a 

singular product. 

3.1.2. Tritylation of the C5 primary alcohol (17). 

To ensure that the C5 hydroxy group can be selectively deprotected prior to its 

iodination, it was tritylated based on a protocol previously described by Jeffrey et al. 

(2014) to synthesize 17 with an isolated yield of 85% (figure 26).133  
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Figure 26. The synthesis of 17. 

 

3.1.3. The benzylation of 17 to yield the fully protected xylofuranose ring (18). 

To ensure that the C5 hydroxy group was selectively iodinated, all other hydroxy 

groups needed to be protected. To this end, the C2 and C3 hydroxy groups were 

benzylated as done previously by Jeffrey et al. (2014) and Alcaide et al. (2015).131,133 

Ultimately, 18 could be isolated with a yield of 89% (figure 27). 

 

Figure 27. The synthesis of 18. 

Several safety aspects needed to be considered during this benzylation reaction. Yang 

et al. (2019) published an excellent review on the underappreciated danger that 

NaH/DMF mixtures pose, describing a self-heating process that would commence at 

temperatures as low as 26 °C, capable of heating a reaction mixture well above 100 

°C.134 In addition to this, they found that a mixture of DMF, NaH and silicone oil will 

start to decompose exothermically at temperatures as low as 76 °C.135 It was thus 

important that the temperature of the reaction was controlled, the reaction mixture was 

adequately diluted, and a sufficiently large flask was utilised. 

3.1.4. Deprotection of the C5 primary alcohol (19). 

To enable the iodination to facilitate the fragmentation reaction, the primary alcohol at 

the C5 position had to selectively be deprotected. This could be done selectively 

without affecting the other protecting groups based on a protocol previously described 

by France et al. (2004).136  

19 could be isolated with a yield of 97% (figure 28). 
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Figure 28. The synthesis of 19. 

 

3.1.5. The iodination of the C5 primary alcohol (20). 

The iodination of the C5 primary alcohol is the last step required for the Bernet-Vasella 

fragmentation, required for the construction of the carbocycle. The selective iodination 

of this position was optimised by Skaanderup et al. (2002), who investigated this 

reaction for similar fragmentation reactions.132 

To facilitate the iodination, 19 was dissolved in dry THF. While iodination reactions 

were more commonly done in toluene, Skaanderup et al. (2002) found that the poor 

solubility of certain sugars presented an issue for the universal application of the 

reaction, describing THF as a superior solvent which allowed the reaction to take place 

at lower temperatures.137  

Triphenylphosphine and imidazole were then added to the reaction mixture. While 

triphenylphosphine has always been a common reagent in bromination and 

chlorination reactions, its utilisation in iodination reactions has historically been 

somewhat limited due to its ability to form an insoluble salt with iodine.138,139 Imidazole 

is added to the reaction mixture to prevent this salt formation.140 

20 could be obtained with a conversion rate of 67%, though a significant amount of 

starting material could also be isolated from the reaction mixture (figure 29). 

 

Figure 29. The synthesis of 20. 
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3.1.6. Bernet-Vasella Fragmentation (21). 

As previously described in chapter 2 of this thesis, the xylofuranose ring is opened in 

order to extend the chain and finally synthesise the desired carbocycle. The Bernet-

Vasella Fragmentation reaction is a zinc-mediated stereo-controlled fragmentation 

reaction that leads to an olefinic aldehyde structure.141 

The hypothesised mechanism of the reaction is described as undergoing a zinc-

mediated single electron transfer (SET) step, leading to the insertion of the zinc. This 

can be compared to the formation of a Grignard reagent. A second SET step causes 

the fragmentation of the heterocyclic sugar cycle, after which ZnII(OMe)I is eliminated 

to form the aldehyde moiety.142 An overview of this proposed mechanism is presented 

in figure 30. 

 

Figure 30. Illustration of the proposed mechanism of the Bernet-Vasella Ring-Opening reaction. 

For this reaction, powdered zinc was utilised, which initially had to be activated with 

hydrochloric acid to remove the oxide layer to allow the reaction to occur. After stirring 

zinc powder in 1M HCl for one hour, the zinc was washed with water and diethyl ether, 

followed by drying under vacuum.  

20 was then dissolved in a 9:1 degassed mixture of THF and water, and after adding 

the activated zinc, the reaction mixture was sonicated at 40 °C until the completion of 

the reaction. The reaction progress was followed closely by TLC. Alas, this reaction 

was not without its complications. Several attempts to generate the desired aldehyde 

failed following the protocol described above, and so alternative methods were 

attempted. One deviation from the original protocol was the usage of stronger acid to 

activate the zinc (3M and 6M HCl), though this did not appear to benefit the conversion. 

Another protocol by Win-Mason et al. (2011) describes utilising a different solvent 
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system (EtOH/H2O/AcOH 40:2:1) and heating the reaction mixture to reflux instead of 

using a sonicator, but this, too, did not seem to positively benefit the conversion of the 

reaction.143 

As the Win-Mason protocol did not work, it could be excluded that the sonicator is the 

root of the problem, and the use of variously concentrated hydrochloric acid solutions 

would suggest that the initial activation may not be the problem. Upon confirming that 

20 was, indeed, the correct structure, it was determined that the most likely cause for 

this hurdle was the reformation of the zinc oxide layer during the isolation, washing and 

drying of the activated zinc, indicating that I had not mastered this part of the procedure 

yet sufficiently. Finally, 20 was successfully converted into the desired olefinic 

aldehyde with a conversion rate of 49% (figure 30). 

3.1.7. Indium-induced coupling reaction (23). 

To generate the desired six-membered carbocycle, the initially synthesised olefinic 

aldehyde needed to be extended. This was done via a Barbier coupling – an indium-

induced coupling reaction, commonly utilised to connect an alkyl halide to a ketone or 

aldehyde.144 

This reaction required Lanthanum(III) trifluoromethanesulfonate (La(OTf)3) as a water-

compatible Lewis acid catalyst, which has been described in several pieces of literature 

as vital for a satisfactory conversion rate.145–147 La(OTf)3 could conveniently be 

synthesised in the laboratory via the addition of lanthanum oxide to an excess of triflic 

acid. 

For the Barbier coupling, 21, ethyl 4-bromocrotonate, indium (in the form of a fine 

powder) and La(OTf)3 were utilized to facilitate the formation of 23, which could be 

isolated with a yield of 53% (figure 31). 

 

Figure 31. The synthesis of 23. 
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3.1.8. Grubbs Ring-Closing Metathesis for the formation of the carbocycle (24). 

With the diene 23 now available, it was possible to generate the desired carbocycle 

24. This could conveniently be achieved via a Grubbs Ring-Closing Metathesis, 

requiring the second generation Grubbs catalyst, a ruthenium catalyst commonly 

utilised for the formation of novel olefinic bonds.148–150 

Ultimately, 24 could be synthesized with a conversion rate of 83% (figure 32). 

 

Figure 32. The synthesis of 24. 

 

3.2. Functionalisation of the carbocycle. 

As previously described, the goal of this project is to find a more convenient method 

for the aziridination of the carbocycle to establish the desired cyclophellitol aziridine 

scaffold. The experiments toward this objective are described in the following chapters. 

3.2.1. Debenzylation of the carbocycle (32). 

As mentioned in chapter two of this thesis, the removal of the benzyl groups is done in 

an initial step to prevent potential interactions between Du Bois' catalyst at the final 

step and the aromatic rings of the benzyl groups. To this end, a mild debenzylation 

protocol was chosen, which utilises BCl3 and is based on a protocol previously 

described by Xie et al. (2005). In the publication, the compound that was studied has 

a double bond, suggesting that this method would not affect the double bond of 24.151 

However, prior to this reaction, it was unknown whether the ethyl ester moiety would 

not be affected.  

Indeed, 32 could be isolated with a conversion rate of 74% (figure 33). 
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Figure 33. The synthesis of 32. 

It should be noted that this reaction was attempted at -40 °C as well, though this led to 

the formation of a side product, which could not be separated from 32 via column 

chromatography and was not further identified.  

3.2.2. Acetylation of the hydroxy groups (33). 

In a final step before the aziridination of the carbocycle, the goal was the acetylation 

of all free hydroxy groups to prevent any possible directing effects that may affect the 

stereoselectivity of the reaction. The protocol utilised for this, too, was described in the 

publication by Xie et al. (2005).151 

In this experiment, 32 was added to a 2:1 mixture of dry pyridine:Ac2O, and was stirred 

for 15 hours. However, this method did not yield the desired product. Instead, the main 

product appears to be a pyridinium derivative. The recorded NMR spectra suggest a 

structure that is similar to pyridinium acetate, one of the by-products of the reaction, 

but the presence of ethyl ester peaks in both the 1H- and 13C NMR spectra suggests 

that it underwent an additional transformation.152 Regardless, this would suggest that 

32 may be sensitive under these conditions. Despite the analysis of all fractions 

collected from the column chromatography purification, as well as the water phase 

from the initial wash, the product could not be isolated. 

Another attempt was made, during which the reaction progress was closely followed 

with TLC and immediately terminated after the starting product was completely 

consumed. Then, in order to prevent potential complications during the washing step, 

the crude product was immediately purified via column chromatography. Alas, this led 

to the same result (appendix, figures 59 and 60). 

Despite several optimisation attempts, I did not succeed in acetylating the 

debenzylated carbocycle with the above-described reaction conditions (figure 34). Due 

to time constraints, the precise reason was not further investigated. 
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Figure 34. The synthesis of 33.  
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4. Conclusions 

Within the scope of this thesis, various valuable pieces of information could be 

gathered on the potential synthesis of a β-glucuronidase irreversible inhibitor. While 

time constraints prevented the synthesis of target compound 34, the establishment that 

the deprotected carbocycle with ester moiety (32) could effectively be synthesized may 

prove to be an efficient asset for synthesizing the ultimate cyclophellitol aziridine probe, 

as this may suggest that the reduction of the ester to the primary alcohol and later 

oxidation to the desired carboxylate functionality, as described in literature, may not be 

required, saving several steps in the final synthesis pathway. The outlook of this thesis 

aims to explore several possibilities in this regard. 

 

Figure 35. The result of the experiments within the scope of this thesis.  

As previously mentioned, and shown in figure 35, the results of the experiments within 

the project have shown that the chosen acetylation conditions are not suitable for 32, 

as the variation of various factors, including reaction time and purification, led to the 

same result. Nevertheless, this knowledge can be utilized to explore not only alternate 

reaction conditions, but also to potentially investigate the usage of different protection 

groups altogether. This, too, is further explored in the outlook of this thesis, especially 

regarding the proposed reaction conditions for the one-step aziridination. 
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5. Outlook 

Building on the results of this project, several possible routes could be explored in the 

future towards the development of a more efficient synthesis pathway towards the 

desired cyclophellitol aziridine-based probe. Several of these shall be discussed in the 

following chapter, as well as some hypotheses on the potential further improvement of 

the selectivity of the final probe to specifically target the desired β-glucuronidases. 

5.1. Acetylation of the carbocycle. 

As described in this thesis, the classic approach of acetylating the free hydroxy groups 

of a carbocycle with a mixture of dry pyridine and acetic anhydride did not lead to the 

desired structure 33, despite being widely reported as being utilized for the acetylation 

of similar structures.153–155 This leads to the hypothesis that the ester functionality in 

the C6 position of the carbocycle may be incompatible with these reaction conditions. 

The NMR data of the isolated product of the attempted acetylation reaction appears to 

support this. While the precise structure of the product was not identified, the 

appearance of characteristic peaks of an ethyl ester, along with characteristic pyridine 

peaks, suggest an interaction between the ester functionality and either pyridine or 

pyridinium acetate, a side product that is formed during the reaction. 

Though it cannot be excluded entirely that the unsuccessful conversion may have been 

due to other factors, such as how dryness of the reagents, it may nevertheless be 

beneficial to explore alternative means of acetylation. In literature, acetylation reactions 

are described under a variety of reaction conditions with excellent yields for their 

respective structures, providing several alternative routes to explore. While the usage 

of acetic anhydride appears to be nigh universal in these reactions, the base, in 

particular, appears to be variable. Dou & Jiang (2016) conducted an acetylation 

reaction on 6-keto-lithocholic acid methyl ester using sodium carbonate in dry DCM at 

room temperature, reporting a 96% yield.156 As this structure contains an ester moiety 

that in unaffected by these conditions, as well as the mild reaction conditions overall, 

it may prove to be a lucrative alternative to the classic pyridine protocol. 

Alternatively, the same structure described above was synthesized using a 

combination of triethylamine and DMAP as a catalyst in anhydrous ethyl acetate by 

Liang et al. (2020), resulting in shorter reaction times and a yield of 98%.157 

Additionally, Zhou et al. (2018) utilized the same conditions to acetylate a structure 
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with both a double bond and an ethyl ester, suggesting that these conditions are, 

indeed, compatible with the functional groups present in the carbocycle synthesized in 

this project.158 An overview of the methods described above is presented in figure 36. 

 

Figure 36. An overview of potential alternative acetylation reaction conditions. 

Alternatively, an alternate acetylation reagent may be considered. Hribernik et al. 

(2021) describe the acetylation of sugar hydroxy groups by adding the starting material 

to dry acetyl chloride at room temperature with a methyl ester present in the structure. 

This may provide yet another possible acetylation method that is compatible with the 

functional moieties of carbocycle 32.159,160  

5.2. The aziridination of the carbocycle. 

As time constraints prevented an attempt at the intended aziridination reaction under 

the chosen conditions, it is currently unclear whether these conditions are compatible 

with the carbocycle. However, while verification via experiments would certainly be 

necessary, various data from literature may provide an indication for the potential 

success of the reaction. 

Previously, Jat et al. (2014) conducted various experiments using DPH and Du Bois’ 

catalyst for the aziridination of various compounds. In particular, the synthesis of 

Methyl (Z)-8-[3-(2R-hydroxyoctyl)aziridine-2-yl]octanoate (40) may provide evidence 

of the stability of esters, as well as hydroxy groups under these reaction conditions. 

Further, the group successfully synthesized 5-(3,3-Dimethylaziridin-2-yl)-3-

methylpent-2(E)-en-1-yl acetate (41), showing that the acetoxy group also is not 

impacted by the reaction. Finally, various cyclic alkenes were aziridinated within the 

scope of the publication with good yield, providing evidence that the usage of DPH and 



36 
 

Du Bois’ catalyst for the aziridination reaction is not limited by the cyclic or acyclic 

nature of the compound.128,159,161  

An overview of the previously discussed reactions is presented in figure 37. 

 

Figure 37. An overview of previously conducted aziridination reactions of compounds with similar functional groups as carbocycle 

33 using Du Bois' catalyst and DPH. 

 

5.3. Optimising the stereoselectivity of the aziridination reaction. 

While the reactions described in the previous subchapter may provide some indication 

of the success of the targeted aziridination reaction, the stereoselectivity of the reaction 

remains an important factor that is yet to be explored. Jat et al. (2014) describe that, 

in most cases, a racemic mixture is formed with no specific preference for either 

diastereomer.128 

However, one of the synthesized compounds by the aforementioned group stands out. 

When attempting the aziridination of cholesterol, the β-aziridine was solely formed, 

which is attributed to a potential directing effect of the C3 hydroxy group in the case of 

cyclic alkenes. This same directing effect could be exploited when synthesizing the 

desired cyclophellitol aziridine derivative, though an alternate protection group strategy 

may need to be used to enable this. 

Figure 38 shows one potential strategy that may enable the exclusive formation of the 

correct diastereomer. To selectively protect the C2 and C4 hydroxy groups, a protocol 

based on the work of Gersbach et al. (2011) may be used. In this protocol, tBu2Si(OTf)2 

and pyridine are utilized to selectively protect a 1,3-diol. 162 

With the C3 hydroxy group unprotected, the utilization of the aforementioned 

aziridination conditions could potentially lead to the stereoselective formation of the β-

diastereomer, though this would need to be experimentally verified. Additionally, the 

ultimate removal of the di-tert-butylsilyl group may prove complicated. The protocol by 
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Gersbach et al. (2011) uses a hydrogen fluoride pyridine complex, but unfortunately, 

hydrogen fluoride is well-known to open the aziridine ring.163–165 However, Vedejs et 

al. (2000) have shown that a methylated aziridine is compatible with the 

aforementioned deprotection conditions.166 While the protection and deprotection will 

add additional steps to the complete synthesis pathway, it may be beneficial in terms 

of final yield. The final demethylation of the aziridine ring without affecting the other 

functional moieties of the molecule may be achieved via a protocol proposed by Kok 

et al. (2010). Here, a combination of m-CPBA and iron powder is used to remove the 

methyl group without causing a subsequent ring opening via a two-step Polonovski-

type reaction. The paper has shown that the reaction can be conducted without 

affecting hydroxy groups, and as m-CPBA can be utilized to form esters from ketones, 

it is unlikely that the ethyl ester shall be affected.167 An overview of the proposed, 

hypothetical synthesis pathway is shown in figure 38. 

 

Figure 38. Proposed, hypothetical synthesis pathway for the synthesis of the β-cyclophellitol aziridine derivative 47. 

5.4. Aziridine-compatible de-esterification reaction. 

Any proposed route towards a β-cyclophellitol aziridine derivative described in this 

project (such as the one seen in figure 38) leads to a structure with an ester 
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functionality, which would require conversion into a carboxylate. As mentioned 

previously, this could potentially occur in vivo129, though an alternative mild de-

esterification may be desired in cases where this is not possible, i.e. when working in 

vitro. 

Whilst current literature offers a wide array of de-esterification methods (such as using 

hydrogen with palladium or platinum on carbon)168, these methods often lead to the 

opening of the aziridine ring. Nevertheless, the usage of either methanolic- or ethanolic 

alkali hydroxide solutions has been reported to be effective at facilitating the desired 

de-esterification without ring opening, and, though neutralisation with an acid such as 

hydrogen chloride would lead to undesired side reactions, the usage of an acidic Dower 

ion exchange resin such as Dowex 50W-X2 is described to be compatible with the 

aziridine functionality.169,170 

5.5. Improving the selectivity of the irreversible inhibitor. 

As described previously within the scope of this thesis, the cyclophellitol aziridine 

derivative with carboxylate functionality proves to be significantly more specific than its 

predecessors. However, it is still not perfect, with the probe also binding to 

glucocerebrosidase and β-galactosidase, as well as ProHSPE, a proenzyme of endo-

acting heparanase.123,126 

As Wu et al. (2015) have shown, endo-acting heparanase interacts not only with the 

cyclophellitol scaffold, but also the heparan sulfate moiety (as shown in figure 15).94 

This would suggest that adding an additional sulfonated monosaccharide may yield 

improvements in binding to endo-acting heparanase. 

Naggi et al. (2005) have previously researched the usage of sulfonated 

polysaccharides for the modulation of heparanase activity, and this data could 

potentially be used as a foundation for designing a more selective irreversible inhibitor 

based on the cyclophellitol aziridine derivative with carboxylate functionality.106  
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6. Experimental section 

6.1. General information 

Air- and moisture-sensitive reactions were carried out under a nitrogen atmosphere. 

Moisture- and air-sensitive reagents were transferred into disposable syringes and 

cannulas previously rinsed with nitrogen. The chemicals used were purchased from 

the companies ACROS, ALFA AESAR, APPLICHEM, CARBOLUTION CHEMICALS, FLUKA, MERCK, 

ROTH, SIGMA-ALDRICH and VWR CHEMICALS and used directly. 

 

6.2. Solvents 

The solvents used for the reactions were of "for synthesis" or "for analysis" quality and 

were used without further purification. All dry solvents were stored under a nitrogen 

atmosphere and on molecular sieve. 

 

6.3. NMR 

All NMR spectra were measured on an AGILENT 400-MR DD2 equipped with a OneNMR 

probe or a BRUKER 600 MHz with a BBI probe. In the 1H and 13C experiments, the shifts 

were related to the residual proton content of the solvent and to the carbon atoms of 

the solvent: 

 1H-NMR 13C-NMR 

d1-Chloroform 7.26 ppm 77.0 ppm 

d6-DMSO 2.50 ppm 39.5 ppm 

d4-Methanol 3.31 ppm 49.0 ppm 

D2O 4.79 ppm - 

 

All chemical shifts δ are in ppm and all coupling constants J in Hz. The following 

abbreviations were used to describe the spectra: s (singlet), d (doublet), t (triplet), and 

m (multiplet). It should be noted that the integrations reported may be higher than 

expected for the target compounds due to impurities that were not removed from the 

sample, as they were deemed unproblematic for further reactions.  
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6.4. Experiments 

6.4.1. (2R,3R,4R)-2-(hydroxymethyl)-5-methoxytetrahydrofuran-3,4-diol (16). 

 

480 mL dry methanol was cooled with an ice bath, and acetyl chloride (7.6 mL, 

107 mmol, 0.8 eq.) was added dropwise. After 10 minutes of stirring, D-Xylose (20 g, 

133 mmol, 1 eq.) was added. The reaction mixture was stirred for 6 hours. The reaction 

was quenched by adding powdered NaHCO3 until a pH of 7. Consequently, the mixture 

was reduced to a volume of approximately 100 mL, after which it was diluted to a 

volume of 500 mL with DCM. The mixture was filtered through a celite pad, and the 

solvent was removed in vacuo to yield 16 as a crude product. (25.6 g) as a sticky, white 

solid. 

The sample was not further purified at this stage, which led to a yield with a mass that 

exceeds 100% of the theoretical yield (117%). α and β were not separated. 

1H NMR (400 MHz, D2O) δ 4.87 (d, 1H), 4.77 (s, 1H), 4.26 – 4.06 (m, 5H), 3.74 – 3.57 

(m, 5H), 3.31 (s, 3H), 3.26 (s, 3H). 

13C NMR (101 MHz, D2O) δ 108.51, 101.94, 82.47, 79.75, 78.17, 76.56, 74.82, 60.96, 

60.33, 55.50, 55.08. 
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6.4.2. (3R,4R,5R)-2-methoxy-5-((trityloxy)methyl)tetrahydrofuran-3,4-diol (17). 

 

16 (25.6 g, 156 mmol, 1 eq.) was dissolved in 500 mL dry pyridine. Trityl chloride 

(44.56 g, 160 mmol, 1.05 eq.) and DMAP (1.63 g, 13 mmol, 10 mol%) were added, 

and the reaction was stirred at 70 °C for 5 hours. The reaction was left to reach room 

temperature and quenched with ice. The mixture was extracted with chloroform, and 

the combined organic phases were washed with saturated ammonium chloride 

solution, followed by water. The organic phase was dried over MgSO4 and the solvent 

was removed in vacuo.  

The crude product was purified via column chromatography (CHCl3/MeOH 9:1) to yield 

17 (46.07 g, 113.3 mmol, 85%) as a yellow-orange oil. α and β were not separated. 

1H NMR (400 MHz, CD3OD) δ 7.46 (td, 15H), 7.30 – 7.24 (m, 15H), 4.91 (d, 1H), 4.41 

(dt, 1H), 4.27 (td, 1H), 4.10 (t, 1H), 3.99 – 3.96 (m, 1H), 3.47 (s, 3H), 3.33 (s, 2H). 

13C NMR (101 MHz, CD3OD) δ 148.64, 144.10, 128.54, 127.31, 126.60, 109.40, 

102.35, 86.58, 81.99, 80.36, 77.80, 75.93, 75.75, 63.78, 63.04, 54.55, 54.28. 
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6.4.3. (3R,4S,5R)-3,4-bis(benzyloxy)-2-methoxy-5-

((trityloxy)methyl)tetrahydrofuran (18). 

 

17 (46.07 g, 113 mmol, 1 eq.) was dissolved in 500 mL DMF and cooled with an ice 

bath. Sodium hydride (22.6 g, 565 mmol, 5 eq.) and benzyl bromide (68 mL, 565 mmol, 

5 eq.) were added. The mixture was stirred at 0 °C for one hour, after which it was 

allowed to reach room temperature and was stirred for another 20 hours. Then, the 

reaction was quenched with water at 0 °C, and the aqueous phase was extracted with 

MTBE. The organic phases were combined, washed with brine, and dried over MgSO4. 

The solvent was removed in vacuo.  

The crude product was purified via column chromatography (Petroleum ether/Ethyl 

acetate 9:1 → 3:1) to yield 18 (59.26 g, 101.0 mmol, 89%) as an orange oil. 

It should be noted that residual side products could not be separated from the sample. 

After the column, no further attempts at purifying the sample were made. 

1H NMR (400 MHz, MeOD) δ  7.37 – 7.22 (m, 25H), 4.86 (s, 1H), 4.75 – 4.36 (m, 4H), 

4.36 – 3.99 (m, 2H), 3.82 – 3.60 (m, 2H), 3.35 (d, 3H), 3.33 (s, 1H). 

 

13C NMR (101 MHz, MeOD) δ 138.12, 137.80, 128.00, 127.97, 127.94, 127.65, 127.55, 

127.52, 127.44, 127.36, 127.32, 109.90, 100.41, 83.97, 83.54, 81.31, 72.14, 71.76, 

60.91, 53.97. 

 

  



43 
 

6.4.4. ((2R,3S,4R)-3,4-bis(benzyloxy)-5-methoxytetrahydrofuran-2-yl)methanol 

(19). 

 

18 (59.26 g, 101 mmol, 1 eq.) was dissolved in 500 mL 80% AcOH and refluxed for 24 

hours. The mixture was left to reach room temperature and quenched with brine. The 

product was then extracted with diethyl ether, and after cooling the organic phase in 

an ice bath, it was washed with cold saturated NaHCO3 to remove any residual acid. 

The organic phase was dried over MgSO4 and the solvent was removed in vacuo. 

The crude product was purified via column chromatography (Petroleum ether/Ethyl 

acetate 3:1 → 0:1) to yield 19 (34.37 g, 99.8 mmol, 97%) as an orange oil. 

It should be noted that residual side products could not be separated from the sample. 

After the column, no further attempts at purifying the sample were made. 

1H NMR (400 MHz, MeOD) δ 7.39 – 7.17 (m, 10H), 4.88 – 4.83 (m, 4H), 4.63 – 4.27 

(m, 2H), 4.27 – 3.95 (m, 4H), 3.34 (s, 3H), 3.30 (s, 1H). 

13C NMR (101 MHz, MeOD) δ 137.75, 137.63, 128.07, 128.06, 127.69, 127.57, 127.49, 

127.39, 107.99, 86.13, 83.42, 72.13, 71.90, 63.25, 54.27. 
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6.4.5. (2S,3R,4R)-3,4-bis(benzyloxy)-2-(iodomethyl)-5-methoxytetrahydrofuran 

(20). 

 

19 (34.37 g, 100 mmol, 1 eq.) was dissolved in 300 mL dry THF. Triphenylphosphine 

(39.27 g, 150 mmol, 1.5 eq.) and imidazole (13.59 g, 200 mmol, 2 eq.) were added to 

the solution. Iodine (37.99 g, 150 mmol, 1.5 eq.) was added dropwise as a solution in 

100 mL dry THF, and the mixture was brought to reflux for 4 hours. The mixture was 

then left to reach room temperature, and was filtered through a celite pad. The solvent 

was removed in vacuo, and the crude product was dissolved in ethyl acetate, which 

was then washed with a saturated sodium thiosulfate solution. The organic phase was 

dried over MgSO4 and the solvent was removed in vacuo. 

The crude product was purified via column chromatography (Petroleum ether/Ethyl 

acetate 8:1) to yield 20 (30.09 g, 66.2 mmol, 67%) as a clear oil. Additionally, 8.22 g 

of 19 could be recovered.  

The purified product still contained triphenylphosphine oxide (TPPO) as a side product, 

as confirmed via 31P-NMR.  

1H NMR (400 MHz, CDCl3) δ 7.34 – 7.25 (m, 10H), 4.92 (d, 2H), 4.64 – 4.36 (m, 4H), 

4.00 (d, 2H), 3.39 (d, 4H), 3.17 (dd, 1H). 

13C NMR (101 MHz, CDCl3) δ 132.75, 129.17, 129.05, 128.48, 128.43, 128.38, 128.21, 

128.01, 127.82, 127.75, 108.27, 100.91, 86.49, 82.00, 81.83, 81.66, 77.70, 72.69, 

72.12, 56.03, 55.54, 4.28, 2.78. 

31P NMR (162 MHz, CDCl3) δ 44.23 (TPPO). 
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6.4.6. (2R,3R)-2,3-bis(benzyloxy)pent-4-enal (21). 

 

Zinc (21.00 g, 308 mmol, 10 eq.) was added to 70 mL 1M HCl and stirred for 

15 minutes. The zinc was washed with water and diethyl ether and then dried in vacuo 

while heating with a heat gun. 

20 (14.00 g, 31 mmol, 1 eq.) was dissolved in a 500 mL 9:1 solution of dry THF and 

degassed water. The activated zinc was added, and the mixture was sonicated at 

40 °C for three hours. Upon completion, the reaction mixture was filtered through a 

celite pad, which was washed with diethyl ether. The organic phase was washed with 

H2O, dried over MgSO4 and the solvent was removed in vacuo. 

The crude product was purified via column chromatography (Petroleum ether/Ethyl 

acetate 8:1) to yield 21 (4.48 g, 15.1 mmol, 49%) as a clear oil. 

The resulting aldehyde was unstable, and required storing under an inert atmosphere 

in the freezer during the project to prevent decomposition.171 

1H NMR (400 MHz, CDCl3) δ 9.67 (d, 1H), 7.35 – 7.21 (m, 11H), 5.92 (ddd, 1H), 5.37 

– 5.28 (m, 2H), 4.74 (d, 2H), 4.43 – 4.31 (m, 2H), 3.93 – 3.77 (m, 1H). 

 

13C NMR (101 MHz, CDCl3) δ 202.48, 133.78, 129.78, 128.46, 128.34, 128.13, 128.09, 

127.90, 127.74, 126.79, 119.84, 85.12, 79.91, 73.43, 70.64. 
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6.4.7. Ethyl (2S,3S,4S,5R)-4,5-bis(benzyloxy)-3-hydroxy-2-vinylhept-6-enoate 

(23). 

 

21 (4.48 g, 15.2 mmol, 1 eq.), a 75% solution of ethyl 4-bromocrotonate (9.05 ml, 

49.25 mmol, 3.24 eq.), indium powder (4.07 g, 35.42 mmol, 2.33 eq.) and La(OTf)3 

(18.71 g, 31.92 mmol, 2.1 eq.) were added to 100 ml water and stirred at room 

temperature in the dark for two days. The mixture was then filtered through a celite 

pad, which was rinsed with MTBE. The filtrate was extracted with 3 x 100 mL MTBE, 

and the organic phase was dried over MgSO4. The solvent was removed in vacuo. 

The crude product was purified via column chromatography (Petroleum ether/Ethyl 

acetate 9:1) to yield 23 (3.28 g, 8.0 mmol, 53%) as a clear oil. 

1H NMR (400 MHz, CDCl3) δ 7.37 – 7.23 (m, 10H), 6.00 – 5.65 (m, 1H), 5.45 – 5.33 

(m, 2H), 5.22 – 5.10 (m, 2H), 5.04 – 4.89 (m, 1H), 4.73 – 4.44 (m, 1H), 4.44 – 4.32 (m, 

1H), 4.25 – 4.12 (m, 1H), 4.11 (s, 2H), 4.08 – 3.93 (m, 1H), 3.54 (dd, 1H), 3.50 – 3.22 

(m, 1H), 2.71 (d, 1H), 1.22 (td, 3H). 

13C NMR (101 MHz, CDCl3) δ 172.46, 138.41, 138.31, 134.90, 132.88, 128.36, 128.34, 

128.13, 127.96, 127.95, 127.80, 127.72, 127.53, 119.93, 119.88, 82.87, 79.37, 74.51, 

72.09, 70.76, 60.81, 55.12, 53.91, 14.08. 
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6.4.8. Ethyl (1S,4S,5S,6R)-4,5-bis(benzyloxy)-6-hydroxycyclohex-2-ene-1-

carboxylate (24). 

 

Grubb’s II catalyst (849 mg, 1 mmol, 5 mol%) was added to a solution of 23 (3.28 g, 

8 mmol, 1 eq.) in 150 ml dry, degassed 1:1 mixture of DCM and toluene. The reaction 

mixture was stirred at room temperature for 48 hours in the dark. Consequently, 2 mL 

DMSO was added, and the reaction was stirred overnight. The solvent was then 

removed in vacuo. 

The crude product was purified via column chromatography (Petroleum ether/Ethyl 

acetate 6:1) to yield 24 (2.53 g, 6.6 mmol, 83%) as a clear oil. 

1H NMR (400 MHz, CDCl3) δ 7.38 – 7.23 (m, 11H), 5.79 (dt, 1H), 5.66 (dt, 1H), 4.95 

(d, 1H), 4.79 (dd, 2H), 4.69 (d, 1H), 4.26 – 4.05 (m, 4H), 3.65 (ddd, 1H), 3.00 – 2.96 

(m, 1H), 1.26 (dq, 3H). 

 

13C NMR (101 MHz, CDCl3) δ 171.96, 138.46, 138.03, 128.53, 128.51, 128.26, 127.92, 

127.85, 127.83, 124.08, 82.53, 79.25, 77.31, 77.10, 76.88, 74.89, 71.93, 70.42, 61.31, 

50.12, 14.23. 
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6.4.9. Ethyl (1S,4S,5R,6R)-4,5,6-trihydroxycyclohex-2-ene-1-carboxylate (32). 

 

24 (100 mg, 0.26 mmol, 1 eq.) was dissolved in 5 mL dry DCM. After cooling the 

mixture to -78 °C with an acetone/dry ice bath, 2.6 mL of a 1 M BCl3 solution in DCM 

was added, and the reaction mixture was stirred for three hours. Then, the reaction 

was quenched by adding 15 mL of a 1:1 mixture of MeOH/DCM, and the reaction 

mixture was slowly brought to room temperature. The solvent, as well as by-products 

formed during the quenching, were removed in vacuo. 

The crude product was purified via column chromatography (DCM/Methanol 10:1) to 

yield 32 (39 mg, 0.2 mmol, 74%) as a clear oil. 

MS (ESI, MeOH) positive: m/z = 225.08 [M+Na]+, 241.07 [M+K]+ 

1H NMR (400 MHz MeOD) δ 5.78 – 5.59 (m, 1H), 5.50 (dt, 1H), 4.17 (q, 2H), 4.10 – 

3.91 (m, 1H), 3.86 (dd, 1H), 3.56 – 3.34 (m, 1H), 3.14 (dp, 1H), 1.30 – 1.21 (m, 3H). 

 

13C NMR (101 MHz, MeOD) δ  172.61, 131.36, 122.78, 122.69, 122.52, 76.65, 71.83, 

70.79, 60.77, 51.15, 13.03. 
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6.4.10. (1R,2R,3S,6S)-6-(ethoxycarbonyl)cyclohex-4-ene-1,2,3-triyl triacetate 

(33). 

 

32 (30 mg, 0.15 mmol, 1 eq.) was dissolved in 9 mL of a 2:1 pyridine/Ac2O solution 

and stirred at room temperature until the starting material was completely consumed, 

as indicated by TLC. The reaction mixture was concentrated in vacuo, and the 

compounds were separated via column chromatography (Petroleum ether/Ethyl 

acetate 6:1). 33 could not be isolated. 
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Figure 39. 1H NMR spectrum of 16. 
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Figure 40. 13C NMR spectrum of 16. 

 

Figure 41. 1H NMR spectrum of 17. 
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Figure 42. 13C NMR spectrum of 17. 

 

Figure 43.1H NMR spectrum of 18. 
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Figure 44. 13C NMR spectrum of 18. 
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Figure 45. 1H NMR spectrum of 19. 
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Figure 46. 13C NMR spectrum of 19. 

 

Figure 47. 1H NMR spectrum of 20. 
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Figure 48. 13C NMR spectrum of 20. 

 

Figure 49. 31P NMR spectrum of 20 (TPPO impurity). 
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Figure 50. 1H NMR spectrum of 21. 

 

Figure 51. 13C NMR spectrum of 21. 
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Figure 52. 1H NMR spectrum of 23. 

 

Figure 53. 13C NMR spectrum of 23. 
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Figure 54. 1H NMR spectrum of 24. 

 

Figure 55. 13C NMR spectrum of 24. 
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Figure 56. 1H NMR spectrum of 32. 

 

Figure 57. 13C NMR spectrum of 32. 



80 
 

 

 

Figure 58. Positive ESI mass spectrum of 32. 

 

Figure 59. 1H NMR spectrum of unidentified product during acetylation of 32. 
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Figure 60. 13C NMR spectrum of unidentified product during acetylation of 32. 


