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Abstract 

Cell active inhibitors of glycoside processing enzymes are valuable research tools that aid 

understanding the physiological roles of this diverse class of enzymes. endo-N-

Acetylglucosaminidases have emerged as playing important roles in both mammals and 

human pathogens, however, metabolically stable cell active inhibitors of these enzymes 

are lacking. Here we describe a divergent synthetic strategy involving elaboration of a 

thiazoline core scaffold. We illustrate the potential of this approach by using the copper 

catalysed azide-alkyne click (CuAAC) reaction, in combination with a suitable catalyst to 

avoid poisoning by the thiazoline moiety, to generate a targeted panel of candidate 

inhibitors of endo-N-Acetylglucosaminidases and chitinases.  
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Chapter 1.  
 
Introduction 

1.1. Carbohydrates and their roles in living systems 

Scientists often recognize that biological processes provide some of the most 

complex, yet elegantly ordered methods of accomplishing a chemical transformation. The 

chemistry of life itself, though immensely complicated, can be thought of as principally 

being governed by interactions between four major building blocks: carbohydrates, 

proteins, nucleic acids, and lipids. Of these four, carbohydrates are the most abundant, 

accounting for up to half of the world’s dry biomass. Despite the widespread presence of 

these molecules, they are arguably the least studied of the four biological building blocks. 

This is due to the intrinsic complexity found in even short oligomers. To illustrate this 

complexity, it can be insightful to compare different forms of biological materials. Genetic 

information is encoded by long chains of four different monomers in DNA (Adenine, 

Thymine, Guanine, and Cytosine), but allows for the diversity seen in biology. Proteins, 

with 20 basic monomers, can account for many of the amazing functions that drives 

processes within the body. Though these classic biopolymers exemplify natural diversity, 

it would be a great mistake to sidestep the complexity presented by carbohydrates. For 

even a short chain composed of six basic units, the number of all linear and branched 

isomers is on the order of 1012 (Varki, 1999). Though simply a theoretical limit, this almost 

unfathomable number of possible permutations represent many times more complexity 

than what can be done using any other building block. This chapter is a concise 

introduction to the nature and role of carbohydrates as well as the study of enzymes 

responsible for their addition and cleavage.  
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1.1.1. Carbohydrate structure and nomenclature 

The term carbohydrate describes a molecule consisting of carbon, hydrogen and 

oxygen. Although the morpheme ‘hydrate’ would imply a hydrogen-oxygen ratio of 2:1 

giving an empirical formula of (CH2O)n, many exceptions can be found (Varki, 1999). A 

common example is deoxyribose, which has the empirical formula of C5H10O4 and is found 

in the sugar-phosphate backbone of DNA. Structurally, it is more instructive to view most 

biological carbohydrate units as polyhydroxy aldehydes (aldoses) or polyhydroxy ketones 

(ketoses) because they generally bear such a functionality that can enable their 

cyclization. 

Saccharide, a term often used synonymously with carbohydrate, comes from the 

latin word sacchararum, referring to ‘sweet’. Simple sugars, or monosaccharides, are 

fundamental units of carbohydrates that cannot be further hydrolyzed. These compounds 

are typically colourless, water-soluble solids that often invoke a sweet taste when 

consumed. Monosaccharides can be classified by the number of carbon backbone atoms 

they contain: diose (2), triose (3), tetrose (4), pentose (5), hexose (6), heptose (7), and so 

on.  

Carbohydrates can be drawn in a number of different ways as illustrated by Figure 

1.1. Historically, the Fischer projection was used to draw and characterize sugars and 

thus, much nomenclature in carbohydrate chemistry stems from characterizations derived 

from the Fischer projection. The same compounds can also be drawn in Haworth 

projection, which allows for the visualization of the 3-dimensional structure on paper. 

Although the Haworth projection allowed for some representation of the 3D structure, the 

six membered rings do not exist in a planar form, but take the form of a chair or boat 

conformation. Though this chair conformation most accurately describes the innate 

structure of carbohydrates, Fischer and Haworth projections are sometimes used to 

emphasize distinct structural components such as stereocentres or ring structures 

(Soderberg, 2016). 
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Figure 1.1. D-Glucose can be drawn in various ways to highlight various 
aspects of carbohydrate structure. Fischer projections emphasize 
the stereochemistry found in different sugars. Haworth projections 
illustrate the ring structure. Chair conformations underscore 
favourable conformations of sugars in solution. 

The absolute configuration of all monosaccharides are noted as being either D or 

L sugars. This notation is defined by the stereocentre at the highest-numbered centre of 

chirality. If that centre’s hydroxyl group is on the right when drawn according to the Fischer 

projection, it is a D-sugar. Conversely, if that centre’s hydroxyl group is on the left, it is an 

L-sugar. The same sugar in D and L forms are enantiomers or mirror images of each other, 

while the configurations of other hydroxyls define the individual sugars themselves 

(McNaught, 1997). 

 

Figure 1.2. Fischer projections show showing the configuratory stereocentre in 
determining D and L configurations of Glucose. 

If the aldose or ketose contains sufficient numbers of carbon atoms in its 

backbone, they can cyclize to form a 6-membered ring (pyranose) or a 5-membered ring 

(furanose) via nucleophilic attack of a hydroxyl on either the re or si face of the carbonyl. 

This attack results in the formation of two possible diastereomers that are referred to as 

anomers in carbohydrate chemistry; the resulting hemiacetal carbon is referred to as the 

anomeric centre. The configuration of the anomeric centre is denoted by α- or β- in 
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reference to the aforementioned configurational stereocentre. If, when drawn in Fischer 

projection, the anomeric hydroxyl is on the same side as the oxygen of the configurational 

carbon, it is an α-anomer. Conversely, if the anomeric hydroxyl is on the opposite side as 

the oxygen of the configurational carbon when drawn in Fischer projection, it is a β-anomer 

(McNaught, 1997). 

 

Figure 1.3. Nucleophilic attack of a hydroxyl at the anomeric centre from the re 

face (reaction towards the right to obtain the anomer) or si face 

(reaction towards the left to obtain the anomer). 

The most common hexose is β-glucose, composed of exclusively equatorial 

hydroxyls. However, other hexoses can be made by modifying or replacing a hydroxyl 

group. Some of the most common monosaccharide units found in nature are shown in 

Figure 1.4. One particular functionality central to this thesis is that of the 2-acetamido 

group found in 2-acetamido-2-deoxy-D-glucopyranose (GlcNAc) and N-

acetylgalactosamine (GalNAc). 

 

Figure 1.4. Common hexose sugars found in biological systems. 

Saccharides are often classified according to the number of monosaccharides they 

contain. As previously mentioned, monosaccharides are the simplest forms of sugars. The 
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prefix di-, tri-, tetra-, and so on, are used to describe more complex carbohydrates formed 

by the dehydration synthesis of two hydroxyls of simpler saccharides. The term 

oligosaccharide is used to describe a saccharide polymer containing between 3 to 10 

monosaccharide units, while the term polysaccharide is used to describe polymers of over 

10 such units. 

Because of the complexity inherently present in many oligosaccharides, it is 

sometimes desirable to use simpler symbols to illustrate common monosaccharides. The 

Consortium for Functional Glycomics (CFG) established a set of symbols, shown in Figure 

1.5, that visually depict oligosaccharides in readily recognizable forms. Pentoses are 

depicted as stars, hexoses as circles, N-acetylhexosamines as squares, hexosamines as 

squares divided diagonally and acidic sugars as diamonds (Varki, 2009). 
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Figure 1.5. Selected symbols for illustrating saccharides.  
Developed by the CFG (Perez, 2016) 
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1.1.2. Biosynthesis of carbohydrates 

As a prevalent type of natural organic compound, carbohydrate biosynthesis must 

involve ubiquitous processes. One example is found in the case of photosynthesis, where 

plants and some bacteria use the energy found in sunlight to activate ATP (the major 

source of energy utilized in biological systems) via photophosphorylation while splitting 

water via photolysis into oxygen, hydrogen ions, and free electrons. These ions react with 

NADP+, reducing it to NADPH. ATP and NADPH are then used to reduce CO2 to give 3-

phosphoglycerate - the main biological feedstock used in a variety of biosynthetic 

pathways. This processes is light dependant, but all biological systems are still able to 

function in the absence of light. This is due to the fact that excess glyceraldehyde-3-

phosphate and ATP energy can be stored in the form of glucose via gluconeogenesis. 

Plants are able to store large amounts of energy in the form of polysaccharides such as 

starch (α1-4 linked glucose) or utilize the rigid polymer cellulose (β1-4 linked glucose) for 

structural support (see Figure 1.6). Because of the polymeric nature of carbohydrates, 

they act as a convenient means of storing energy in biological systems. (Nelson, 2008)  

Animals and other organisms do not have the ability to undergo photosynthesis 

and instead, digest some of these polysaccharides as rich sources of energy to convert 

them to elementary building blocks such as pyruvate. Pyruvate can be incorporated into 

a plethora of compounds, most centrally, glucose-6-phosphate, which can further be 

stored as glycogen, a highly branched polysaccharide of α1-4 linked glucose with α1-6 

linked branches. The glycolysis of glucose yields pyruvate, producing a net energy excess 

(two molecules of ATP), and is the process all organisms use to generate energy for 

powering the cellular machinery (Nelson, 2008). 
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Figure 1.6. A. Cellulose is composed of β1-4 linked glucose. 
B. Starch is composed of α1-4 linked glucose. 
C. Glycogen is composed of α1-4 linked glucose with α1-6 linked 
branches starting new polymer chains. 
These three compounds are the most common forms of polymeric 
glucose found in nature. 

The activated glucose-6-phosphate transfer to create glycogen is a prime example 

of the sorts of chemical group transfer reactions that are possible via the action of 

glycosyltransferases on non-Leloir sugar donors. Although the glycosyltransferases and 

sugar donors will be revisited in further detail later in this thesis, it is sufficient to say that 

polysaccharides and oligosaccharides are built up one unit by one unit through the transfer 

of one activated sugar onto a growing saccharide chain. 

Though glucose may be the most prevalent sugar found in nature, modifications 

to the various positions gives rise to other vital sugars. One very important modification is 

the N-acetyl modification at the C2 position that results in the formation of N-
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acetylglucosamine (GlcNAc). This is biosynthesized by the amination of fructose-6-

phosphate using glutamine as the source of ammonia in the first step of the hexosamine 

biosynthetic pathway, followed by N-acetylation by glucosamine-phosphate N-

acetyltransferase 1 (GNPNAT1) (Munkley, 2016). These sugars, with N-Acetyl 

modifications at the 2 position, will be the focus of this thesis. 

 

1.1.3. N-Acetylglucosamine polysaccharides in biology 

In mammals, O-GlcNAc and N-GlcNAc modifications play a vital role in various 

diseases, protein stability, and signaling (Bond, 2015; Hanover, 2010; Zhu, 2016). 

However, the vast majority of GlcNAc found in nature comes from the structural 

components of fungi, insects, and crustaceans. These structural components, polymers 

of β1-4 linked GlcNAc known as chitin, are essential to invertebrates and affords them 

protection and structural rigidity. The nature of chitin, when folded back on itself to form 

antiparallel chains, has numerous hydrogen bonds that form an immensely strong 

substance, tougher than any other molecule in nature and weight-for-weight stronger than 

bone or steel (Merzendorfer, 2003). Chitin can be further processed by chitin deacetylases 

to create copolymers of GlcNAc with varying amounts of 2-amino-2-deoxy-D-

glucopyranose (GlcNH2), which is known as chitosan. The modification of chitin into 

chitosan is thought to make it more elastic and to also protect it from the action of hostile 

chitinases (Lenardon, 2010). Chitin is also known to be involved in various vectors of 

human disease such as mosquitoes, sand flies, ticks, and snails (Lenardon, 2010).  
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Figure 1.7. A. Chitin  
B. Chitosan  
These biopolymers play an important structural role in many 
invertebrates and insects. 

The ubiquitous presence of carbohydrates is also found in prokaryotes, where 

peptidoglycan, a polymer consisting of β-(1-4) linked N-acetylglucosamine and N-

acetylmuramic acid cross-linked with an oligopeptide, is heavily used in the cell wall. This 

polymer makes up 90% of the dry weight for Gram-positive bacteria and 10% for Gram-

negative bacteria. Further surrounding the cell membrane in some bacteria is the 

glycocalyx, which consists of a polysaccharide network that aids in immune evasion and 

adhesion (Costerton, 1981). 

 

Figure 1.8. Structure of peptidoglycan 

Although most forms of carbohydrates are found as polysaccharides such as 

starch, cellulose or chitin, many other biologically relevant oligosaccharides are 

synthesized and used in a number of ways that include signaling, protein folding, and 

adhesion (Varki, 1993). One of the best examples that highlights the importance of 

oligosaccharides in human biology is the case of human A/B/O blood types where the 

presence or absence of galactose (Gal) or N-acetylgalactosamine (GalNAc) on the 
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terminus of the antigens covering the surface of red blood cells give rises to the different 

blood types. These subtle differences in oligosaccharide structure being distinguished by 

the body underscores the importance of saccharides in biology (Berg, 2006). 

 

Figure 1.9. Blood group antigens found in human blood. From left to right O, A, 
and B blood types. The AB blood type contains both A and B 
antigens. 

 

1.2. Enzymes and their biological functions 

Enzymes are biological catalysts that increase the rate of specific biochemical 

reactions. These biomolecules catalyze such reactions by stabilizing the high-energy 

transition state of a reaction, typically resulting in rate increases of 1010 to 1015 fold over 

the uncatalyzed reaction (Schramm, 1998). In rare instances, enzyme-catalyzed reactions 

are so efficient that the kinetics of the reaction reaches the diffusion limit (Zhou, 1982). 

Almost all biologically relevant chemical reactions require the use of an enzyme. 

Otherwise, most reactions would take too long, require too much energy, or release too 

much sudden energy to their surroundings. Because these enzymes are required for life, 

the dysregulation or misregulation of these enzymes can cause disease or death. Given 

their importance, a great deal of research has been undertaken to understand the 

mechanisms by which enzymes operate and develop strategies to modulate their activity 

(Bertozzi, 2001).  
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1.2.1. Methods of studying enzyme activity 

Enzyme activity can be studied in a variety of different ways, including for example: 

genetic, crystallographic, spectroscopic and computer modeling techniques. The use of 

genetic knockout or knockdown techniques offer insights into specific roles that a given 

enzyme may play in a biological system. Additionally, site directed mutagenesis allows for 

the mutation of a specific amino acid residue, which may reveal catalytic mechanisms and 

modes of substrate or transition state binding (McCarter, 1994). More recently, clustered 

regularly interspaced short palindromic repeats (CRISPRs) (Yang, 2013) and transcription 

activator-like effector nucleases (TALENs) (Joung, 2013) have been used for in situ 

genome editing to study the roles of various proteins.  Crystallographic techniques have 

been used to obtain 3D X-ray structures of enzymes with or without a substrate, product 

or inhibitor (Shi, 2014). This method can give insight into the catalytic mechanism and 

allow for the rational design of better inhibitors. However, such solid state X-ray structures 

should be used with the limitations of resolution, solvent effects, and enzyme dynamics in 

mind as such structures may or may not always be an accurate representation of the 

enzyme behaviour in solution. For studying solution dynamics, spectroscopic methods 

such as multidimensional NMR (Yuzwa, 2014) or circular dichroism (Greenfield, 2006) are 

better suited as they are able to monitor and report on changes in enzyme structure in the 

solution phase. Computer modelling techniques have been used to predict different 

protein conformations, analyze enzyme interactions and develop inhibitors (Ganem, 

1996). Though all of these methods have aided understanding of enzyme function, the 

most prevalent and widely utilized technique is to use kinetic analysis. This technique will 

be further elaborated in section 1.3. 

 

1.2.2. Carbohydrate processing enzymes 

Carbohydrate processing enzymes are responsible for the addition, modification 

and cleavage of sugars to or from a protein, lipid or other glycan. Glycosyltransferases 

(GT) transfer activated sugars, such as Leloir nucleotide sugars or non-Leloir phosphates 

(Figure 1.10), onto a nucleophilic glycosyl acceptor molecule. Glycoside hydrolases (GH) 

act to reverse the action of glycosyltransferases, taking a glycoside modified substrate 
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and hydrolyzing the glycosidic bond (Shaikh, 2008; Love, 2005). Both GTs and GHs (by 

nature of their reversibility) are also utilized in synthesis of various oligosaccharides or 

glycoproteins (Vocadlo, 2008). 

 

Figure 1.10. Activated sugar substrates for glycosyltransferases include Leloir 
nucleotide phosphate sugars and non-Leloir sugar phosphate or 
sugar polyprenol phosphate substrates. 

Glycoside hydrolases can be categorized based on the stereospecificity of the 

hydrolysis product. Inverting glycoside hydrolases utilize two enzymatic residues that 

allows for the nucleophilic attack of water at the anomeric position, thereby resulting in the 

overall inversion of stereochemistry at the anomeric position (Figure 1.11). Retaining 

glycoside hydrolases hydrolyze glycosidic bonds with overall retention of stereochemistry 

at the anomeric position. This is typically achieved through a two-step mechanism 

involving the formation of a glycosyl enzyme intermediate (Figure 1.12).  

 

Figure 1.11. Inverting mechanism of β-glycoside hydrolases involves an enzyme 
stabilized transition state resulting in inversion of stereochemistry 
at the anomeric position. 
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Figure 1.12. Retaining mechanism of β-glycoside hydrolases involves the 
formation of a covalent enzyme substrate intermediate followed by 
hydrolysis, resulting in retention of stereochemistry at the anomeric 
position. 

It is to be noted that the first-formed hemiacetal product of both retaining and 

inverting glycoside hydrolases will mutarotate to form a mixture of diasteromers, the case 

of which depends on a number of factors including the anomeric effect (described in detail 

in section 1.4.1). Observation by NMR spectroscopy of the stereochemical outcome can 

be used to gain insights into the retaining or inverting nature of the enzyme mechanism. 

An alternative mechanism resulting in retention of stereochemistry is used by some 

β-N-acetylhexosaminidases, where the N-acetyl group is involved as shown in Figure 

1.13. 
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Figure 1.13. Neighbouring N-acetyl group participation hydrolysis mechanism 
involves the nucleophilic attack of the acetamido moiety of the 
aminosugar, displacing the aglycon and forming an oxazoline 
intermediate, which is hydrolyzed by water to result in the overall 
retention of stereochemistry at the anomeric position. 

 

 

Figure 1.14. The mechanism of substrate assisted glycoside hydrolases involves 
an oxazoline/oxazolininium type transition state. Pictured here is the 
charged oxazolinium. 

This mechanism involves the formation of an oxazoline intermediate (Figure 1.14) 

that is hydrolyzed by the near microscopic reverse of the first step and results in the overall 

conservation of stereochemistry at the anomeric position. Not all β-N-acetyl 

hexosaminidases use this mechanism. For example, the Carbohydrate Active enZyme 

(CAZy) database outlines glycoside hydrolase family 3 and 22 that utilizes a double 

displacement mechanism (Vocadlo, 2005), while family 19 utilizes an inverting mechanism 

(Iseli, 1996). However, this substrate assisted catalysis mechanism has been proven for 

glycoside hydrolase family 18, 20, 25, 56, 73, 84 and 85 enzymes (Mark, 2001; Macauley, 

2005; Terwisscha van Sheltinga, 1995). 
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1.2.3. Endo-acting N-acetylglucosaminidases 

Endo-acting N-acetylglucosaminidases (ENGases) are glycoside hydrolases that 

cleave an internal glycosidic bond of an oligosaccharide or polysaccharide. This is in 

contrast to exo-acting glucosaminidases that only cleave the terminal saccharide off of an 

oligosaccharide or protein. Many of these endo-acting glucosaminidases have important 

roles in degrading chitin in insects and fungi, or as virulence factors in pathogenic bacteria. 

In humans, exo-acting glucosaminidases have been shown to play an important role in 

several physiological processes. Misregulation of these processes is implicated in 

deseases. Though some ENGase substrates such as chitin does not exist in humans, 

chitinases are present in the human genome and is induced in asthma (Zhu, 2004). 

 

1.2.4. ENGase virulence factors 

Many endo-acting hexosaminidases are established bacterial virulence factors. 

Auto, an enzyme from Listeria monocytogenes (a intracellular bacteria) digests 

peptidoglycan and is involved in the initial entry into a host cell. When genetic knockout 

studies were used to silence Auto, the pathogen had low in vivo invasiveness in mice 

(Bublitz, 2009; Cabanes, 2004). A Listeria monocytogenes chitinase (ChiA) is involved in 

downregulating inducible nitric oxide synthase (iNOS) and connected to the suppression 

of host innate immunity, suggesting a link between chitinases and pathogenesis 

(Chandhuri, 2013). Endohexosaminidase D (EndoD) from Streptococcus pnumoniae is 

responsible for cleaving the glycan on immunoglobulins, thereby compromising its 

detection by the adaptive immune system (Abbott, 2009; Fang, 2016; Anthony, 2010, 2011 

& 2012). Peptidoglycan hydrolase FlgJ (FlgJ) from Salmonella enterica is involved in 

digesting the peptidoglycan cell wall near the flagellum, which is required to exert the 

flagellum (Herlihey, 2014; Nambu, 1999). The structures of the substrates of some of 

these enzymes are illustrated in Figures 1.8 and 1.15. These enzymes will be discussed 

in further detail in Section 2.3. 
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Figure 1.15. Structure of a glycan on the FC portion of IgG 
Accessed from the Research Collaboratory for Structural Bioinformatics (RCSB) protein data 
bank (PDB) structure 3AVE (Fang, 2016) 
Protein shown as a ribbon in green 
GlcNAc shown as stick form in blue 
Man shown as stick form in orange 
Fuc shown as stick form in red 
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Figure 1.16. Fc portion of an IgG illustrating the physical presence of the glycan 
which is needed for the antibody to adapt its proper structure. 

Accessed from RCSB PDB structure 3AVE (Fang, 2016) 
Protein shown as a ribbon in green 
Glycans shown as stick form in yellow 
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As strains of antibiotic resistant bacteria become more prevalent in modern 

society, treating of bacterial infections is becoming increasingly difficult (Reardon, 2014). 

It is theorized that resistance arises through a number of different possible mechanisms, 

but they all arise from the huge selective pressure imparted by having a drug target being 

a factor essential for survival. One method of relieving much of that pressure is to target 

non-essential virulence factors (Beckham, 2014). This is an attractive strategy since the 

virulence inhibitor does not hinder bacterial proliferation, but only affects either bacterial 

invasion or persistence within the host. Much research in this field is being pursued and 

we can eagerly look forward to future anti-virulence therapeutics adept at combating 

antibiotic resistant bacterial strains, arising from these efforts (Guo, 2015; Seeberger, 

2014). This topic will be revisited in further detail in section 2.3. 

 

1.3. Enzymology 

Although a variety of enzyme assays have been developed to allow for the study 

of different types of enzymes under numerous conditions, they all share the need for 

hanges in the levels of products or substrates being readily measured. The most 

commonly used reporters include fluorescent substrates, which allows for the study of 

enzyme kinetics via continuous assays, typically with low background levels. Further 

structural modifications to the enzyme (via site directed mutagenesis) or using synthetic 

substrates or inhibitors can give insights into enzyme mechanisms (Çetinbaş, 2006, 

Abbott, 2009, Alteen, 2016). Special attention will be given to kinetic behavior as first 

described by Leonor Michaelis and Maude Menten. 
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1.3.1. Michaelis-Menten kinetics 

Kinetics is a field of chemistry involved with the study of reaction rates. In its 

simplest form, reaction rates for an elementary step are proportional to the concentration 

of reactants to the power of its reaction order - the overall reaction rate generally being 

equal to the slowest, or rate determining step. With the addition of an enzyme, the 

mechanism and kinetics for a reaction change drastically.  

One of the first scientists to formalize this study of enzyme kinetics was Adrian 

Brown in 1902, who investigated the rate of hydrolysis of sucrose (refined table sugar, a 

disaccharide composed of glucose and fructose) into the monosaccharides glucose and 

fructose catalyzed by β-fructofuranosidase (Brown, 1902).  

  Sucrose + H2O → Glucose + Fructose    (1.1) 

Brown noted that when the concentration of sucrose was much higher than the 

enzyme concentration, the overall reaction rate became independent of the sucrose 

concentration. Thus, he proposed the combining of free enzyme (E) and substrate (S) to 

form an enzyme substrate complex (ES) that can either dissociate back to regenerate free 

enzyme and substrate (governed by rate constant k-1), or react to form the product (P) and 

free enzyme (governed by rate constant k2). In this scheme shown in equation 1.2, the 

overall initial rate of formation (v0) is governed by the product of a rate constant (k2) and 

concentration of the enzyme substrate complex ([ES]). 

E + S 
𝑘1

⇌
𝑘−1

 ES 
𝑘2

→
 

 E + P     (1.2) 

𝑣0 =
𝑑[𝑃]

𝑑𝑡
= 𝑘2[𝐸𝑆]      (1.3) 

Equation 1.3 would explain the overall rate of sucrose hydrolysis by β-

fructofuranosidase being essentially independent of changes in sucrose concentration 

when large. Alternatively, when the concentration of substrate is much less than that of 

enzyme, one can envision a state where not all enzyme is bound to form an enzyme 
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substrate complex and an increase in substrate influences the concentration of the 

complex. Thus, the initial velocity, vo, appears to be dependent on the concentration of 

substrate in a first order manner. This relationship is illustrated graphically in Figure 1.17. 

 

Figure 1.17. The non-linear dependence of rate on substrate concentration for an 
enzymatic reaction 

The overall rate of production of the enzyme substrate complex can be defined as: 

𝑑[𝐸𝑆]

𝑑𝑡
= 𝑘1[𝐸][𝑆] − 𝑘−1[𝐸𝑆] − 𝑘2[𝐸𝑆]      (1.4) 

This equation however, cannot be integrated unless two simplifying assumptions 

are made: that E and S are in rapid equilibrium with the ES complex and that the rate of 

formation of the ES complex is exactly matched by its rate of breakdown. Many of these 

kinetics were rigorously studied by Michaelis and Menten (Michaelis, 1913, translated into 

English by Johnson, 2011). This assumption is known as the steady state assumption and 

is mathematically illustrated by Equation 1.5. To be of experimental use, kinetic 

expressions must be formulated in terms of experimentally measurable quantities.  The 

quantities [E] and [ES] are not directly measurable, but the total concentration of enzyme 

[E]T is equal to the sum of [E] and [ES]. 

𝑑[𝐸𝑆]

𝑑𝑡
= 0       (1.5) 

[𝐸]𝑇 = [𝐸] + [𝐸𝑆]      (1.6) 
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Combining (1.4), (1.5) and (1.6), the rate equation for enzymatic reactions where 

such assumptions hold true can be derived (1.7). 

𝑘1([𝐸]𝑇 − [𝐸𝑆])[𝑆] = (𝑘−1 + 𝑘2)[𝐸𝑆]       (1.7) 

Upon rearrangement and solving for [ES], equation (1.8) defines [ES] in 

measurable quantities where KM, the Michaelis constant for a reaction, is defined by 

equation (1.9). KM can be viewed under certain conditions as an equilibrium constant that 

can reflect the affinity of an enzyme for its substrate. The smaller the KM value, the higher 

the affinity of the enzyme for its substrate. 

[𝐸𝑆] =
[𝐸]𝑇[𝑆]

𝐾𝑀 + [𝑆]
        (1.8) 

𝐾𝑀 =
𝑘−1 + 𝑘2

𝑘1
       (1.9) 

Substituting our expression for unmeasurable [ES] using measurable factors (1.8) 

into the original rate expression (1.3), a rate equation governed by enzyme and substrate 

concentrations can be derived (1.10). 

𝑣 =
𝑑[𝑃]

𝑑𝑡
= 𝑘2[𝐸𝑆] =

𝑘2[𝐸]𝑇[𝑆]

𝐾𝑀 + [𝑆]
       (1.10) 

[𝑆] ≫ 𝐾𝑀            𝑣0 = 𝑉𝑚𝑎𝑥 = 𝑘2[𝐸]𝑇 = 𝑘𝑐𝑎𝑡[𝐸]𝑇       (1.11) 

𝑣0 =
𝑉𝑚𝑎𝑥[𝑆]

𝐾𝑀 + [𝑆]
        (1.12) 

𝐾𝑀 ≫ [𝑆]           𝑣0 =
𝑘2[𝐸]𝑇[𝑆]

𝐾𝑀
       (1.13) 

As the value of [S] reaches infinity, the rate asymptotically approaches a maximum 

value mathematically reduced to (1.11) as KM becomes negligible. As this rate represents 

the maximum rate of the enzyme catalyzed reaction, this maximal rate is given the 

designation of Vmax and equation (1.10) can also be written in terms of Vmax to give (1.12), 
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which is called the Michaelis-Menten equation. Conversely, if KM is much greater than [S], 

equation (1.10) approximates to (1.13). Again, these equations fit the first order 

dependence on substrate when [S] is low, and zero order dependence when [S] is high 

(illustrated in Figure 1.17). These equations are best used when measuring initial rates, 

where there is an absence of complicating factors such as product inhibition, reversible 

reactions, and progressive inactivation of the enzyme.  

The Michaelis-Menten equation is the basic equation used to describe most 

standard cases of enzyme kinetics. According to this equation, when KM = [S], then v = 

Vmax/2. Thus, KM is also be defined as the substrate concentration at which the rate of the 

reaction is half of the maximum. It follows that enzymes having small KM values achieves 

maximal catalytic efficiency at lower substrate concentrations than do enzymes with higher 

KM values.  

Although the arguably simplest method to find the Michaelis constant is to find the 

substrate concentration at one half of Vmax, a number of complications may arise. We have 

established that at very high substrate concentrations, the initial reaction rate 

asymptotically approaches Vmax. In practice, it is often difficult to accurately assess Vmax 

as very high substrate concentrations are sometimes limited by substrate solubility or 

availability. An alternative approach was proposed by Hans Lineweaver and Dean Burke 

using equation (1.14), the reciprocal form of the Michaelis-Menten equation (Lineweaver, 

1934). 

1

𝑣0
= (

𝐾𝑀

𝑉𝑚𝑎𝑥
)

1

[𝑆]
+

1

𝑉𝑚𝑎𝑥
       (1.14) 

Using (1.14), a plot of 1/v0 vs 1/[S] can be graphed where the slope is equal to 

KM/Vmax, the Y-intercept is equal to 1/Vmax and the extrapolated X-intercept is equal to -

1/KM. This type of plot is referred to as a Lineweaver-Burke plot or a double-reciprocal 

plot. However, this method also has a number of disadvantages: the requirement for a 

number of experiments that require relatively high levels of [S] leads to data points 

crowding the left side of the graph, small errors in v0 for smaller values of [S] will lead to 

larger errors when taking the reciprocal of the value, and gives unequal weighting in the 

range of substrate concentration or reaction rate (Dowd, 1965). Although this plot still 
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remains as an efficient means of graphically presenting data, linear regression methods 

have largely been superseded by computer generated nonlinear regression models 

directly analyzing Michaelis-Menten plots (Dixon, 1953; Wilkinson, 1961). 

In the Michaelis-Menten model, the rate constant in (1.11) is referred to as the 

catalytic constant, kcat. Using this term in the Michaelis-Menten equation (1.12) at very low 

[S] and assuming very low steady state levels of [ES], the initial rate simplifies to (1.15). 

𝑣0 ≈ (
𝑘𝑐𝑎𝑡

𝐾𝑀
) [𝐸][𝑆]      (1.15) 

The term kcat/KM is known as the second-order rate constant and defines the 

catalytic efficiency of the enzyme. It is an apparent second-order rate constant for the 

simplified reaction E + S → E + P. 

 

1.3.2. Enzyme inhibition 

Developing enzyme inhibitors is a useful way to study the effect a particular 

enzyme has on a given biological system. At the outset, the answers to questions 

regarding the physiological roles of enzymes may seem to be readily discerned by using 

either pharmacological inhibitors or genetic manipulation. However, even in the absence 

of off-target effects of inhibitors, the cellular consequences of eliminating an enzyme may 

not be the same as inhibiting catalytic activity (Weiss, 2007). Many enzymes are known 

to participate in protein-protein interactions and removing a given enzyme may influence 

cell function through many pathways. Only by demonstration of a consistent cellular 

phenotype when using both genetic methods and selective small molecule inhibition can 

one conclude a causal relationship exists between a given enzyme and the observed 

phenotype. 

The potency of enzyme inhibitors are usually reported as IC50 or KI values. An IC50 

value indicates the concentration of inhibitor required to reduce the activity of an enzyme 

to half of its activity using a standard assay. In practice, IC50 values are most commonly 

reported when comparing similar types of inhibitors, such as inhibitors having the same 
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scaffold. IC50 values are often used when assaying many inhibitors because they only 

require one constant substrate concentration, with varying concentrations of inhibitor, and 

data is therefore easier to collect. One major drawback in comparing different IC50 values 

drawn from the literature stems from the fact that IC50 values differ depending on the 

substrate concentration used. KI values, on the other hand, describe the dissociation of 

the inhibitor bound enzyme complex and requires multiple kinetic measurements in a 

range of substrate concentrations against one concentration of inhibitor - repeated multiple 

times with different amounts of inhibitor added (Burlingham, 2003). This information is 

pooled and KI is determined by non-linear regression to determine both the KI value and 

the mode of inhibition (competitive, uncompetitive, non-competitive, or mixed). The 

relationship between KI and IC50 for competitive inhibitors can be described 

mathematically by the Cheng-Prusoff relationship given in equation (1.16). 

𝐼𝐶50 = 𝐾𝐼 (1 +
[𝑆]

𝐾𝑀
)       (1.16) 

Although Cheng and Prusoff also described relationships between KI and IC50 

values for other modes of inhibition (non-competitive, uncompetitive, and mixed inhibition; 

Cheng 1973), previous work has demonstrated that the inhibitors used in this research 

bind to the enzymes of interest in a competitive manner.  

Given the importance of enzyme inhibitors, there are many approaches to 

developing, finding or enhancing inhibitors. Strategies for high-throughput screening and 

structure-activity relationships are well documented and many excellent reviews exist 

(Gloster, 2012; Csermely, 2013; Harvey, 2015). Complementary to such strategies is to 

develop inhibitors through rational design, which draws insight from an understanding of 

the structure and function of a given enzymatic process. 

 

  



 

26 

1.3.3. Inhibitors of N-acetylhexosaminidases 

Because of the critical role of N-acetylhexosaminidases in a variety of physiological 

and pathological processes, a variety of carbohydrate based inhibitors have been 

developed, a sample of which are shown here (Figure 1.18). These inhibitors can be 

charge and/or shape mimics of either the oxocarbenium ion-like transition state or the 

oxazoline intermediate (Gloster, 2010; Dorfmueller, 2006; Whitworth, 2007; Lenzen, 2008; 

Cekic, 2016).  

 

 

Figure 1.18.  Carbohydrate based inhibitors of N-acetyl hexosaminidases, many 
of which are transition state charge and/or shape mimics. 

 

Such classes of inhibitors, often termed transition state analogs, are of particular 

interest because transition state analogs are exceptionally potent – binding to enzymes 

much more tightly than the natural substrate. This is possible because enzymes catalyze 

a reaction by binding and stabilizing the high energy transition state. Such inhibitors were 

first proposed by Linus Pauling, and have since been validated several times (Lillelund, 

2002).  

Several transition state analogues have been developed that inhibit 

hexosaminidases (Figure 1.18). NAG-Thiazoline is a synthetic sugar that effectively 
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mimics the oxazoline-type transition state (Whitworth, 2007). The longer carbon-sulfur 

bond of NAG-Thiazoline mimics the carbon-oxygen bond formation found on the way to 

the oxazoline/oxazolinium intermediate; the more polarized electronic distribution 

associated with the less electronegative sulfur also is proposed to mimic the charged 

oxazolinium (Whitworth, 2007). 

 

1.3.4. Approaches to develop selective inhibitors 

Because of the wide range of N-acetylhexosaminidases that use substrate 

assisted catalysis, NAG-thiazoline is a non-selective inhibitor of many N-

acetylglucosaminidases. The promiscuity of NAG-thiazoline towards numerous enzymes 

makes it difficult to study the specific biological role of one particular enzyme. Thus, the 

development of selective hexosaminidase inhibitors is necessary to further our 

understanding of these enzymes’ function in vivo and in cells.  

Selective inhibition of specific enzymes can be achieved based on subtle structural 

differences between hexosaminidase isoforms. Modifications at the 2’ position of NAG-

thiazoline have been explored extensively by Vocadlo et al. resulting in the development 

of NButGT, Thiamet-G and related compounds (Yuzwa, 2008; Cekic, 2016). These 

compounds are selective inhibitors of OGA over lysosomal HexA and HexB enzymes 

(Yuzwa, 2008; Macauley, 2010; Kong, 2015). The selectivity in this case is attributed to 

the availability of a deeper pocket in the active site of OGA. Thiamet-G was found to be 

even more potent because of the exocyclic amine, which increases its basicity making it 

protonated at physiological pH and able to form an ion-pair in the active site (Vocadlo, 

2012; Cekic, 2016). 

Similarly, modification of the 6 position has been studied by Kren et al. with 

particular emphasis on triazole linked dimers aimed at targeting potential multivalency 

effects, but these compounds showed weak inhibition towards multiple N-

acetylhexosaminidases (Krenjzova, 2014).  
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The work presented in this thesis presents my work in developing thiazoline-sugar 

based inhibitors with modifications at the 3 and 4 positions. Towards this goal, various 

protecting groups and the inherent reactivity of the hydroxyl groups of hexoses were used 

to synthesize parent compounds which may be further derivatized to form a library of 

compounds to be screened as potential inhibitors. 

 

1.3.5. Spectroscopic methods to measuring enzyme activity 

The use of continuous spectrophotometric assays in testing inhibition of enzymes 

by inhibitors is a standard procedure that is easily performed by using a chromogenic or 

fluorogenic substrate (Eisenthal, 2002). Nitrophenol based substrates have commonly 

been used to measure enzyme activity and inhibition (Yagi, 1989, Alteen, 2016, & Abbott, 

2009). These substrates exploit the different spectroscopic properties of nitrophenolates 

as compared to the intact ethers (Figure 1.19). Enzymatic reactions using such substrates 

can be monitored by a spectrophotometer and the absorbance measurements can give 

insights into the aforementioned kinetic properties of enzymes. 

 

Figure 1.19. Nitrophenolic GalNAc substrates such as para-nitrophenyl 2-
acetamido-2-deoxy galactopyranoside absorb weakly at 405 nm and 
only the liberated nitrophenolate absorbs strongly at this 
wavelength permitting the amount of product to be conveniently 
monitored. 
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1.4. Synthetic procedures in carbohydrate chemistry 

The synthesis of mono- and oligosaccharide derivatives presents many synthetic 

challenges due to the inherent structural properties of carbohydrates. The chemical 

environment surrounding each hydroxyl group, and the inherent differences in reactivity 

depends on the specific monosaccharide, which can make such chemistry challenging. 

1.4.1. Selective reactivity in carbohydrates 

Carbohydrates in solution are known to mutarotate to form the acyclic open chain 

form which then cyclizes to form the opposite anomer (Figure 1.20). This process leads to 

a mixture of anomers dictated by the stability of the equatorial and axial positions of the 

anomeric hydroxyl group. The stability of equatorial versus axial hydroxyls at the anomeric 

position draws on steric 1,3-diaxial interactions as well as the stereoelectronic anomeric 

effect, which explains the stability of the axial anomeric hydroxyl (Romers, 1969). The 

exact basis of the anomeric effect is still unclear, but is generally explained using 

hyperconjugation and dipole minimization models (Figure 1.21) 

 

Figure 1.20. Dynamic mutarotation of carbohydrates. 
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Figure 1.21. The anomeric effect can be rationalized using two different models: 
hyperconjugation, which stabilize the axial orbital via electron 
donation, or dipole minimization, which disfavours aligned dipoles. 

 

The presence of multiple hydroxyl groups in carbohydrates requires special 

attention being dedicated to selective protection. Numerous methods have been 

developed to allow for selective protection and manipulation of carbohydrate hydroxyls 

based on the intrinsic reactivity of each hydroxyl. In general, the reactivity of hydroxyl 

groups is illustrated in Figure 1.22. 

 

 

Figure 1.22. The reactivity of hydroxyl groups generally associated with 
aldohexopyranose sugars. 

 

Common alcohol protecting groups include esters, ethers and silyl ethers (Wuts, 

2006). Esters, such as acetates or benzoates are among the most common protecting 

groups; they are installed in mild, neutral conditions, and are cleaved using basic or acidic 

conditions. However, smaller esters are known to migrate easily. Ethers such as benzyl 

ethers are typically installed via nucleophilic displacement of the halide of corresponding 

benzyl halides using an alkoxide. These ethers are typically reductively cleaved using 

hydrogenolysis or DDQ. Various silyl ethers were developed to be stable towards a wide 
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range of conditions by having different alkyl or phenyl groups attached to the silicon atom. 

Trimethylsilyl (TMS) ethers are the most labile of the silyl ethers, while tert-

butyldiphenylsilyl ethers are relatively stable in a great deal of conditions. All silyl ethers 

are readily cleaved using a source of fluoride ions. 

It is particularly efficient to utilize diol protecting groups that can selectively protect 

two nearby hydroxyls (Wuts, 2006). Benzylidene type protecting groups are efficient at 

selectively protecting the 4 and 6 hydroxyl positions of a hexose by forming a new 6 

membered ring. A further advantage of such protecting groups is the established methods 

of selective ring opening by using various reducing agents with or without a coordinating 

Lewis acid to yield a single free hydroxyl in a regioselective manner. 

 

1.4.2. Synthetic challenges in thiazoline chemistry 

The sensitivity of thiazolines towards acidic, reductive or oxidative conditions limits 

much of the chemistry that can be done to these compounds. Figure 1.23 illustrates many 

of the possible degradation pathways that thiazolines may undergo. Thiazolines are 

known to be hydrolized below pH 6.0 in protic solvents by protonation to form an easily 

hydrolized thiazolium (Knapp, 2002). The N=C double bond is sensitive to 

reductive/radical conditions and the sulfur is sensitive to oxidative conditions. These 

properties limit the chemistry that can be performed in the presence of thiazolines 

(Gaumont, 2009; Chen, 2014; Knapp, 2007). Because of the sensitivity of thiazolines, the 

choice of chemically orthogonal protecting groups is very important. 
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Figure 1.23. Degradation pathways of thiazoline sugars. 

 

1.5. Aims of thesis 

This thesis reports on effects to develop the methodology towards the synthesis of 

a library of inhibitors of glycoside hydrolases that use a substrate assisted hydrolysis 

mechanism. Towards this goal, modifications to transition state analog sugar-thiazoline 

inhibitors were made at the 3 and 4-hydroxyl positions. The development of such inhibitors 

could allow for insights and proof-of-concept studies of a number of interesting enzymes 

that include virulence factors, chitinases and primary screens for biological function.  The 

synthetic challenges overcome from working with sensitive functional groups builds our 

understanding of protecting groups and synthetic organic chemistry (Slemove, 2013). 
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Chapter 2.  
 
Synthesis and evaluation of a library of inhibitors for 
endo-acting N-acetylglucosaminidases 

2.1. Contributions 

The Endo D project builds on previous work done by Prof. Matthew Macauley in 

collaboration with Prof. Alisdair Boraston from the University of Victoria. Kinetic analysis 

of these enzymes were done by Isaac Seo and Esther Woo. Enzyme expression and 

purification of the full length protein was done by Dr. Joanne Hobbs at the University of 

Victoria. SpGH85, a truncated form of Endo D containing the catalytic GH85 module, was 

expressed and purified by Isaac Seo. 

The Auto project was done in collaboration with Prof. Brian Mark from the 

University of Manitoba. Assay development was done by Isaac Seo. Enzyme expression 

and purification was done by Dr. Veronica Larmour at the University of Manitoba.  

The FlgJ project was in collaboration with Prof. Brian Mark from the University of 

Manitoba. Assay development was done by Isaac Seo. Enzyme expression and 

purification was done by Patryk Zaloba at the University of Manitoba. 

Chemical synthesis and characterization was done by Isaac Seo and Esther Woo. 

Assay development was done by Isaac Seo. Some non-commercial azides and catalyst 

reagents were purchased from Dr. Lars Nordstroem and Prof. Peng Wu at the Scripps 

Research Institute. 

 

  



 

34 

2.2. Abstract 

Thiazoline-sugar based inhibitors are known transition state analog inhibitors of N-

acetylhexosaminidases that utilize a substrate assisted catalysis mechanism. Although 

selective inhibitors have been developed with modifications at the 2-OH and 6-OH 

positions, modifications at the 3-OH and 4-OH positions have not been explored. Many 

endo-N-acetylglucosaminidases that act on oligosaccharide or polysaccharide substrates 

comprised of monosaccharides glycosylated at the 4-OH position have fascinating roles 

in disease. A library of inhibitors were developed by selectively alkylating the 4-OH 

position of NAG-thiazoline and tested for inhibition against bacterial virulence factors Endo 

D, Auto, and FlgJ. These thiazoline based inhibitors were found ineffective in inhibiting 

Endo D and unsuited to the acidic pH profile of Auto and FlgJ.  
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2.3. Introduction 

2.3.1. The rise of antibacterial resistance 

The discovery of penicillin by Fleming revolutionized the 20th century and even 

played a major role in the planning of historic events such as D-Day in World War II. These 

events provided the historic push required to motivate its large scale production and use 

in replacing the traditional bacteriostatic sulfonamides (Brandt, 2013; Alharbi, 2014). 

Although antibiotics are largely seen only as treatments for bacterial infections, the impact 

of these important drugs goes far beyond this application. Antibiotics are critical in 

enhancing our ability to perform medical surgeries, are used in livestock food supplies, 

and their use can be important during immunosuppressant therapy. It can be argued that 

without Fleming’s Nobel-prize winning discovery, much advancement in medicine would 

have been delayed by decades (Aldridge, 1999). 

Despite penicillin’s initial label as a miracle drug, as early as 1945 Fleming himself 

warned that the misuse of this discovery could lead to the selective propagation of 

resistant bacteria (Fleming, 1945). Unfortunately, this warning was ignored as businesses 

took the opportunity to introduce large amounts of penicillin into over-the-counter salves, 

lozenges, and even cosmetic creams. This caused widespread resistance to develop in 

various bacterial pathogens. This rapid spread of resistance was in part accelerated by 

the ability of bacteria to transfer resistance genes laterally via plasmids (Juhas, 2015). The 

alarming rise of antibiotic resistant and multi-drug resistant pathogens is a highly 

concerning issue. Loss of effective antibacterials would create immense societal and 

economic problems (Eliopoulos, 2003). 

One can immagine that the emergence of resistance factors within drug resistant 

bacteria would require increased energy and compromise fitness, thereby giving selection 

pressure for non-drug resistant bacteria in the absence of antibiotic use. Unfortunately, 

this is not the case. Many strains of drug resistant pathogens have ameliorated these 

deleterious parts of resistance mechanisms by subsequent secondary mutations 

(Gillespie, 2001). This results in pathogenic strains that have diminished or eliminated 
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costs of resistance, further highlighting the constant challenge in combating pathogens 

(Lenski, 2010; zur Wiesch, 2010). 

A number of methods for combating bacterial diseases have been proposed, they 

include mining for new antibiotics from novel culturing environments (Fenical, 2006), using 

antimicrobial peptides (Zasloff, 2002), targeting mechanisms of drug resistance (Stubbs, 

2007), managing gut microbiota (Round, 2009), and developing inhibitors of virulence 

factors (Ahmad, 2008). Of these strategies, inhibiting virulence factors is thought to apply 

less selective pressure for the development of bacterial resistance. This is because 

traditional bactericidal or bacteriostatic methods are aimed at killing bacteria or hindering 

their proliferation instead of disarming them (Rasko, 2010). This approach includes the 

inhibition of various virulence factors involved in adherence, invasion, biofilm 

development, quorum sensing, virulence gene expression and toxin secretion (Mühlen, 

2015). Targeting pathogenicity enables clearance by the host immune system and 

alleviates the pressure on the pathogen to develop resistance by affecting only the 

pathogenicity associated with a particular virulence factor. Furthermore, such anti-

virulence targeting will not modify or damage the natural gut microbiota, which has 

important functions in human health (Cegelski, 2008). 

 

2.3.2. Targeting endo-β-N-acetylglucosaminidases for 
antivirulence 

Although numerous anti-virulence targets have been explored, a number of 

important endo-β-N-acetylglucosaminidase (ENGase) virulence factors have not held the 

spotlight in literature and only limited research has been done on its inhibition 

(Frederiksen, 2013; Rico-Lastres, 2015; Santana, 2016). ENGases are a group of 

endoglycosideases that hydrolyze β-1,4-glycosidic bonds in the N,N’-diacetylchitobiose 

core of glycans in glycoproteins. These enzymes are widely found in nature and play a 

role in glycoprotein metabolism, many use a substrate assisted catalysis mechanism 

(Cekic, 2016). 
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Because of the species specific nature of many virulence factor ENGases, ultra-

narrow spectrum inhibitors are able to be developed. Inhibiting these species specific 

virulence factors minimize the development of lateral resistance transfer for multi-drug 

resistant bacteria (Molohon, 2016). 

Because ENGases are known to have varied and strict substrate specificity, many 

other ENGases, such as Endo-H and Endo-F2 are frequently used as tools for structural 

characterization and analysis of the various glycans in glycoproteins (Freeze, 2008). 

Notably, some ENGases have been engineered and exploited for biosynthesis of 

glycoproteins by using large oligosaccharide oxazolines (Noguchi, 2015). 

 

2.3.3. Endo D is an established virulence factor in Streptococcus 
pneumoniae that is required for immunal detection 

Streptococcus pneumoniae was one of the earliest pathogens discovered (first 

isolated in 1881 by Louis Pasteur) and is responsible for bacterial pneumonia along with 

a host of other illnesses such as meningitis, bronchitis, and conjunctivitis (Siemieniuk, 

2011). Though we have access to antibiotics and vaccines to combat this scourge, 

pneumococcal infections still play a large role in human health, especially with the recent 

rise of drug resistant strains (Nuermberger, 2004). As these strains become more 

prevalent, the requirement for better drug targets increase. 

Endo D is a periplasmic ENGase expressed by S. pneumoniae. As an established 

virulence factor, Endo D is responsible for cleaving a conserved glycan off of 

immunoglobulin G (IgG) molecules that facilitate foreign body recognition as part of the 

adaptive immune response (Robb, 2015; Hava, 2002; Chen, 2008; Orihuela, 2004; 

Muramatsu, 2001; Yamamoto, 2005). Without this conserved glycan, downstream 

recognition of IgGs by subsequent immune response mechanisms is compromised and 

allows for immue evasion by S. pneumoniae. Endo D is able to cleave glycan motifs 

ranging from Man3GlcNAc2 to Man5GlcNAc2 off of proteins (Robb, 2017). As a glycoside 

hydrolase, Endo D is a part of the GH85 family within the CAZy database. This family of 

hydrolases uses a substrate assisted catalysis mechanism, but even amongst these, Endo 
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D is particular in that it may use the imide tautomeric form of Asparagine 335 as a catalytic 

general base (Abbott, 2009).  

 

2.3.4. Auto, a virulence-associated peptidoglycan hydrolase in 
Listeria monocytogenes, is required for intracellular entry 

Listeria monocytogenes is responsible for modern food poisoning as it is able to 

grow at typical refrigeration temperatures and is motile even at freezing temperatures 

(Grundling, 2004). It further evades many forms of immune surveillance because it is an 

intracellular bacterium.  

Auto, a virulence factor found in L. monocytogenes, is involved in the initial entry 

of the bacterium into a host cell (Bublitz, 2009) as well as flagellar function (Roure, 2012). 

Many bacterial surface proteins are responsible for interacting with the host cell and each 

step in infection requires different virulence factors on the bacterial cell surface. Thus, 

reshaping the surface of L. monocytognes by Auto is essential to its virulence. 

Biochemically, Auto is an N-acetylglucosaminidase belonging to the GH73 family of the 

CAZy database, which is proposed to use substrate assisted catalysis to hydrolize 

peptidoglycan. 

 

2.3.5. FlgJ is required for flagella maturation in Salmonella enterica 

Salmonella enterica is a foodborne pathogen responsible for salmonellosis in 

foods such as poultry, pork, beef, fish, and unpasteurised dairy. Like L. monocytogenes, 

S. enterica is also able to proliferate at refrigeration temperatures and produces various 

toxins that induce food poisoning when ingested. One major virulence factor of S. enterica 

is its flagellum that allows it to be motile. 

During biosynthesis of the flagella, various proteins must be extruded from the 

flagellar basal body and must pass through the inner membrane, periplasmic space, and 

outer membrane. Thus, its formation requires targeted hydrolysis of the peptidoglycan 
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layer by FlgJ (Nambu, 1999, Zaloba, 2016). This enzyme is was recently found to by an 

N-acetylclucosaminidase belonging to the GH73 family of the CAZy database, which is 

again, proposed to use the substrate assisted hydrolysis mechanism (Herlihey, 2014). 

As expected from GH85 and GH73 families of enzymes that use a substrate 

assisted catalysis mechanism, many of these enzymes can be inhibited by sugar-

thiazoline based inhibitors (Knapp, 1996; Mark, 2001). When NAG-thiazoline, a 

monosaccharide based inhibitor, is used to inhibit an oligosaccharide processing enzyme 

that binds large oligosaccharide substrates, one would expect only weak inhibitory activity. 

This is indeed what is observed for many ENGases (Hauser, 2005; Abbott, 2009). More 

effective inhibitors of ENGases have been developed by Withers et al. utilizing chitobiose 

and chitotriose scaffolds (Macdonald, 2010), but such inhibitors have a caveat when used 

in vivo. Such oligosaccharide based inhibitors are susceptible to the hydrolysis actions of 

various endo or exo acting glycoside hydrolases. To overcome these limitations, we 

planned to modify the 4 position of NAG-thiazoline with a propargyl group to allow for rapid 

access to a number of potential inhibitors via click chemistry. These compounds should 

be stable within cells and could bind better than the monosaccharide. 

 

2.3.6. Click chemistry as a means for the rapid development of a 
library of inhibitors. 

The copper-catalyzed azide-alkyne cycloaddition (CuAAC) is a chemical 

transformation that efficiently connects an azide and alkyne by forming a triazole ring 

(Amblard, 2009). This widely used reaction was first studied by Huisgen, but in the 

absence of a catalyst, required high temperatures and long reaction times (Huisgen, 

1963). The discovery of copper (I) as a catalyst of this cycloaddition has been a major 

advance and the reaction is chemically orthogonal in reactivity to a wide variety of 

functional groups, spectator ions, and solvents (Spiteri, 2010). In fact, the addition of 

copper (I) salts allows for the increase in rates by a factor of 107 relative to the thermal 

process (Hein, 2010). Sharpless used the term “click chemistry” to describe this “near-

perfect” bond forming reaction as it can be used to easily generate intended products in 

high yields with little or no byproducts (Kolb, 2001). 
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Although cupper (I) salts can be used directly to couple azides and alkynes, 

particular attention has to be made to keep reaction conditions free of oxygen, as the 

reaction can be plagued by the formation of oxidative coupling byproducts (Hein, 2010). 

Sodium ascorbate was first introduced as a convenient alternative to strict oxygen-free 

conditions. Ascorbate acts as a mild reductant towards copper (II) sulfate, forming in situ 

copper (I), while also reducing dissolved dioxygen. This typically results in the CuAAC 

transformation occurring in near quantitative yields without the need for other additives 

even in complex environments (McKay, 2014). 

The mechanism of the CuAAC reaction was initially proposed as a simple 

cyclization reaction shown in Figure 2.1, which was derived from early DFT calculations 

(Himo, 2005). However, these calculations could not reconcile the theoretical energy 

levels to the greater rate observed in the reaction. Today, the most generally accepted 

mechanism is more complex, involving a binuclear Cu(I) mechanism with the second 

copper centre aiding the coordination and activation of the acetylene as shown in Figure 

2.2 (Hein, 2010). 

 

Figure 2.1. Early proposed CuAAC mechanism based on DFT calculations. 
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Figure 2.2. Introduction of a second Cu atom lowers the transition state energy 
and may account for the kinetics observed in CuAAC reactions. 

Although the CuAAC reaction is hailed as one of the most efficient transformations, 

it still suffers from poisoning effects of closely coordinating soft ligands. Most metal 

catalysts are often known to be influenced by the effects of sulfur compounds (Oudar, 

1980). Sulfur is known to coordinate strongly with metal ions, inhibiting their use as 

effective catalysts. Thiazoline based compounds also cause such metal catalyst poisoning 

(Brands, 2003) and therefore require the use of an appropriate catalyst for efficient use. 

Many tris(triazoyl)amine ligands are added to CuAAC reactions as additives to 

stabilize the Cu(I) oxidation state in aqueous mixtures. Due to the chelating nature of these 

catalysts as shown in Figure 2.3A, they are able to bind to Cu(I), masking it from potential 

poisoning. Although many different ligands have been developed for CuAAC, a balance 

must be maintained between too strongly and too weakly binding ligands. If the ligand is 

too strong, the binding could tie up the copper coordination sites and effectively reduce 

the Cu(I) available for reaction. If the ligand is too weak, it may not prevent Cu aggregates 

from forming. Tris(triazolyl)amine ligands combine both strong and weak donor ligands by 

combining a strong central nitrogen donor with weaker peripheral donors (Besanceney‐

Webler, 2011; Soriano del Amo, 2010). These ligand 2-(4-((bis((1-(tert-butyl)-1H-1,2,3-

triazol-4-yl)methyl)amino)methyl)-1H-1,2,3-triazol-1-yl)acetic acid (BTTAA) shown in 

Figure 2.3B, is able to stabilize Cu(I) while providing electron density to the metal for 

catalysis. 
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Figure 2.3. A. The coordination of tris(triazoyl)amine ligands bind to copper 
during CuAAC, stabilizing the intermediate and allowing for more 
efficient click chemistry. 
B. 2-(4-((bis((1-(tert-butyl)-1H-1,2,3-triazol-4-yl)methyl)amino)methyl)-
1H-1,2,3-triazol-1-yl)acetic acid (BTTAA) is a water-soluble tris-
triazoyl ligand that also maintains copper in the Cu (I) oxidation 
state and protects the reagents from oxidative damage during the 
reaction. 

 

2.4. Results and discussion 

2.4.1. Design and synthesis of 4-OH modified NAG-thiazoline 

Building off the initial studies on the inhibition of Endo D (Abbott, 2009), we set out 

to selectively modify the 4-hydroxyl group of NAG-thiazoline. Accomplishing this goal 

required the selective protection of NAG-thiazoline at the 3 and 6 positions. This was done 

by first synthesizing NAG-thiazoline according to literature procedure in six steps with 

overall yield of 29% (Knapp, 1996) and selectively protecting the 4 and 6 positions using 

p-methoxybenzylidene (Ritter, 2001). This was followed by selective protection of the 3 

position using tert-butyl(chloro)diphenylsilane to yield fully protected NAG-thiazoline. 

Unfortunately, after many unsuccessful attempts at selective deprotection of the 

benzylidene under oxidative, reductive, and acidic conditions, we opted for complete 

removal of the benzylidene under mild acidic conditions in the presence of a cation 

scavenger. The primary hydroxyl was selectively esterified over the 4 position using the 

bulky pivaloyl chloride yielding the free alcohol at the 4 position of NAG-thiazoline as 

illustrated in Scheme 2.1. This intermediate was alkylated at low temperature to yield 

protected 4-O-alkyl-NAG-thiazolines. After subsequent deprotections, 4-O-propargyl-
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NAG-Thiazoline, 4-O-benzyl-NAG-thiazoline and 4-O-allyl-NAG-thiazoline were 

synthesized according to Schemes 2.2, 2.4 and 2.5. 

 

Scheme 2.1. Synthesis of 3-O-tert-butyldiphenylsilyl-6-O-pivaloyl-NAG-thiazoline 

 

Scheme 2.2. Synthesis of 4-O-propargyl-NAG-thiazoline via stepwise alkylation 
and deprotection 

An alternative approach to synthesizing 4-O-alkyl-NAG-thiazolines was found by 

esterification of NAG-thiazoline with 2.5 equivalents of pivaloyl chloride and TEA in DCM. 

This resulted in equimolar amounts of 4,6-di-O-pivaloyl-NAG-thiazoline and 3,6-di-O-

pivaloyl-NAG-thiazoline that could both be separated and purified by silica gel flash 

column chromatography. The undesired 4,6-di-O-pivaloyl-NAG-thiazoline could be 

recycled by saponification with a methanolic solution of sodium methoxide to yield free 

NAG-thiazoline. 3,6-di-O-pivaloyl-NAG-thiazoline could be alkylated at low temperatures 

with sodium hydride in DMF to yield the corresponding 4-O-alkyl-3,6-di-O-pivaloyl-NAG-
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thiazoline. After methanolysis in sodium methoxide, the 4-O-alkyl-NAG-thiazoline could 

be easily isolated. 

The rapid preparation of a number of inhibitors used the copper (I) catalyzed azide 

alkyne click reaction between 4-O-propargyl-NAG-thiazoline and various azides. The 

general scheme involved addition of the azide to the alkyne sugar in a solution of 

water/tert-butanol with copper (II) sulfate, sodium ascorbate and BTTAA. This resulted in 

a targeted panel of inhibitors shown in Table 2.1. 

 

Scheme 2.3. Synthesis of 4-O-propargyl-NAG-thiazoline and use of CuAAC for 
the rapid development of various inhibitors (See Table 2.1 for 
azides) 

Other methods of preparing NAG-thiazoline inhibitors such as rapid fuctinalization 

via metathesis and thiol-ene click chemistry were explored using 4-O-allyl-NAG-thiazoline. 

Unfortunately, Grubbs-type metathesis reactions were only possible with stoichiometric 

quantities of Grubbs II catalyst. Radical and UV light induced thiol-ene reaction conditions 

resulted in no reaction or degradation of starting material. However, the 4-O-allyl-NAG-

thiazoline could potentially be useful as a functionalized inhibitor. In addition, 4-O-benzyl-

NAG-thiazoline was prepared to compare the enzymatic active site tolerance towards the 

conserved triazole linker in inhibitors developed through CuAAC. These compound were 

synthesized in similar conditions to the 4-O-propargyl-NAG-thiazoline and are illustrated 

in Scheme 2.4 and Scheme 2.5. 
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Scheme 2.4. Synthesis of 4-O-allyl-NAG-thiazoline 

 

 

Scheme 2.5. Synthesis of 4-O-benzyl-NAG-thiazoline 

 

Table 2.1. Azides used and inhibitors synthesized 

Azide Compound synthesized 
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Azide Compound synthesized 
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Azide Compound synthesized 

 

 

 

 

 

 

 

 

 

 

 

 



 

48 

Azide Compound synthesized 
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Azide Compound synthesized 

 

 

 

 

 

 

 

2.4.2. Kinetic properties and inhibition assay for Endo D 

SpGH85, the catalytic protein domain of Endo D which includes amino acids 159 

- 807, was unable to hydrolyze substrates such as 4-nitrophenyl N-acetyl-β-D-

glucosaminide (4NP-GlcNAc), 3-Fluoro-4-nitrophenyl N-acetyl-β-D-glucosaminide 

(3F4NP-GlcNAc), 3,4-dinitrophenyl N-acetyl-β-D-glucosaminide (34DNP-GlcNAc) and 4-

methylumbelliferyl N-acetyl-β-D-glucosaminide (4MU-GlcNAc) when tested in phosphate, 

HEPES, tris and citrate/phosphate/CHES buffers at various pH ranges of 6 to 8 which 

covers the reported range of Endo D activity. 

When collaborators produced SpGH85 and tested its activity on RNase B, an N-

glycan, no glycosidase activity was found. Only when the full length Endo D, which 

consists of an extra 135 amino acids at the N-terminus and an extra 847 amino acids at 
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the C-terminus, was expressed and purified could glycosidase activity be observed on 

RNase B. 

When tested for activity against the synthetic substrate 3,4DNP-GlcNAc, this full 

length Endo D showed hydrolytic activity with a KM of about 15-40 µM depending on the 

concentration of enzyme used. It is commonly thought that KM is not dependant on enzyme 

concentration, but this only applies to situations where the catalytic efficiency of an 

enzyme is independent of its concentration. Figure 2.4 shows the reaction velocity versus 

enzyme concentration, where an abrupt change in kinetic activity is observed between 

100 to 200 nM of Endo D. This data is more consistent with concentration dependant 

dimerization of enzymes, which can influence activity. 

The discrepancy between previously published data showing SpGH85 can cleave 

β-D-glycosamides and is inhibited by NAG-thiazoline (Abbott, 2009) and this study, in 

which we observe no inhibition by NAG-thiazoline, may arise from either difficulties in 

reproducibly expressing the shorter domain construct of SpGH85 or from potential enzyme 

impurities such as NagZ, which is able to hydrolyze 3F4NP-GlcNAc substrates. Although 

because this enzyme does not use substrate assisted catalysis (Stubbs, 2013; Vocadlo, 

2000) this scenario seems unlikely. Perhaps the full length Endo D construct for which I 

observe activity on β-D-glycosamides has a different active site architecture and is not 

efficiently inhibited by NAG-thiazoline. NAG-thiazoline may also bind to SpGH85 in the 

solid state, but this current study shows that inhibition of SpGH85 cannot be observed by 

kinetic hydrolysis of nitrophenolic substrates.  
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Figure 2.4. Graph of initial velocities measured by light absorbance at 405 nm 
with 3F4NP-GlcNAc (2 mM) substrate versus Endo D concentration.  
This graph shows two distinct areas of linear activity below 100 nM 
and above 200 nM, which is consistent with dimerization kinetics. 

 

Though many interesting biological reasons may account for this observed abrupt 

change in activity depending on enzyme concentration, inhibition assays were performed 

with a preliminary screen of 25 inhibitors. However, none of the 25 inhibitors showed any 

inhibition of Endo D at multiple different concentrations of inhibitors (200 µM to 500 nM) 

in multiple concentrations of enzyme (400 nM, 200 nM, 100 nM and 40 nM) in a buffer 

solution of 50 mM CHES, 50 mM citrate, 50 mM phosphate and 100 mM sodium chloride 

at pH 7.5 or PBS. Perplexed by these results that were exacerbated by indications that 

the positive control inhibitor NAG-thiazoline had no measureable inhibition at up to 200 

µM concentrations, even though inhibition of SpGH85 by NAG-thiazoline was reported at 

concentrations below 50 µM, PUGNAc, a known non-specific inhibitor of N-

acetylglucosaminidases, was tested for inhibitions at concentrations up to 200 µM. 
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Unfortunately, this compound also showed no inhibitory action against Endo D. Kinetic 

characterization of full length Endo D is not available in previous literature and the data 

presented in this study suggests that Endo D is not inhibited by traditional GH85 inhibitors. 

 

2.4.3. Limitations of thiazoline-sugars inhibiting Auto and FlgJ 

Both Auto and FlgJ are N-acetylglucosaminidases that degrade peptidoglycan and 

as such, are most suited to assay via turbidometric activity on preparations of insoluble 

peptidoglycan. However, the pH dependence of both Auto and FlgJ shows they are most 

active in acidic media, with catalytic activity dropping rapidly above pH 5.0 for Auto and 

4.0 for FlgJ (Bublitz, 2009, Herlihey, 2014). In these conditions, thiazoline-sugar inhibitors 

rapidly decompose to the acyclic N-acetyl-thiol-sugar. Comparatively, the pKa of thiazoline 

sugar NButGT is 5.17 (Cekic, 2016) and NAG-thiazoline is known to hydrolyze below pH 

6 (Knapp, 2002). 

     

Figure 2.5. The pH dependence of Auto and FlgJ shows activity in acidic media. 
Figures adapted from Bublitz 2009 and Herlihey 2014 
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2.5. Conclusions 

A number of NAG-thiazoline derivatives were synthesized and tested for inhibition 

against Endo D (SpGH85 and full length). Several of these compounds (15, 17, 38, 44, 

45, 47, 48 and 49) will need to be revisited for complete characterization to obtain 13C 

NMR spectra. During the course of kinetic characterization of Endo D, it was found that its 

activity depended on its concentration, suggesting that there may be dimerization of the 

enzyme that results in diminished activity. Furthermore, NAG-thiazoline, its derivatives, 

along with other inhibitors, were unable to inhibit Endo D despite observing X-ray crystal 

structures of NAG-thiazoline bound to SpGH85. This suggests that more specific 

interactions may be involved in the mechanism of Endo D. 

Auto and FlgJ were both tested for inhibition by thiazoline based inhibitors, but due 

to their low pH optimum, thiazoline degredation in the inhibitors was observed. It was found 

that in all cases, thiazoline-sugar inhibitors were not appropriately suited to inhibit these 

enzymes. It is possible that other, more acid tolerant inhibitors, such as 4-functionalized 

amino-thiazoline sugars, could be used to probe inhibition of enzymes such as Auto and 

FlgJ. 

Though the enzymatic studies presented in this chapter was limited to enzymes 

that were not well suited for inhibition by thiazoline sugars, the same methodology and 

inhibitors can be applied to various other chitinases and hydrolases from CAZy database 

GH 18, 20, 73, 84 or 85 due to their shared hydrolysis mechanism (Horn 2006; Piszkiewicz 

1967; Piszkiewicz 1968a; Piszkiewicz 1968b; Macauley 2009; Fujita 2007). Enzymes with 

an acidic pH optimum could potentially be inhibited by amino-thiazoline sugars, which are 

more stable in acidic conditions as double protonation is required for thiazolinium 

formation. Comparatively, the pKa of NButGT (Figure1.18), a related thiazoline sugar 

inhibitor selective for OGA, is 5.17 (Cekic, 2016). 
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2.6. Experimental 

2.6.1. General procedures 

All chemicals were purchased from Sigma-Aldrich, Alfa Aesar, Carbosynth, or TCI 

and used without further purification unless specifically noted. All dry solvents and buffer 

salts were purchased from Sigma-Aldrich, VWR, or BioShop and used without further 

purification. The progress of all reactions were monitored via thin layer chromatography 

on Merck pre-coated silica gel plates using ethyl acetate/hexanes, ethyl 

acetate/dichloromethane, methanol/dichloromethane, or acetone/hexanes solvent elution 

systems. Flash chromatography was performed under positive pressure using Fisher 

Scientific silica gel (230-400 mesh) where spots were visualized under ultraviolet light (254 

nm) and staining with KMnO4 with gentle heating. Proton (1H) and carbon (13C) spectra 

were obtained on either a Bruker AVANCE 500 (500 MHz for 1H, 125 MHz for 13C) or 

Bruker AVANCE 400 (400MHz for 1H, 100 MHz for 13C) unless otherwise specified. NMR 

samples were dissolved in deuterated chloroform, methanol, or DMSO from Cambridge 

Isotope Laboratories. High resolution mass spectroscopy data was obtained using a 

Bruker maXis TOF LC/MS/MS instrument. Enzyme concentrations were obtained using a 

Nanodrop2000 using the appropriate extinction coefficient and the optical density at 280 

nm. Enzyme kinetic reactions were determined by absorbance measurements at 405 nm 

or 600 nm using a Molecular Devices Spectramax i3x reader. Data was graphed on 

Microsoft Excel and kinetic parameters were determined using GraphPAD Prism 3. 
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2.6.2. Synthetic procedures for chemical compounds 

 

Compound 2 (Ritter, 2001). NAG-thiazoline (4.5 g, 20.5 mmol) was added to a 

250 mL flame-dried round bottom flask under an atmosphere of argon. The compound 

was dissolved in anhydrous DMF (50 mL), then 4-methoxybenzaldehyde dimethyl acetal 

(4.2 mL, 24.6 mmol) and camphor sulfuric acid (950 mg, 4.1 mmol) was added and the 

reaction mixture was stirred for two hours at room temperature. The reaction mixture was 

transferred to a rotary vacuum evaporator and allowed to progress to completion during 

vacuum facilitated evaporation of methanol at 25 oC and 10 torr for 8 hours. Upon 

completion, ethyl acetate (300 mL) was added to the reaction and the mixture was washed 

five times with water, followed by back extraction of the aqueous layer with ethyl acetate. 

The combined organic layers were further washed eight times with water and brine to 

minimize residual DMF. The remaining solvent was dried over Na2SO4 before being 

filtered and concentrated in vacuo and the resulting residue was recrystallized from hot 

ethanol to afford 4,6-O-(4-methoxybenzylidene)-NAG-thiazoline as fine white crystals 

(4.07 g, 59%, decomposition at 187 – 192 ºC).1H NMR (400 MHz, Chloroform-d) δH 7.41 

(d, J = 9.2 Hz, 2H), 6.88 (d, J = 9.2 Hz, 2H), 6.50 (d, J = 7.1 Hz, 1H), 5.55 (s, 1H), 4.28 

(m, 2H), 3.96 (td, J = 9.5, 4.8 Hz, 1H), 3.80 (s, 3H), 3.75 (q, J = 9.6 Hz, 2H), 3.56 (m, 2H), 

2.21 (s, 3H). 13C NMR (100 MHz, Chloroform-d) δc  169.69, 160.26, 129.51, 127.80, 

113.67, 101.96, 93.48, 79.02, 76.96, 73.66, 68.29, 64.62, 55.32, 22.49. HRMS (ESI+) m/z: 

[M+H]+ calcd for C16H20NO5S  338.1062, found 388.1067. 
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Compound 3. 4,6-O-(4-methoxybenzylidene)-NAG-thiazoline (8.54 g, 25.3 mmol) 

was added to a 500 mL flame-dried round bottom flask under an atmosphere of argon. 

The compound was dissolved in DCM (250 mL), then tert-butyl(chloro)diphenylsilane (9.8 

mL, 37.9 mmol) and imidazole (3.78 g, 55.6 mmol) were added and the reaction mixture 

and stirred overnight at room temperature. Upon completion of the reaction, the solvent 

was removed under vacuum and the desired product was purified by silica gel flash 

column chromatography (1:5 ethyl acetate:hexanes) to afford 4,6-O-(4-

methoxybenzylidene)-3-(tert-butyldiphenylsilyl)-NAG-thiazoline as a clear, colourless gum 

(14.0 g, 95%). 1H NMR (400 MHz, Chloroform-d) δH 7.70 (m, 4H), 7.43-7.26 (m, 6H), 7.06 

(dt, J = 8.8, 2.0 Hz, 2H), 6.79 (dt, J = 8.9, 2.0 Hz, 2H), 6.43 (d, J = 7.4 Hz, 1H), 5.32 (s, 

1H), 4.44 (m, 1H), 4.22 (m, 1H), 4.13 (q, J = 6.9 Hz, 1H), 3.81 (s, 3H), 3.74-3.62 (m, 3H), 

2.10 (d, J = 1.3 Hz, 3H), 1.11 (s, 9H). 13C NMR (100 MHz, Chloroform-d) δc  190.77, 

166.97, 164.61, 159.80, 136.31, 135.93, 134.18, 133.14, 132.01, 129.63, 129.57, 129.35, 

127.51, 127.37, 127.24, 114.35, 113.19, 101,40, 92.83, 80.99, 79.53, 74.74, 68.56, 64.61, 

55.26, 27.10, 21.98, 19.60. HRMS (ESI+) m/z: [M+H]+ calcd for C32H38NO5SSi  576.2240, 

found 576.2219. 
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Compound 4. 4,6-O-(4-methoxybenzylidene)-3-(tert-butyldiphenylsilyl)-NAG-

thiazoline (62.6 mg, 0.109 mmol) was added to a 50 mL flame-dried round bottom flask 

under an atmosphere of argon. The compound was dissolved in acetonitrile, then camphor 

sulfuric acid (25 mg, 0.109 mmol) and ethanedithiol (55 µL, 0.654 mmol) was added and 

the reaction mixture was stirred for 90 minutes. The reaction was stopped by the addition 

of TEA to reach a pH value of approximately 8, followed by removal of solvent under 

vacuum. The resulting residue was dry loaded onto minimal silica gel and purified by flash 

column silica gel chromatography (1:4 acetone:hexanes to 1:3 acetone:hexanes) to yield 

3-(tert-butyldiphenylsilyl)-NAG-thiazoline as a clear, colourless gum (47 mg, 94%). 1H 

NMR (400 MHz, Chloroform-d) δH 7.68 (m, 4H), 7.47-7.38 (m, 6H), 6.30 (d, J = 6.8 Hz, 

1H), 4.59 (dd, J = 3.7, 1.2 Hz, 1H), 4.30 (m, 1H), 3.74 (dd, J = 12.0, 3.0 Hz, 1H), 3.65 (d, 

J = 8.0 Hz, 1H), 3.61 (dd, J = 11.7, 6.2 Hz, 1H), 3.19 (m, 1H), 2.23 (d, J = 2.3 Hz, 3H), 

1.10 (s, 9H). 13C NMR (100 MHz, Chloroform-d) δc  170.11, 135.85, 135.80, 133.39, 

133.29, 130.24, 130.22, 128.08, 128.03, 89.41, 79.35, 77.35, 75.15, 72.70, 71.77, 64.01, 

27.04, 20.84, 19.41. HRMS (ESI+) m/z: [M+H]+ calcd for C24H32NO4SSi  458.1816, found 

458.1828. 
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Compound 5. 3-(tert-butyldiphenylsilyl)-NAG-thiazoline (247 mg, 0.539 mmol) 

was added to a 25 mL flame dried round bottom flask under an atmosphere of argon. The 

compound was dissolved in pyridine (7 mL) and pivaloyl chloride (133 µL, 1.08 mmol) was 

added. The mixture was stirred overnight at room temperature and upon completion, the 

reaction mixture was poured into ethyl acetate (100 mL) and washed five times with water. 

The resulting organic layer was washed with a saturated aqueous solution of potassium 

bisulfate until no pyridinium bisulfate precipitates were found. The organic layer was dried 

over sodium sulfate before being filtered and concentrated in vacuo. Purification by silica 

gel flash column chromatography (2:3:5 ethyl acetate:DCM:hexanes) yielded 6-pivaloyl-

3-(tert-butyldiphenylsilyl)-NAG-thiazoline (252 mg, 86%) as a clear, colorless gum. 1H 

NMR (400 MHz, Chloroform-d) δH 7.69 (m, 4H), 7.48-7.37 (m, 6H), 6.28 (d, J = 6.8 Hz, 

1H), 4.62 (dd, J = 3.7, 1.2 Hz, 1H), 4.28 (m, 1H), 4.17 (m, 1H), 3.61 (d, J = 7.1 Hz, 1H), 

3.28 (m, 1H), 2.23 (d, J = 2.0 Hz, 3H), 1.20 (s, 9H), 1.10 (s, 9H). 13C NMR (100 MHz, 

Chloroform-d) δc 178.49, 170.03, 135.84, 133.42, 133.23, 130.26, 130.24, 128.09, 128.08, 

89.28, 79.50, 73.06, 72.95, 72.00, 64.40, 38.95, 27.35, 27.10, 20.88, 19.44. HRMS (ESI+) 

m/z: [M+H]+ calcd for C28H36NO6SSi  542.2027, found 542.2020. 
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Compound 6. 6-O-pivaloyl-3-O-(tert-butyldiphenylsilyl)-NAG-thiazoline (188 mg, 

0.348 mmol) was added to a 50 mL flame dried round bottom flask under an atmosphere 

of argon. The compound was dissolved in anhydrous DMF (3 mL) and barium oxide (62 

mg, 0.404 mmol), barium hydroxide (76 mg, 0.404 mmol), tetrabutylammonium iodide (18 

mg, 0.056 mmol) and propargyl bromide (29 µL, 0.194 mmol) were added and the mixture 

was left stirring overnight at room temperature. Ethyl acetate (50 mL) was added to the 

mixture and washed thrice with water, back extracted with ethyl acetate, washed thrice 

more with water and brine before drying over sodium sulfate, concentrated, and purified 

using silica gel flash column chromatography (1:1:8 ethyl acetate:DCM:hexanes) to yield 

6-O-pivaloyl-4-O-propargyl-3-O-(tert-butyldiphenylsilyl)-NAG-thiazoline as a clear, 

colorless gum (107 mg, 53%).  1H NMR (400 MHz, Chloroform-d) δH 7.75-7.69 (m, 4H), 

7.48-7.37 (m, 6H), 6.33 (d, J = 6.4 Hz, 1H), 4.61 (d, J = 4.0 Hz, 1H), 4.39 (m, 1H), 4.26-

4.14 (m, 2H), 3.82 (dd, J = 15.9, 2.6 Hz, 1H), 3.69 (dd, J = 9.1, 1.5 Hz, 1H), 2.26 (t, J = 

2.3 Hz, 1H), 2.21 (d, J = 2.3 Hz, 3H), 1.21 (s, 9H), 1.10 (s, 9H). 13C NMR (100 MHz, 

Chloroform-d) δc 178.41, 136.05, 135.95, 133.09, 133.07, 130.35, 130.24, 128.20, 128.08, 

89.24, 79.42, 76.90, 74.99, 69.89, 69.45, 63.94, 56.35, 38.96, 27.39, 27.07, 27.03, 20.64, 

19.44. HRMS (ESI+) m/z: [M+H]+ calcd for C32H41NO5SSi  580.2553, found 580.2574. 
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Compound 7. 6-pivaloyl-4-propargyl-3-(tert-butyldiphenylsilyl)-NAG-thiazoline 

(107 mg, 0.185 mmol) was added to a 50 mL flame dried round bottom flask under an 

atmosphere of argon. The compound was dissolved in methanol (3 mL) and a methanolic 

solution of sodium methoxide was added on ice until pH > 10. This solution was left stirring 

at room temperature for 3 days. The solution was neutralized by the addition of acetic acid 

until pH=7 and concentrated to 2 mL. Ethyl acetate (50 mL) was added and washed thrice 

with water and brine before being dried over sodium sulfate, concentrated and purified 

using silica gel flash column chromatography (3:7 ethyl acetate:hexanes) to yield 4-

propargyl-3-(tert-butyldiphenylsilyl)-NAG-thiazoline as a clear, colorless gum (41 mg, 

45%). 1H NMR (400 MHz, Chloroform-d) δH 7.75-7.68 (m, 4H), 7.48-7.37 (m, 6H), 6.36 (d, 

J = 7.5 Hz, 1H), 4.61 (d, J = 3.3 Hz, 1H), 4.44 (m, 1H), 3.81 (m, 1H), 3.68 (dd, J = 8.1, 1.8 

Hz, 1H), 3.63 (dd, J = 12.0, 6.0 Hz, 1H), 3.22-3.13 (m, 2H), 2.27 (t, J = 2.4 Hz, 1H), 2.25 

(d, J = 2.0 Hz, 3H), 1.10 (s, 9H). 13C NMR (100 MHz, Chloroform-d) δc 135.95, 135.77, 

130.22, 130.13, 128.08, 127.95, 79.51, 77.23, 74.68, 71.89, 64.08, 63.29, 56.24, 26.91, 

20.37. HRMS (ESI+) m/z: [M+H]+ calcd for C27H34NO4SSi  496.1978, found 496.1976. 
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Compound 8. 3,6-O-dipivaloyl-4-O-propargyl-NAG-thiazoline was added to a 50 

mL flame-dried round bottom flask under an atmosphere of argon. The compound was 

dissolved in methanol, then a 10% w/w methanolic solution of sodium methoxide was 

added and left stirring at room temperature overnight. The pH of the solution was checked 

to be approximately 10 and acetic acid diluted in methanol was added in an ice bath. Once 

neutralized, solvent was removed under vacuum and the residue was partially dissolved 

in DCM and filtered. The filtrate was concentrated and purified via silica gel flash column 

chromatography (1:19 methanol:DCM) to afford 4-O-propargyl-NAG-thiazoline as a white 

foam. 1H NMR (400 MHz, Chloroform-d) δH 6.34 (d, J = 6.0 Hz, 1H), 4.45-4.40 (m, 2H), 

4.31 (dd, J = 16.1, 2.4 Hz, 1H), 4.25 (dd, J = 16.0, 2.4 Hz, 1H), 3.73 (dd, J = 12.2, 2.0 Hz, 

1H), 3.60-3.52 (m, 2H), 3.22 (m, 1H), 2.87 (t, J = 3.1 Hz, 1H), 2.27 (d, J = 2.0 Hz, 1H). 13C 

NMR (126 MHz, Methanol-d) δ 170.81, 89.98, 89.83, 80.59, 80.54, 80.48, 80.43, 76.22, 

75.99, 73.98, 69.47, 69.41, 63.61, 57.76, 57.64, 20.22, 20.18. HRMS (ESI+) m/z: [M+H]+ 

calcd for C11H16NO4S  258.0800, found 250.0789. 



 

68 

 

 

 



 

69 

 

Compound 9. NAG-thiazoline (1.80 g, 8.66 mmol) was added to a 250 mL flame 

dried round bottom flask under an atmosphere of argon. The compound, along with DMAP 

(100 mg, 0.9 mmol), was dissolved in pyridine (100 mL) and pivaloyl chloride (2.1 mL, 

17.0 mmol) was added dropwise at 0 oC. Once the addition was complete, the reaction 

mixture was allowed to warm to room temperature and left stirring overnight. Upon 

completion, the solution was concentrated to about 1/5 of the original volume with the 

addition of toluene under vacuum. Ethyl acetate (200 mL) was added and washed five 

times with water. The resulting organic layer was further washed with a saturated aqueous 

solution of potassium bisulfate until no pyridinium bisulfate precipitates were found and 

dried over sodium sulfate before being filtered and concentrated in vacuo. Purification by 

column chromatography (2:3 ethyl acetate:hexanes) yielded an equaimolar amount of 3,6-

O-dipivaloyl-NAG-thiazoline and 4,6-O-dipivaloyl-NAG-thiazoline as a clear, colorless 

gum (1.10 g for each, 33%) along with 6-O-pivaloyl-NAG-thiazoline. 1H NMR (400 MHz, 

Chloroform-d) δH 6.33 (d, J = 7.3 Hz, 1H), 4.75 (ddd, J = 9.1, 2.7, 0.9 Hz, 1H), 4.48 (s(br), 

1H), 4.33 (t, J = 3.1 Hz, 1H), 4.16 (dd, J = 12.0, 2.7 Hz, 1H), 4.11 (dd, J = 12.0, 6.1 Hz, 

1H), 3.65 (ddd, J = 8.8, 6.0, 2.7 Hz, 1H), 2.26 (d, J = 2.0 Hz, 3H), 1.19 (s, 18H). 13C NMR 

(100 MHz, Chloroform-d) δc  178.23, 178.21, 167.29, 89.43, 79.31, 71.93, 70.56, 69.43, 

63.39, 38.97, 38.83, 36.78, 27.29, 27.09, 24.81, 20.79.  HRMS (ESI+) m/z: [M+H]+ calcd 

for C18H30NO6S  388.1794, found 388.1817. 
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Compound 10. 3,6-O-dipivaloyl-NAG-thiazoline (200 mg, 0.516 mmol) was added 

to a 100 mL flame dried round bottom flask under an atmosphere of argon. The compound 

was dissolved in anhydrous DMF (25 mL) and cooled in a dry ice-brine bath at -20 oC. 

Sodium hydride (42 mg, 1.04 mmol, 60% dispersion in mineral oil) was slowly added in 

small portions over 5 minutes and left stirring for 10 minutes. Propargyl bromide (974 µL, 

1.04 mmol, 80% in toluene) was added dropwise and the reaction mixture was stirred at -

20 oC for 6 hours and moved to an ice bath at 0 oC for 4 hours. Ethyl acetate was added 

to the mixture and washed five times with water, followed by back extraction of the 

aqueous layer with ethyl acetate. The combined organic layers were washed eight times 

with water and brine to minimize residual DMF. The remaining solvent was dried over 

Na2SO4 before being filtered and concentrated in vacuo and purified by silica gel flash 

column chromatography (1:4 ethyl acetate : hexanes) to afford 3,6-O-dipivaloyl-4-O-

propargyl-NAG-thiazoline as a clear, colorless gum (129 mg, 59%). 1H NMR (400 MHz, 

Chloroform-d) δH 6.27 (d, J = 7.3 Hz, 1H), 4.82 (d, J = 8.0 Hz, 1H), 4.54 (m, 1H), 4.41 (d, 

J = 2.7 Hz, 2H), 4.30 (m, 1H), 4.14 (dd, J = 12.1, 2.5 Hz, 1H), 4.03 (dd, J = 12.0, 6.5 Hz, 

1H), 3.53 (ddd, J = 8.9, 6.6, 2.3 Hz 1H), 2.42 (t, J = 2.1 Hz, 1H), 2.27 (d, J = 2.4 Hz, 1H), 

1.20 (s, 9H), 1.10 (s, 9H). 13C NMR (100 MHz, Chloroform-d)  δc 178.25, 177.28, 88.78, 

79.24, 75.01, 74.76, 69.28, 63.36, 57.21, 38.96, 39.91, 27.35, 27.15, 20.72.  HRMS (ESI+) 

m/z: [M+H]+ calcd for C21H32NO6S  426.1950, found 426.1942. 
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Compound 11. 6-pivaloyl-3-(tert-butyldiphenylsilyl)-NAG-thiazoline (490 mg, 

0.904 mmol) was dissolved in DMF (10 mL) in a 50 mL flame-dried round bottom flask 

under an atmosphere of argon. Allyl bromide (153 µL, 1.81 mmol) and TBAI (42 mg, 0.114 

mmol) were added to the flask and cooled to -40 oC. Sodium hydride (40 mg, 0.995 mmol, 

60% dispersion in mineral oil) was slowly added in three portions and left stirring at -40 oC 

for 6.5 hours. Ethyl acetate (100 mL) was added and the mixture was washed thrice with 

water and brine before drying over sodium sulfate, concentrated, and purified using silica 

gel flash column chromatography (1:9 ethyl acetate:hexanes) to yield 4-allyl-6-pivaloyl-3-

(tert-butyldiphenylsilyl)-NAG-thiazoline as a clear, colorless gum (220 mg, 0.379 mmol). 

1H NMR (400 MHz, Chloroform-d) δH 7.72 (m, 4H), 7.47-7.37 (m, 6H), 6.32 (d, J = 7.2 Hz, 

1H), 5.59 (m, 1H), 4.99 (m, 2H), 4.71 (d, J = 3.7 Hz, 1H), 4.42 (m, 1H), 4.12 (d, J = 5.0 

Hz, 2H), 3.55 (dd, J = 12.9, 4.9 Hz, 1H), 3.39 (d, J = 9.5 Hz, 1H), 3.30 (m, 1H), 3.23 (dd, 

J = 12.5, 6.3, 1H), 2.22 (d, J = 1.8 Hz, 3H), 1.21 (s, 9H), 1.08 (s, 9H). 13C NMR (100 MHz, 

Chloroform-d) δc  178.47, 136.06, 135.97, 134.33, 133.26, 133.21, 130.30, 130.24, 

128.13, 128.06, 117.69, 89.28, 78.11, 70.25, 70.12, 69.74, 64.34, 38.97, 27.37, 27.08, 

20.67, 19.51. HRMS (ESI+) m/z: [M+H]+ calcd for C32H44NO5SSi  582.2704, found 

582.2729. 
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Compound 12. 4-O-allyl-6-O-pivaloyl-3-O-(tert-butyldiphenylsilyl)-NAG-thiazoline 

(88 mg, 0.151 mmol) was added to a 50 mL flame-dried round bottom flask and dissolved 

in methanol (2 mL). A methanolic solution of sodium methoxide was added until pH > 10. 

The solution was stirred overnight at room temperature and neutralized with acetic acid. 

After reducing the volume to 3mL via reduced pressure, ethyl acetate (100 mL) was added 

and washed thrice with water and brine. The organic layer was dried over sodium sulfate, 

concentrated and purified using silica gel flash column chromatography (3:7 ethyl 

acetate:hexanes) to afford 4-O-allyl-3-O-(tert-butyldiphenylsilyl)-NAG-thiazoline as a clear 

colorless gum (29 mg, 33%) 1H NMR (400 MHz, Chloroform-d) δH 7.71 (m, 4H), 7.47-7.38 

(m, 6H), 6.35 (d, J = 7.2 Hz, 1H), 5.58 (m, 1H), 4.98 (m, 2H), 4.71 (d, J = 3.4 Hz, 1H), 4.47 

(m, 1H), 4.12 (d, J = 5.0 Hz, 2H), 3.70 (d, J = 11.3 Hz, 1H), 3.58-3.49 (m, 2H), 3.42 (d, J 

= 8.2 Hz, 1H), 3.20 (m, 2H), 2.25 (d, J = 1.8 Hz, 3H), 1.09 (s, 9H). 13C NMR (100 MHz, 

Chloroform-d) δc  136.11, 135.96, 134.45, 130.32, 130.25, 128.14, 128.03, 117.28, 80.78, 

77.82, 72.23, 70.18, 63.78, 27.07, 19.48. HRMS (ESI+) m/z: [M+H]+ calcd for 

C27H36NO4SSi  498.2134, found 498.2122. 
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Compound 13. 4-O-allyl-3-O-(tert-butyldiphenylsilyl)-NAG-thiazoline (35 mg, 

0.070 mmol) was added to a 50 mL flame-dried round bottom flask and dissolved in THF 

(3 mL) under an atmosphere of argon. TBAF (100 µL, 1.0 M solution) was added and left 

stirring for 3 hours. When the reaction was complete, solvent was removed and purified 

on silica gel (1:19 methanol:DCM) to afford 4-O-allyl-NAG-thiazoline (18 mg, 99%) 1H 

NMR (400 MHz, Chloroform-d) δH 6.32 (d, J = 7.0 Hz, 1H), 5.60 (m, 1H), 5.01 (d, J = 11.5 

Hz, 1H), 4.97 (d, J = 16.8 Hz, 1H), 4.71 (d, J = 3.4 Hz, 1H), 4.47 (m, 1H), 4.12 (d, J = 5.0 

Hz, 2H), 3.70 (d, J = 11.3 Hz, 1H), 3.58-3.49 (m, 2H), 3.42 (d, J = 8.2 Hz, 1H), 3.20 (m, 

2H), 2.23 (d, J = 1.8 Hz, 3H). 13C NMR (100 MHz, Chloroform-d) δc  178.37, 117.78, 89.51, 

78.23, 70.11, 70.37, 69.69, 64.25, 38.88, 20.16. HRMS (ESI+) m/z: [M+H]+ calcd for 

C11H18NO4S  260.0957, found 260.0949. 
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Compound 14. 3,6-di-O-pivaloyl-NAG-thiazoline (84 mg, 0.217 mmol) was added 

to a 50 mL flame dried round bottom flask under an atmosphere of argon. The compound 

was dissolved in DMF (5 mL) and cooled to -15 oC before adding sodium hydride (14 mg, 

0.282 mmol, 60% dispersion in mineral oils). After stirring for 5 minutes, benzyl bromide 

(39 µL, 0.325 mmol) was added and stirred for 4.5 hours at -15 oC. Upon completion of 

the reaction, ethyl acetate (30 mL) was added and the resulting solution was washed five 

times with water and brine before being dried over sodium sulfate and concentrated in 

vacuo. The resulting residue was purified using silica gel flash column chromatography 

(3:7 ethyl acetate:hexanes) to yield 4-O-benzyl-3,6-di-O-pivaloyl-NAG-thiazoline as a 

clear white foam (71 mg, 69%). 1H NMR (400 MHz, Chloroform-d) δH 7.33 (m, 5H), 6.21 

(d, J = 8.0 Hz, 1H), 5.82 (d, J = 2.9 Hz, 1H) 4.90 (d, J = 12.5 Hz, 1H), 4.61 (d, J = 12.5 Hz, 

1H), 4.47 (m, 1H), 4.06 (dd, J = 12.2, 1.5 Hz, 1H), 3.93 (dd, J = 12.2, 5.2 Hz, 1H), 3.38 

(m, 2H), 2.35 (d, J = 2.2 Hz, 3H), 1.22 (s, 9H), 1.11 (s, 9H). 13C NMR (100 MHz, 

Chloroform-d) δc  177.16, 137.31, 128.83, 128.56, 128.18, 88.89, 74.52, 71.12, 69.64, 

68.86, 63.36, 38.90, 27.27, 27.78, 20.70.  HRMS (ESI+) m/z: [M+H]+ calcd for C25H36NO6S  

478.2263, found 478.2271. 
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Compound 15. 4-O-benzyl-3,6-di-O-pivaloyl-NAG-thiazoline (71 mg, 0.149 mmol) 

was added to a 50 mL flame dried round bottom flask under an atmosphere of argon. The 

compound was dissolved in THF (3 mL) and water (1 mL). Lithium hydroxide (10.7 mg, 

0.446 mmol) was added to this solution and left stirring overnight. After completion of the 

reaction, ammonium acetate (34 mg, 0.441 mmol) was added and solvent was removed 

under reduced pressure with the addition of ethanol. The resulting residue was purified 

using silica gel flash column chromatography (1:1 ethyl acetate:hexanes) to yield 4-O-

benzyl-NAG-thiazoline as a clear white foam (29 mg, 63%). 1H NMR (400 MHz, Methanol-

d) δH 7.34 (m, 5H), 6.34 (d, J = 7.4 Hz, 1H), 4.78 (d, J = 11.0 Hz, 1H), 4.61 (d, J = 12.5 

Hz, 1H), 4.57 (m, 1H), 4.50 (m, 2H), 4.00 (dd, J = 10.8, 6.3 Hz, 1H), 3.77 (d, J = 10.8 Hz 

1H), 3.51 (dt, J = 7.5, 1.4 Hz, 1H), 3.40 (ddd, J = 9.0, 6.5, 2.3 Hz, 1H), 2.28 (d, 2.3 Hz, 

3H). 13C NMR (100 MHz, Methanol-d) δc  177.01, 137.17, 128.68, 128.42, 128.04, 88.75, 

74.33, 70.93, 69.49, 68.72, 63.21, 38.75, 27.12, 27.03, 20.96.  HRMS (ESI+) m/z: [M+H]+ 

calcd for C15H20NO4S  310.1113, found 310.1108. 
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General procedure for halogenated azido benzenes: Halo-aniline (4 mmol) and 

sodium nitrite (276 mg, 4 mmol) was dissolved in an aqueous solution of hydrochloric acid 

(6 M, 15 mL) in a 50 mL round bottom flask and cooled to 0 oC. In a separate flask, sodium 

azide (325 mg, 5 mmol) was dissolved in water (6 mL), cooled to 0 oC, and added dropwise 

to the aniline solution and stirred for 3.5 hours at 0 oC. After completion of the reaction, 

ethyl acetate (30mL) was added to the reaction flask and washed three times with water 

and brine before being dried over sodium sulfate. Solvent was removed under vacuum to 

yield 1-azido-halo-benzene (40-65%) as a clear colorless liquid and used without further 

purification. Procedures and reference spectra were obtained from the laboratory of Prof. 

Peng Wu as pure compounds were not available for purchase due to long term stability. 

 

General procedure for 4-azido benzoates (Compounds 41 & 43): 4-

azidobenzoic acid (50 mg, 0.31 mmol) was added to a 50 mL flame dried round bottom 

flask under an atmosphere of argon. The compound was dissolved in alcohol (10 mL), 

acidified with H2SO4 (50 µL, 0.95 mmol) and refluxed for 6 hours. Upon completion of the 

reaction, solvent was partially removed under vacuum until total volume amounted to 

approximately 3 mL. Ethyl acetate was added and washed thrice with saturated sodium 

bicarbonate, water and brine before drying over sodium sulfate. The resulting alkyl 4-

azidobenzoate (22-96%) was obtained as a clear colorless liquid and used without further 

purification. 
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Compound 41.  

 

 

1H NMR (500 MHz, Chloroform-d) δ 8.05 (dd, J = 8.5, 1.6 Hz, 2H), 7.08 (dd, J = 8.5, 1.6 Hz, 2H), 
3.93 (d, J = 1.4 Hz, 3H). 13C NMR (125 MHz, Chloroform-d) δ 166.73, 142.66, 130.95, 128.08, 
119.02, 52.17. 
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Compound 43. 

 

 

1H NMR (400 MHz, Chloroform-d) δ 8.19 – 8.01 (m, 2H), 7.14 – 7.00 (m, 2H), 5.24 (p, J = 6.2 Hz, 
1H), 1.36 (d, J = 6.2 Hz, 7H). 13C NMR (125 MHz, Chloroform-d) δ 167.83, 142.34, 131.24, 
128.98, 119.27, 47.40, 20.12. 
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General procedure for 4-azido benzamides (Compounds 40, 42, & 44-50): 4-

azidobenzoic acid (20 mg, 0.123 mmol) and EDCI (26 mg, 0.135 mmol) was added to a 

50 mL flame-dried round bottom flask under an atmosphere of argon. The compounds 

were dissolved in chloroform (10 mL), then TEA (14 µL, 0.135 mmol) and N-ethylamine 

(10 µL of 2M solution in THF) was added. The reaction mixture was refluxed overnight. 

Upon completion, the solvent was removed under vacuum and purified by silica gel flash 

column chromatography (3:7 ethyl acetate:hexanes) to afford 4-azido-N-alkylbenzamide 

as a clear colorless liquid (50-90%).  
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Compound 40. 

 

 

1H NMR (400 MHz, Chloroform-d) δ 7.50 – 7.30 (m, 2H), 7.11 – 6.90 (m, 2H), 3.98 (s, 4H), 3.81 
(s, 2H), 3.50 (s, 2H), 1.72 (m, 4H). 13C NMR (125 MHz, Chloroform-d) δ 170.77, 142.59, 133.16, 
129.68, 119.40, 105.83, 64.40, 41.43, 35.21. 
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Compound 42. 

 

 

1H NMR (400 MHz, Chloroform-d) δ 7.84 – 7.71 (m, 2H), 7.44 – 7.26 (m, 5H), 7.11 – 7.00 (m, 
2H), 6.42 (s, 1H), 4.63 (d, J = 5.6 Hz, 2H). 13C NMR (125 MHz, Chloroform-d) δ 167.51, 142.34, 
138.68, 131.26, 128.98, 128.40, 127.31, 127.17, 119.27, 43.74. 
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Compound 44. 

 

 

1H NMR (400 MHz, Chloroform-d) δ 7.92 – 7.71 (m, 2H), 7.22 – 6.98 (m, 2H), 6.15 (s, 1H), 3.47 
(td, J = 7.2, 5.7 Hz, 2H), 1.69 – 1.59 (m, 2H), 1.60 – 1.34 (m, 2H), 0.98 (t, J = 7.3 Hz, 3H). 13C 
NMR (125 MHz, Chloroform-d) δ 168.71, 142.34, 130.79, 128.98, 119.27, 40.10, 30.74, 20.43, 
13.74. 
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Compound 45. 

 

 

1H NMR (400 MHz, Chloroform-d) δ 7.90 – 7.71 (m, 2H), 7.18 – 7.03 (m, 2H), 6.17 (s, 1H), 5.97 
(ddt, J = 17.1, 10.2, 5.7 Hz, 1H), 5.36 – 5.10 (m, 2H), 4.12 (dt, J = 5.8, 1.5 Hz, 2H). 13C NMR (125 
MHz, Chloroform-d) δ 167.91, 142.45, 134.68, 130.67, 128.98, 119.27, 115.82, 43.23. 
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Compound 46. 

 

 

1H NMR (500 MHz, Chloroform-d) δ 7.99 – 7.79 (m, 2H), 7.35 (t, J = 4.3 Hz, 1H), 7.25 – 7.22 (m, 
2H), 3.47 (qd, J = 7.1, 4.3 Hz, 2H), 1.23 (t, J = 7.1 Hz, 3H). 13C NMR (125 MHz, Chloroform-d) δ 
167.51, 142.45, 130.86, 128.98, 119.27, 35.96, 14.66. 
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Compound 47. 

 

 

1H NMR (400 MHz, Chloroform-d) δ 8.68 (s, 1H), 7.61 – 7.45 (m, 2H), 7.10 – 6.92 (m, 2H), 6.37 
(s, 1H), 3.81 (t, J = 6.7 Hz, 2H), 3.27 – 3.14 (m, 2H). 13C NMR (100 MHz, Chloroform-d) δ 167.75, 
142.45, 130.79, 128.98, 119.27, 60.15, 42.22. 
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Compound 48. 

 

 
1H NMR (500 MHz, Chloroform-d) δ 7.56 – 7.46 (m, 2H), 7.42 – 7.28 (m, 7H), 7.14 (s, 2H), 7.06 – 
6.98 (m, 2H), 4.70 (s, 2H), 4.42 (s, 2H). 13C NMR (125 MHz, Chloroform-d) δ 170.51, 142.70, 
138.12, 133.74, 129.68, 128.28, 128.03, 127.48, 119.40, 51.69. 
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Compound 49. 

 

 
1H NMR (500 MHz, Chloroform-d) δ 7.88 – 7.84 (m, 1H), 7.67 – 7.64 (m, 1H), 7.29 (d, J = 0.8 Hz, 
1H), 7.24 – 7.15 (m, 5H), 4.57 (dp, J = 9.2, 7.5 Hz, 1H), 3.08 (ddd, J = 15.0, 7.5, 0.9 Hz, 2H), 2.83 
(ddd, J = 14.9, 7.5, 0.9 Hz, 2H). 13C NMR (125 MHz, Chloroform-d) δ 166.24, 142.56, 141.73, 
130.74, 128.46, 126.44, 124.31, 119.24, 52.91, 39.65. 
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Compound 50. 

 

 
1H NMR (400 MHz, Chloroform-d) δ 7.82 – 7.66 (m, 2H), 7.27 (d, J = 3.2 Hz, 2H), 7.26 – 7.17 (m, 
3H), 7.11 – 6.98 (m, 2H), 6.28 (d, J = 7.5 Hz, 1H), 4.94 (qt, J = 7.2, 4.3 Hz, 1H), 3.42 (dd, J = 
16.2, 7.1 Hz, 2H), 2.92 (dd, J = 16.2, 4.4 Hz, 2H). 13C NMR (100 MHz, Chloroform-d) δ 170.53, 
142.40, 138.27, 133.26, 129.34, 128.70, 127.77, 127.41, 119.43, 51.72, 35.93. 
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General procedure for compounds 16-39: 4-O-propargyl-NAG-thiazoline (13 

mg, 0.0505 mmol), copper sulfate (8 mg, 0.032 mmol), sodium ascorbate (10 mg, 0.05 

mmol), BTTAA (1.0 mg, 2.3 µmol), and azide (0.056 mmol) was added to a 50 mL round 

bottom flask and dissolved in tert-butanol (2 mL) and water (500 µL). The reaction mixture 

was stirred for three hours. Upon completion, solvent was removed in vacuo with the 

addition of ethanol and purified using silica gel flash column chromatography (1:19 

methanol:DCM) to afford 4-(aryl/alkyl-1-H-1,2,3-triazol-4-yl)methyl-NAG-thiazoline as a 

clear white foam (50-90%). 
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Compound 16. 

 

 

1H NMR (500 MHz, Chloroform-d) δ 7.57 (s, 1H), 7.40 (t, J = 5.4 Hz, 5H), 6.46 (s, 1H), 5.54 (s, 
2H), 4.85 (d, J = 6.8 Hz, 1H), 4.54 (s, 1H), 4.45 (s, 1H), 3.85 (d, J = 7.8 Hz, 2H), 3.73 (dd, J = 
23.2, 5.1 Hz, 3H), 3.46 (s, 1H), 2.34 (s, 3H). 13C NMR (125 MHz, Chloroform-d) δ 169.07, 149.50, 
139.18, 132.31, 132.07, 124.76, 120.53, 78.64, 76.41, 75.12, 75.00, 70.66, 62.12, 59.23, 52.53, 
19.67. HRMS (ESI+) m/z: [M+H]+ calcd for C18H23N4O4S  391.1440, found 391.1438. 
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Compound 17. 

 

 
1H NMR (500 MHz, Chloroform-d) δ 8.10 (s, 1H), 7.67 – 7.58 (m, 4H), 6.66 (d, J = 7.4 Hz, 1H), 
4.99 (d, J = 12.8 Hz, 1H), 4.94 (d, J = 12.8 Hz, 1H), 4.64 – 4.58 (m, 1H), 4.46 (t, J = 5.3 Hz, 1H), 
3.90 (m, 2H), 3.84 – 3.76 (m, 1H), 3.56 (dt, J = 9.1, 2.8 Hz, 1H), 2.52 (d, J = 1.5 Hz, 3H). 13C 
NMR (125 MHz, Chloroform-d) δ 167.07, 148.19, 134.50, 133.71, 120.69, 119.75, 118.98, 78.64, 
76.41, 75.12, 75.00, 70.66, 62.12, 59.29, 19.67. HRMS (ESI+) m/z: [M+H]+ calcd for 
C17H20BrN4O4S  455.0389, found 455.0378. 
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Compound 18. 

 

 
1H NMR (400 MHz, Methanol-d4) δ 8.39 (s, 1H), 7.82 – 7.69 (m, 1H), 7.69 – 7.48 (m, 3H), 6.38 (d, 
J = 7.0 Hz, 1H), 4.97 (d, J = 12.4 Hz, 1H), 4.79 (d, J = 12.4 Hz, 1H), 4.57 (dd, J = 3.7, 2.0 Hz, 
1H), 4.52 – 4.45 (m, 1H), 3.68 – 3.58 (m, 2H), 3.57 – 3.45 (m, 1H), 3.32 – 3.27 (m, 1H), 2.28 (d, J 
= 2.1 Hz, 3H). 13C NMR (125 MHz, Methanol-d4) δ 167.07, 148.31, 136.54, 131.86, 127.91, 
127.88, 127.67, 120.89, 120.34, 78.64, 76.41, 75.12, 75.00, 70.66, 62.12, 59.51, 19.67. HRMS 
(ESI+) m/z: [M+H]+ calcd for C17H20ClN4O4S  411.0894, found 411.0891. 
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Compound 19. 

 

 

1H NMR (400 MHz, Methanol-d4) δ 8.24 (s, 1H), 7.80 – 7.70 (m, 4H), 6.34 (d, J = 6.4 Hz, 1H), 
5.49 (s, 0H), 4.47 – 4.39 (m, 2H), 4.35 – 4.20 (m, 2H), 3.73 (dd, J = 12.1, 2.4 Hz, 1H), 3.64 – 3.50 
(m, 2H), 3.22 (ddd, J = 9.1, 6.6, 2.3 Hz, 1H), 2.27 (d, J = 1.9 Hz, 3H). 13C NMR (125 MHz, 
Methanol-d4) δ 167.07, 148.19, 134.15, 130.76, 130.22, 121.16, 119.75, 78.64, 76.41, 75.12, 
75.00, 70.66, 62.12, 59.29, 19.67. HRMS (ESI+) m/z: [M+H]+ calcd for C17H20ClN4O4S  411.0894, 
found 411.0891. 
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Compound 20. 

 

 
1H NMR (500 MHz, Chloroform-d) δ 7.59 – 7.48 (m, 2H), 7.41 (s, 1H), 7.19 – 7.09 (m, 2H), 6.05 
(d, J = 2.4 Hz, 1H), 5.62 (d, J = 11.2 Hz, 1H), 5.44 (d, J = 11.2 Hz, 1H), 4.71 (d, J = 12.1 Hz, 1H), 
4.54 (d, J = 11.9 Hz, 1H), 4.28 (dd, J = 8.2, 2.4 Hz, 1H), 4.18 (m, 1H), 3.91 (m, 1H), 3.80 – 3.71 
(m, 1H), 3.68 – 3.54 (m, 2H), 2.37 (d, J = 1.5 Hz, 3H). 13C NMR (125 MHz, Chloroform-d) δ 
167.07, 148.88, 145.00, 140.68, 136.38, 123.42, 122.16, 120.27, 116.57, 114.38, 78.64, 76.41, 
75.12, 75.00, 70.66, 62.12, 59.23, 45.87, 19.67. HRMS (ESI+) m/z: [M+H]+ calcd for C19H23N6O4S  
431.1502, found 431.1509. 
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Compound 21. 

 

 

1H NMR (500 MHz, Chloroform-d) δ 9.30 (dd, J = 1.5, 0.7 Hz, 1H), 8.37 (s, 1H), 7.58 – 7.47 (m, 
2H), 5.87 (d, J = 2.4 Hz, 1H), 5.71 (d, J = 11.3 Hz, 1H), 5.44 (d, J = 11.4 Hz, 1H), 4.56 (d, J = 
11.9 Hz, 1H), 4.32 (d, J = 11.9 Hz, 1H), 4.11 (dd, J = 8.3, 2.4 Hz, 1H), 4.06 – 3.96 (m, 1H), 3.71 
(m, 1H), 3.61 (m, 1H), 3.53 – 3.39 (m, 2H), 2.21 (d, J = 1.6 Hz, 3H), 1.29 (s, 9H). 13C NMR (125 
MHz, Chloroform-d) δ 167.07, 152.71, 152.58, 146.50, 142.46, 133.79, 125.34, 124.31, 120.61, 
79.88, 78.64, 76.41, 75.12, 75.00, 70.66, 62.12, 59.23, 51.98, 28.11, 19.67. HRMS (ESI+) m/z: 
[M+H]+ calcd for C22H31N6O6S  507.2026, found 507.2022. 
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Compound 22. 

 

 

1H NMR (500 MHz, Chloroform-d) δ 8.65 (s, 1H), 7.87 – 7.75 (m, 1H), 7.53 – 7.40 (m, 2H), 6.74 
(m, 1H), 5.17 (d, J = 2.4 Hz, 1H), 4.35 (d, J = 12.1 Hz, 1H), 4.21 (m, 1H), 4.19 – 4.04 (m, 3H), 
4.04 – 3.95 (m, 1H), 3.42 (m, 1H), 3.36 – 3.27 (m, 1H), 3.27 – 3.10 (m, 2H), 2.54 (dd, J = 14.1, 
7.7 Hz, 1H), 2.51 – 2.39 (m, 1H), 1.97 (d, J = 1.5 Hz, 3H). 13C NMR (125 MHz, Chloroform-d) δ 
170.12, 167.07, 153.15, 147.71, 142.95, 137.86, 122.68, 118.60, 114.33, 78.64, 76.41, 75.12, 
75.00, 70.66, 62.12, 59.23, 45.14, 37.18, 19.67. HRMS (ESI+) m/z: [M+H]+ calcd for C19H25N6O5S  
449.1607, found 449.1599. 
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Compound 23. 

 

 

1H NMR (500 MHz, Chloroform-d) δ 7.83 (d, J = 8.4 Hz, 1H), 7.69 – 7.63 (m, 1H), 7.59 (s, 1H), 
7.55 (d, J = 2.2 Hz, 1H), 7.38 (dd, J = 8.0, 1.5 Hz, 1H), 7.18 (dd, J = 8.4, 2.2 Hz, 1H), 5.57 (d, J = 
2.4 Hz, 1H), 5.44 (d, J = 15.2 Hz, 1H), 5.17 (d, J = 15.2 Hz, 1H), 4.70 (d, J = 11.9 Hz, 1H), 4.51 
(dd, J = 8.2, 2.4 Hz, 1H), 4.39 (d, J = 11.9 Hz, 1H), 4.34 (m, 1H), 3.84 – 3.71 (m, 3H), 3.65 (m, 
1H), 3.55 (dd, J = 7.9, 6.0 Hz, 1H), 2.38 (d, J = 1.6 Hz, 3H). 13C NMR (125 MHz, Chloroform-d) δ 
168.96, 167.07, 155.75, 144.84, 137.75, 129.18, 128.67, 127.25, 125.81, 124.60, 121.19, 117.00, 
114.90, 105.99, 78.64, 76.41, 75.12, 75.00, 70.66, 62.12, 59.23, 52.48, 19.67. HRMS (ESI+) m/z: 
[M+H]+ calcd for C23H26N5O6S  500.1604, found 500.1611. 
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Compound 24. 

 

 
1H NMR (500 MHz, Chloroform-d) 7.69 – 7.63 (m, 2H), 7.37 – 7.31 (m, 1H), 7.18 (dd, J = 8.0, 1.1 
Hz, 1H), 7.11 (m, 1H), 7.01 (d, J = 2.6 Hz, 1H), 5.57 (d, J = 2.4 Hz, 1H), 4.78 – 4.65 (m, 2H), 4.59 
(m, 1H), 4.55 – 4.45 (m, 2H), 4.40 (m, 1H), 3.82 (m, 1H), 3.75 – 3.67 (m, 1H), 3.67 – 3.55 (m, 
2H), 3.41 (m, 1H), 3.25 (m, 1H), 2.37 (d, J = 1.6 Hz, 3H). 13C NMR (125 MHz, Chloroform-d) δ 
167.07, 142.95, 136.16, 127.32, 123.25, 122.96, 121.24, 119.31, 118.29, 111.72, 111.33, 78.64, 
76.41, 75.12, 75.00, 70.66, 62.12, 59.23, 50.08, 26.33, 19.67. HRMS (ESI+) m/z: [M+H]+ calcd for 
C21H26N5O4S  444.1706, found 444.1720. 
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Compound 25. 

 

 

1H NMR (500 MHz, Chloroform-d) δ 8.09 – 7.93 (m, 2H), 7.50 – 7.35 (m, 3H), 5.54 (d, J = 2.4 Hz, 
1H), 5.46 (m, 1H), 5.24 (m, 1H), 4.73 (d, J = 11.9 Hz, 1H), 4.55 – 4.42 (m, 2H), 4.39 (m, 1H), 3.82 
– 3.72 (m, 1H), 3.67 (m, 1H), 3.64 – 3.48 (m, 2H), 2.37 (d, J = 1.5 Hz, 3H). 13C NMR (125 MHz, 
Chloroform-d) δ 167.07, 146.50, 146.37, 137.08, 129.62, 129.23, 120.53, 120.46, 78.64, 76.41, 
75.12, 75.00, 70.66, 62.12, 59.23, 52.24, 19.67. HRMS (ESI+) m/z: [M+H]+ calcd for C19H23N8O5S  
475.1512, found 475.1516. 
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Compound 26. 

 

 

1H NMR (500 MHz, Chloroform-d) δ 8.89 (d, J = 5.7 Hz, 1H), 8.51 (s, 1H), 8.10 (d, J = 5.7 Hz, 1H), 8.02 

(d, J = 1.7 Hz, 1H), 7.92 (d, J = 8.6 Hz, 1H), 7.64 (dd, J = 8.4, 1.8 Hz, 1H), 5.70 – 5.61 (m, 1H), 4.73 (d, J 

= 12.1 Hz, 1H), 4.64 – 4.49 (m, 4H), 4.08 – 3.95 (m, 1H), 3.85 – 3.69 (m, 2H), 3.72 – 3.60 (m, 1H), 3.52 

(m, 1H), 2.38 (d, J = 1.5 Hz, 3H). 13C NMR (125 MHz, Chloroform-d) δ 167.07, 149.26, 147.59, 147.29, 

137.07, 133.72, 129.58, 127.71, 125.90, 123.65, 121.10, 108.47, 78.64, 76.41, 75.12, 75.00, 70.66, 62.12, 

59.51, 19.67. HRMS (ESI+) m/z: [M+H]+ calcd for C20H21ClN5O4S  462.1003, found 462.1007. 
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Compound 27. 

 

 

1H NMR (500 MHz, Chloroform-d ) δ 7.51 – 7.39 (m, 3H), 7.34 – 7.30 (m, 2H), 6.04 (d, J = 2.5 Hz, 
1H), 5.56 (s, 2H), 4.67 (d, J = 11.9 Hz, 1H), 4.62 – 4.51 (m, 2H), 4.35 (m, 1H), 4.11 (ddd, J = 
11.9, 7.1, 5.7 Hz, 1H), 3.96 (qd, J = 5.7, 1.9 Hz, 1H), 3.79 – 3.67 (m, 1H), 3.61 (ddd, J = 11.9, 
7.0, 5.6 Hz, 1H), 2.38 (d, J = 1.5 Hz, 3H). 13C NMR (125 MHz, Chloroform-d) δ 164.19, 147.72, 
146.66, 140.07, 137.07, 131.45, 122.61, 118.44, 117.66, 112.58, 77.14, 76.40, 75.00, 70.75, 
62.13, 59.44, 47.15, 19.51. HRMS (ESI+) m/z: [M+H]+ calcd for C19H22ClN6O4S  465.1112, found 
465.1122. 
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Compound 28. 

 

 

1H NMR (500 MHz, Chloroform-d) δ 8.35 (s, 1H), 7.96 – 7.81 (m, 2H), 7.79 – 7.59 (m, 2H), 6.16 
(d, J = 2.4 Hz, 1H), 4.80 – 4.62 (m, 2H), 4.54 (d, J = 12.1 Hz, 1H), 4.45 (tdd, J = 8.0, 6.9, 1.9 Hz, 
1H), 4.10 – 3.96 (m, 2H), 3.86 (dt, J = 12.1, 5.3 Hz, 2H), 3.81 (s, 3H), 3.70 – 3.61 (m, 1H), 3.57 – 
3.50 (m, 3H), 2.34 (d, J = 1.5 Hz, 3H), 1.98 (t, J = 5.3 Hz, 4H). 13C NMR (125 MHz, Chloroform-d) 
δ 171.03, 167.07, 148.19, 138.02, 134.47, 129.00, 119.75, 119.19, 106.05, 78.64, 76.41, 75.12, 
75.00, 70.66, 64.33, 62.12, 59.29, 41.44, 35.38, 19.67. HRMS (ESI+) m/z: [M+H]+ calcd for 
C25H32N5O7S  546.2022, found 546.2021. 
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Compound 29. 

  

  

1H NMR (500 MHz, Methanol-d) 7.87 (dd, J = 8.5, 1.6 Hz, 2H), 6.90 (dd, J = 8.5, 1.6 Hz, 2H), 
6.15 (d, J = 7.5 Hz, 1H), 4.36 (q, J = 4.6, 3.2 Hz, 2H), 4.30 – 4.12 (m, 2H), 3.71 (dd, J = 14.2, 2.7 
Hz, 2H), 3.62 – 3.46 (m, 2H), 3.22 (m, 1H), 2.33 (d, J = 2.2 Hz, 3H). 13C NMR (125 MHz, 
Methanol-d) δ 167.07, 166.17, 148.19, 138.65, 130.97, 128.15, 119.75, 118.98, 78.64, 76.41, 
75.12, 75.00, 70.66, 62.12, 59.29, 52.17, 19.67. HRMS (ESI+) m/z: [M+H]+ calcd for C19H23N4O6S  
435.1338, found 435.1339. 
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Compound 30. 

 
1H NMR (500 MHz, Chloroform-d) δ 7.49 (s, 1H), 5.54 (d, J = 2.4 Hz, 1H), 4.63 (d, J = 12.1 Hz, 
1H), 4.56 – 4.44 (m, 2H), 4.37 (tdd, J = 8.1, 6.9, 2.0 Hz, 1H), 4.07 (t, J = 6.3 Hz, 2H), 4.03 – 3.94 
(m, 1H), 3.75 – 3.67 (m, 1H), 3.58 (dd, J = 7.9, 5.9 Hz, 1H), 3.56 – 3.41 (m, 3H), 2.35 (d, J = 1.5 
Hz, 3H), 2.26 – 2.18 (m, 2H). 13C NMR (125 MHz, Chloroform-d) δ 167.07, 142.95, 122.65, 78.64, 
76.41, 75.12, 75.00, 70.66, 62.12, 59.59, 59.23, 47.50, 31.54, 19.67. HRMS (ESI+) m/z: [M+H]+ 
calcd for C14H23N4O5S  359.1389, found 359.1386. 
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Compound 31. 

 

1H NMR (400 MHz, Chloroform-d) δ 7.92 – 7.73 (m, 2H), 7.45 – 7.25 (m, 5H), 7.18 – 7.02 (m, 
2H), 6.45 (s, 1H), 6.36 (d, J = 6.3 Hz, 1H), 4.66 (d, J = 5.6 Hz, 2H), 4.51 – 4.40 (m, 2H), 4.35 – 
4.18 (m, 2H), 3.75 (dd, J = 12.1, 2.3 Hz, 1H), 3.64 – 3.50 (m, 2H), 3.24 (ddd, J = 9.0, 6.6, 2.3 Hz, 
1H), 2.29 (d, J = 1.9 Hz, 3H). 13C NMR (125 MHz, Chloroform-d) δ 167.66, 167.07, 148.19, 
138.71, 137.75, 132.77, 128.89, 128.40, 127.31, 127.17, 119.75, 119.13, 78.64, 76.41, 75.12, 
75.00, 70.66, 62.12, 59.29, 43.79, 19.67. HRMS (ESI+) m/z: [M+H]+ calcd for C25H28N5O5S  
510.1811, found 510.1818. 
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Compound 32. 

 

1H NMR (400 MHz, Methanol-d) δ 8.24 – 8.03 (m, 2H), 7.18 – 7.03 (m, 2H), 6.38 (d, J = 6.3 Hz, 
1H), 5.34 – 5.23 (m, 1H), 4.54 – 4.37 (m, 2H), 4.41 – 4.16 (m, 2H), 3.75 (dd, J = 12.1, 2.3 Hz, 
1H), 3.68 – 3.50 (m, 2H), 3.24 (m, 1H), 2.28 (d, J = 2.0 Hz, 3H), 1.36 (d, J = 6.2 Hz, 7H). 13C 
NMR (125 MHz, Methanol-d) δ 167.07, 166.46, 148.19, 138.88, 131.16, 128.77, 119.75, 118.93, 
78.64, 76.41, 75.12, 75.00, 70.66, 68.95, 62.12, 59.29, 21.98, 19.67. HRMS (ESI+) m/z: [M+H]+ 
calcd for C21H27N4O6S  463.1651, found 463.1663. 
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Compound 33. 

 

1H NMR (400 MHz, Methanol-d) δ 7.90 – 7.68 (m, 2H), 7.21 – 6.97 (m, 2H), 6.36 (d, J = 6.4 Hz, 
1H), 6.15 (s, 1H), 4.52 – 4.37 (m, 2H), 4.37 – 4.17 (m, 2H), 3.75 (dd, J = 12.1, 2.3 Hz, 1H), 3.60 – 
3.51 (m, 2H), 3.47 (td, J = 7.2, 5.7 Hz, 2H), 3.24 (dd, J = 15.8, 2.3 Hz, 1H), 2.29 (d, J = 1.8 Hz, 
3H), 1.62 (tt, J = 7.8, 6.4 Hz, 2H), 1.53 – 1.35 (m, 2H), 0.98 (t, J = 7.3 Hz, 3H). 13C NMR (125 
MHz, Methanol-d) δ 168.77, 167.07, 148.19, 137.75, 128.89, 126.87, 119.75, 119.13, 78.64, 
76.41, 75.12, 75.00, 70.66, 62.12, 59.29, 40.10, 30.74, 20.43, 19.67, 13.74. HRMS (ESI+) m/z: 
[M+H]+ calcd for C22H30N5O5S  476.1968, found 476.1964. 
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Compound 34. 

 

1H NMR (400 MHz, Methanol-d) δ 7.90 – 7.74 (m, 2H), 7.20 – 7.04 (m, 2H), 6.36 (d, J = 6.4 Hz, 
1H), 6.17 (s, 1H), 5.97 (ddt, J = 17.1, 10.2, 5.7 Hz, 1H), 5.35 – 5.19 (m, 2H), 4.53 – 4.41 (m, 2H), 
4.38 – 4.22 (m, 2H), 4.12 (dt, J = 5.8, 1.5 Hz, 2H), 3.75 (dd, J = 12.1, 2.3 Hz, 1H), 3.66 – 3.49 (m, 
2H), 3.25 (ddd, J = 9.0, 6.6, 2.3 Hz, 1H), 2.29 (d, J = 1.7 Hz, 3H). 13C NMR (125 MHz, Methanol-
d) δ 168.11, 167.07, 148.19, 137.75, 134.68, 132.18, 128.89, 119.75, 119.13, 115.82, 78.64, 
76.41, 75.12, 75.00, 70.66, 62.12, 59.29, 43.23, 19.67. HRMS (ESI+) m/z: [M+H]+ calcd for 
C21H26N5O5S  460.1655, found 460.1664. 
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Compound 35. 

 

1H NMR (500 MHz, Chloroform-d) δ 7.87 – 7.73 (m, 5H), 6.55 (t, J = 4.4 Hz, 1H), 6.26 (d, J = 2.4 
Hz, 1H), 4.74 (d, J = 12.1 Hz, 1H), 4.69 – 4.54 (m, 2H), 4.21 (tdd, J = 8.3, 6.9, 2.0 Hz, 1H), 3.98 
(ddd, J = 11.9, 7.1, 5.7 Hz, 1H), 3.90 (qd, J = 5.7, 2.0 Hz, 1H), 3.77 – 3.72 (m, 1H), 3.55 – 3.38 
(m, 4H), 2.36 (s, 3H), 1.23 (t, J = 7.1 Hz, 3H). 13C NMR (125 MHz, Chloroform-d) δ 167.70, 
167.07, 148.19, 137.75, 132.37, 128.89, 119.75, 119.13, 78.64, 76.41, 75.12, 75.00, 70.66, 
62.12, 59.29, 35.96, 19.67, 14.66. HRMS (ESI+) m/z: [M+H]+ calcd for C20H26N5O5S  448.1655, 
found 448.1641. 
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Compound 36. 

 

1H NMR (400 MHz, Methanol-d) δ 8.71 (s, 1H), 7.61 – 7.42 (m, 2H), 7.20 – 7.01 (m, 2H), 6.36 (d, 
J = 6.4 Hz, 1H), 4.57 – 4.39 (m, 2H), 4.38 – 4.18 (m, 2H), 3.84 (t, J = 6.7 Hz, 2H), 3.75 (dd, J = 
12.1, 2.4 Hz, 1H), 3.62 – 3.51 (m, 2H), 3.27 – 3.19 (m, 2H), 2.29 (d, J = 1.9 Hz, 3H). 13C NMR 
(100 MHz, Methanol-d) δ 167.90, 167.07, 148.19, 137.75, 128.89, 126.87, 119.75, 119.13, 78.64, 
76.41, 75.12, 75.00, 70.66, 62.12, 60.15, 59.29, 42.22, 19.67. HRMS (ESI+) m/z: [M+H]+ calcd for 
C20H26N5O6S  464.1604, found 464.1608. 
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Compound 37. 

 

1H NMR (400 MHz, Methanol-d) δ 7.67 – 7.59 (m, 2H), 7.56 – 7.38 (m, 8H), 7.25 (s, 2H), 7.18 – 
7.04 (m, 2H), 6.36 (d, J = 6.3 Hz, 1H), 4.64 (s, 2H), 4.52 – 4.39 (m, 2H), 4.39 – 4.21 (m, 4H), 3.75 
(dd, J = 12.1, 2.3 Hz, 1H), 3.66 – 3.49 (m, 2H), 3.24 (ddd, J = 9.0, 6.8, 2.3 Hz, 1H), 2.29 (d, J = 
2.0 Hz, 3H). 13C NMR (125 MHz, Methanol-d) δ 170.77, 167.07, 148.19, 138.16, 138.02, 135.06, 
129.00, 128.28, 128.04, 127.48, 119.75, 119.19, 78.64, 76.41, 75.12, 75.00, 70.66, 62.12, 59.29, 
51.52, 19.67. HRMS (ESI+) m/z: [M+H]+ calcd for C32H34N5O5S  600.2281, found 600.2286. 
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Compound 38. 

 

1H NMR (500 MHz, Chloroform-d) δ 8.29 (s, 1H), 7.91 – 7.81 (m, 2H), 7.72 – 7.63 (m, 2H), 7.23 – 
7.12 (m, 4H), 6.38 (d, J = 9.2 Hz, 1H), 6.04 (d, J = 2.4 Hz, 1H), 4.74 (d, J = 11.9 Hz, 1H), 4.67 – 
4.55 (m, 2H), 4.36 – 4.23 (m, 2H), 4.05 (qd, J = 5.7, 2.0 Hz, 1H), 3.94 (dd, J = 7.9, 6.0 Hz, 1H), 
3.88 – 3.82 (m, 1H), 3.73 (t, J = 7.1 Hz, 1H), 3.70 – 3.63 (m, 1H), 3.02 (ddd, J = 15.0, 7.5, 0.9 Hz, 
2H), 2.88 (ddd, J = 15.0, 7.5, 0.9 Hz, 2H), 2.37 (d, J = 1.6 Hz, 3H), 1.76 (d, J = 7.0 Hz, 1H). 13C 
NMR (125 MHz, Chloroform-d) δ 167.07, 166.73, 148.19, 142.51, 137.98, 132.24, 128.43, 
126.44, 124.31, 119.75, 119.09, 78.64, 76.41, 75.12, 75.00, 70.66, 62.12, 59.29, 53.87, 39.17, 
19.67. HRMS (ESI+) m/z: [M+H]+ calcd for C27H30N5O5S  536.1968, found 536.1966. 

  



 

120 

 

Compound 39. 

 

1H NMR (400 MHz, Methanol-d) δ 7.83 – 7.70 (m, 2H), 7.32 – 7.19 (m, 5H), 7.10 – 7.00 (m, 2H), 
6.36 (d, J = 6.4 Hz, 1H), 6.31 (d, J = 7.7 Hz, 1H), 4.96 (qt, J = 7.2, 4.3 Hz, 1H), 4.45 (dp, J = 6.0, 
2.0 Hz, 2H), 4.37 – 4.23 (m, 2H), 3.75 (dd, J = 12.1, 2.3 Hz, 1H), 3.66 – 3.52 (m, 2H), 3.44 (dd, J 
= 16.3, 7.1 Hz, 2H), 3.24 (ddd, J = 9.0, 6.6, 2.3 Hz, 1H), 2.95 (dd, J = 16.2, 4.4 Hz, 2H), 2.28 (d, J 
= 2.0 Hz, 3H). 13C NMR (100 MHz, Methanol-d) δ 170.79, 167.07, 148.19, 138.30, 137.84, 
134.58, 128.70, 127.77, 127.41, 119.75, 119.22, 78.64, 76.41, 75.12, 75.00, 70.66, 62.12, 59.29, 
51.48, 35.93, 19.67. HRMS (ESI+) m/z: [M+H]+ calcd for C26H30N5O5S  524.1968, found 524.1966. 
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2.6.3. Gene expression and enzyme purification 

Gene expression and protein purification of SpGH85: SpGH85 was produced 

according to previous literature (Abbott 2009) in Escherichia coli BL21 Star (DE3) cells 

using Lysogeny broth (LB medium) with 50 µg/mL of kanamycin incubated for 8 hours at 

37 oC, or until they reached an absorbance of 0.6 using 600 nm wavelength light. Protein 

production was induced with 0.5mM isopropyl β-D-1-thio-galactopyranoside (IPTG) for 4 

hours at 37 oC. The cells were harvested by centrifugation, resuspended in loading buffer, 

frozen overnight at -80 oC, ruptured by the addition of 0.2 mg of lysozyme per mL of 

resuspended E. coli, and sonicated on ice. SpGH85 was purified on a Ni2+ His tag column, 

dialyzed, and concentrated. Final concentration of SpGH85 was determined by 

Nanodrop2000. SpGH85 plasmid, along with transfected E. coli BL21 Star (DE3) cells were 

obtained from Melissa Cid from the laboratory of Prof. Alisdair Boraston at the University 

of Victoria. 

Gene expression and protein purification of Endo D: Endo D was produced 

according to previous literature (Abbott 2009) in Escherichia coli BL21 Star (DE3) cells 

using LB media with 50 µg/mL of kanamycin incubated for 8 hours at 37 oC, or until they 

reached an absorbance of 0.6 using 600 nm wavelength light. Protein production was 

induced with 0.5mM IPTG for 4 hours at 37 oC. The cells were harvested by centrifugation, 

resuspended in loading buffer, frozen overnight at -80 oC, ruptured by the addition of 0.2 

mg of lysozyme per mL of resuspended E. coli, and sonicated on ice. Endo D was purified 

on a Ni2+ His tag column, dialyzed, and concentrated. Purified Endo D was obtained from 

Dr. Joanne Hobbs from the laboratory of Prof. Alisdair Boraston at the University of 

Victoria. 

Gene expression and protein purification of FlgJ: FlgJ was transfected by 

adding plasmid DNA into Escherichia coli BL21 Gold cells and heat shocking them at 42 

oC for one minute and allowing them to grow for 30 minutes in LB media before plating on 

an agar plate infused with kanamycin. A single colony was taken and incubated in LB 

media with 50 µg/mL of kanamycin overnight. 1 mL of this culture was added to 1L of LB 

media with 50 µg/mL of kanamycin and incubated at 37 oC until they reached an 

absorbance of 0.6 using 600 nm wavelength light. Protein production was induced with 

0.2mM IPTG for 4 hours at 28 oC. The cells were harvested by centrifugation, resuspended 



 

122 

in loading buffer, frozen overnight at -80 oC, ruptured by the addition of 0.2 mg of lysozyme 

per mL of resuspended E. coli, and sonicated on ice. FlgJ was purified on a Ni2+ His tag 

column, dialyzed, and concentrated. Final concentration of FlgJ was determined by 

Nanodrop2000. The plasmid for FlgJ with an excised inhibitory helix was obtained from 

Patryk Zaloba from the laboratory of Prof. Brian Mark at the University of Manitoba. 

Protein purification of Auto: E. coli cell lysate containing Auto was purified on a 

Ni-NTA column, followed by overnight incubation with HRV3C protease to remove the 

GST and His tag. The tags were removed using a GST bind resin and the filtrate was 

further purified over Superdex 75 resin before being dialyzed and concentrated. Purified 

Auto was obtained from Dr. Veronica Larmour from the laboratory of Prof. Brian Mark at 

the University of Manitoba. 

 

2.6.4. Kinetic analysis of enzymes 

Kinetic analysis of Endo D: All assays were carried out in Greiner 384-well low 

volume plates in 50mM citrate, 50mM CHES, 50mM phosphate, and 100mM NaCl pH 7.5 

buffer in quadruplicate for 20 minutes. A continuous assay procedure was performed in 

which the reactions were initiated by the addition of 3,4-DNP-GlcNAc substrate (8 µL via 

multichannel pipette). The total assay volume was 10 µL. 

 

2.6.5. Standard analysis of water content 

NMR analysis of water content in 3,4-dinitrophenol standard. The commercial 

3,4-dinitrophenol available is moistened with 15 to 25% water as anhydrous 3,4-

dinitrophenol is highly explosive. Due to this explosive nature, elemental analysis or 

thermogravimetric analysis was not suitable for water determination. Quantitative NMR 

analysis was used with a 99.7% ± 0.2% pure methyl 3,5-dinitrobenzoate standard in 

homogenized deuterated DMSO on the Bruker AVANCE II 600 MHz NMR spectrometer. 

From these experiments, it was deduced that the commercial sample is 76.4% ± 0.2% 

pure. 
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Chapter 3.  
 
Rational design and synthesis of an inhibitor of HexD 
to explore enzyme function 

3.1. Contributions 

This work builds off of previous research done by Matthew Alteen from the Vocadlo 

Lab in collaboration with Prof. Tracey Gloster at the University of St. Andrews. X-Ray 

structures of HexD were solved by Prof. Tracey Gloster. Design and synthesis of inhibitors 

were done by Matthew Alteen and Isaac Seo. Kinetic inhibition studies were performed by 

Matthew Alteen. 
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3.2. Abstract 

Hex D is a mammalian N-acetylgalactosaminidase that hydrolyzes O-GalNAc 

substrates. Although the mechanism and substrate selectivity of this enzyme is known, 

the exact biological substrates and functions of this enzyme are unknown. Gal-thiazoline 

is known to inhibit Hex D competitively (KI = 420 nM) and a recent co-crystal structure of 

Gal-thiazoline bound to Hex D showed a pocket near the 3-OH position of the inhibitor. To 

further study the physiological role of Hex D, more potent and selective inhibitors with 

modifications at the 3-OH position of Gal-thiazoline were synthesized and tested for 

inhibitory potential. Unfortunately, modifications at this position resulted in decreased 

inhibition. We hypothesize that the 3-OH position is responsible for a key hydrogen 

bonding interaction that is compromised upon alkylation. 
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3.3. Introduction 

Four mammalian N-acetyl hexosaminidases are known; these are responsible for 

cleaving terminal GlcNAc or GalNAc residues off proteins or gangliosides (Suzuki, 2003). 

However, only three of these N-acetyl hexosaminidases (Hex A, Hex B, and Hex C, which 

was renamed OGT) have known functions (Gloster, 2010). Hex D was only recently 

characterized mechanistically, but the natural substrates and functions are still unknown 

(Alteen, 2016). Previous studies indicate that Hex D is selective towards O-GalNAc, but 

can still hydrolyze O-GlcNAc (Gutternigg, 2009). This would indicate that GalNAc 

containing glycoconjugates may be involved in cellular processes in the cytosol, but 

enzymes responsible for installation of GalNAc in the cytosol are currently unknown, 

though conflicting studies suggests that OGT may or may not be able to tolerate UDP-

GalNAc as a substrate in transferring GalNAc onto serine or threonine residues of proteins 

(Ma, 2013; Lazarus, 2012). 

Recently, the mechanism of Hex D was confirmed as using a substrate assisted 

catalysis mechanism by synthesizing a series of p-nitrophenyl N-acetylgalactosamine 

substrates having varying number of fluorine substitutions on the acetamido group. 

Further validation was found in the effective inhibition of Hex D by Gal-thiazoline, with a 

Ki value of 420 nM (Alteen, 2016). Variants of Gal-thiazoline with modifications at the 2-

position were synthesized, but little or no inhibition was observed using these. The reason 

for the lack of inhibition when making extensions at the 2 position were realized when the 

co-crystal structure of Gal-thiazoline bound to the active site of Hex D was elucidated and 

showed no room for modifications at this position. However, a large binding pocket was 

found near the 3 position of Gal-thiazoline, illustrated in Figure 3.1. To develop a potent 

and selective inhibitor of Hex D, analogs of Gal-thiazoline with modifications at the 3 

position were developed and tested for inhibition with the goal of eventually using these 

to understand the role of Hex D in cells. 
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Figure 3.1. Co-crystal structure of Gal-thiazoline bound to Hex D shows a large 
binding pocket vicinal to the 3-OH position of Gal-thiazoline 
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3.4. Results and discussion 

3.4.1. Design and synthesis of 3-OH modified galactose-thiazoline 

Building on previous knowledge regarding the chemical reactivity of gluco-

configured thiazolines as outlined in Chapter 2, Gal-thiazoline was synthesized according 

to reported methods (Alteen, 2016) and selectively protected at the 4 and 6-OH positions 

using benzaldehyde dimethylacetal in the presence of catalytic camphorsulfonic acid. The 

sole free hydroxyl group was then alkylated at low temperature by addition of sodium 

hydride and appropriate alkyl halides to form the corresponding 3-O-alkyl-4,6-O-p-

methoxybenzylidene-Gal-Thiazoline. The benzylidene protecting group was removed 

using ethane dithiol, catalytic amounts of pTSA, and gentle heating to afford the 3-O-alkyl-

Gal-thiazoline. 

 

Scheme 3.1. Synthesis of 3-OH functionalized Gal-thiazoline. 

 

 

Figure 3.2. Synthesized Gal-thiazoline inhibitors of Hex D. 
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3.4.2. Inhibition assays of Hex D shows loss of inhibition potential 

3-OH functionalized Gal-thiazoline derivatives were tested with Hex D using p-

nitrophenyl N-acetylgalactosamine as a substrate. These inhibitors showed poor inhibition 

compared to the parent Gal-thiazoline with KI values that were 200 to 4000 fold greater. 

These results showcase the often unpleasant truth that crystal structures in solid form do 

not always have the same conformation in solution. Should the pocket exist in solution, 

other possibilities that may account for these observations include the presence of 

hydrophilic residues around the pocket, thereby disfavoring hydrophobic molecules, or the 

alkylation of the 3-OH position acting to disrupt an essential hydrogen bond required for 

proper binding. The area surrounding the pocket is rich in polar moieties such as lysine, 

histidine, aspartic acid, glutamic acid, and glutamine. This may explain why the methyl 

sulfonate ester is the most potent of the modified inhibitors.  

 

Table 3.1. KI values of inhibitors developed for Hex D 

Inhibitor KI 

Gal-thiazoline 420 nM 

3-O-methanesulfonyl-Gal-thiazoline 87 µM 

3-O-methyl -Gal-thiazoline 259 µM 

3-O-benzyl-Gal-thiazoline 878 µM 

3-O-allyl-Gal-thiazoline 1.67 mM 

3-O-ethyl-Gal-thiazoline n.d.1 

  

 
1 Not determined. This compound was not sent for inhibition testing as it would not lead to more 

potent inhibitors 
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3.5. Conclusions and future prospects 

A handful of Gal-thiazoline derivatives were synthesized and tested for inhibition 

against Hex D. Several of these compounds (51, 53 & 61) will need to be revisited 

for complete characterization to obtain melting points or 13C spectra. Although all 

3-O-alkyl-Gal-thiazolines showed worse inhibition than the parent Gal-thiazoline 

inhibitor, comparative studies between these inhibitors indicates the hydrophilic 

nature of the binding pocket near the 3 position may be important. It is possible 

that inhibitors based on Gal-thiazolines with an alkyl amine at the 3 position can 

be developed as a potent inhibitor of Hex D. 

Hex D remains an interesting enzyme as it is conserved in mammals and found in 

all cell types and appears to act on a sugar substrate for which no biological 

information pertaining to its hydrolysis is known. The development of 3-amino 

galacto-configured inhibitiors possessing a secondary amine at the 3 position that 

could enable hydrogen bonding with a vicinal hydrogen bond acceptor could be a 

potent and selective inhibitor. In the future, 3-OH functionalized Gal-PUGNAc, 

which is a more potent inhibitor scaffold, could be developed to yield potential 

inhibitors of Hex D. 

 

 

  



 

130 

3.6. Experimental 

3.6.1. Synthetic procedures for chemical compounds 

 

Compound 51: Gal-thiazoline (30 mg, 0.137 mmol) was added to a flame-dried 

50 mL round bottom flask in an atmosphere of argon. The compound was dissolved in 

THF (6 mL) before the addition of benzaldehyde dimethyl acetal (83 µL, 0.548 mmol) and 

camphor sulfonic acid (6.4 mg, 0.027 mmol). This mixture was heated to 50ºC for 3 hours 

and transferred to a rotary evaporator where solvent volume was reduced to 1 mL. 

Dichloromethane was added and the solution was filtered through a silica plug and 

recrystallized with ethyl acetate and cold hexanes to yield 4,6-O-benzylidene-Gal-

thiazoline as a white solid (28.8 mg, 62%). 1H NMR (500 MHz, Chloroform-d) δ 7.52 – 

7.46 (m, 2H), 7.38 (qd, J = 4.7, 1.5 Hz, 3H), 6.52 (d, J = 6.2 Hz, 1H), 5.61 (s, 1H), 4.44 – 

4.39 (m, 2H), 4.32 (dd, J = 12.9, 1.3 Hz, 1H), 4.23 (td, J = 6.4, 3.8 Hz, 1H), 4.13 (dd, J = 

13.0, 2.4 Hz, 1H), 3.65 (q, J = 2.1 Hz, 1H), 3.44 (d, J = 6.0 Hz, 1H), 2.27 (d, J = 1.9 Hz, 

3H). 13C NMR (126 MHz, Chloroform-d) δ 167.94, 137.54, 129.43, 128.48, 126.31, 100.76, 

90.13, 79.49, 77.40, 77.15, 76.90, 74.10, 70.95, 69.83, 66.06, 21.22. HRMS (ESI+) m/z: 

[M+H]+ calcd for C15H20NO4S  310.0951, found 310.0966.  



 

131 
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General procedure for Compounds 52-56: 4,6-O-benzylidene-Gal-thiazoline (50 

mg, 0.163 mmol) was added to a flame-dried 50 mL round bottom flask in an 

atmosphere of argon. The compound was dissolved in DMF (2 mL) before the 

addition of alkyl halide (0.326 mmol) and cooled to 0ºC. Sodium hydride (13 mg, 

0.326 mmol, 60% dispersion in mineral oil) was added in portions and stirred on 

ice for 3 hours. Cold ethyl acetate was added and the mixture was washed thrice 

with water and brine before being dried on sodium sulfate and concentrated in 

vacuo. Purification by silica gel flash column chromatography (1:1 ethyl acetate : 

hexanes) gave 4,6-O-benzylidene-3-O-alkyl-Gal-thiazoline as a clear, white foam 

(58-87%). 
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Compound 52. 

 

 

1H NMR (500 MHz, Chloroform-d) δ 7.52 – 7.47 (m, 2H), 7.42 – 7.32 (m, 3H), 6.57 

(d, J = 5.5 Hz, 1H), 5.59 (s, 1H), 4.60 (dd, J = 3.1, 2.1 Hz, 1H), 4.44 (ddd, J = 7.7, 5.6, 2.0 

Hz, 1H), 4.37 (dd, J = 12.8, 1.3 Hz, 1H), 4.11 (dd, J = 12.9, 2.1 Hz, 1H), 3.71 (ddd, J = 

3.2, 2.1, 1.2 Hz, 1H), 3.65 (dd, J = 7.6, 2.1 Hz, 1H), 3.61 (s, 3H), 2.31 (d, J = 2.0 Hz, 3H). 

13C NMR (126 MHz, Chloroform-d) δ 137.66, 129.36, 128.49, 126.42, 101.00, 89.08, 

80.48, 72.26, 72.11, 67.97, 57.84, 20.93. HRMS (ESI+) m/z: [M+H]+ calcd for C16H20NO4S  

322.1108, found 322.1118. 
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Compound 53. 

 

1H NMR (400 MHz, Chloroform-d) δ 7.66 – 7.34 (m, 6H), 6.59 (d, J = 5.5 Hz, 1H), 

5.62 (s, 1H), 4.59 (dd, J = 3.0, 2.1 Hz, 1H), 4.48 (ddt, J = 7.5, 3.4, 1.9 Hz, 1H), 4.46 – 4.37 

(m, 1H), 4.12 (dd, J = 12.9, 2.1 Hz, 1H), 3.90 – 3.78 (m, 2H), 3.74 (ddd, J = 3.2, 2.1, 1.3 

Hz, 1H), 3.61 (s, 1H), 2.98 (d, J = 0.5 Hz, 3H), 2.42 (d, J = 2.0 Hz, 3H), 1.33 (t, J = 7.0 Hz, 

3H). HRMS (ESI+) m/z: [M+H]+ calcd for C17H22NO4S  336.1270, found 336.1272. 
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Compound 54. 

 

 

1H NMR (400 MHz, Chloroform-d) δ 7.54 – 7.47 (m, 2H), 7.42 – 7.33 (m, 3H), 6.56 

(d, J = 5.5 Hz, 1H), 6.01 (dddd, J = 17.3, 10.3, 6.1, 5.4 Hz, 1H), 5.58 (s, 1H), 5.36 (dq, J 

= 17.3, 1.6 Hz, 1H), 5.21 (dq, J = 10.4, 1.4 Hz, 1H), 4.53 (dd, J = 3.0, 2.2 Hz, 1H), 4.46 

(ddt, J = 7.6, 6.0, 2.1 Hz, 1H), 4.43 – 4.25 (m, 3H), 4.09 (dd, J = 12.8, 2.1 Hz, 1H), 3.81 

(dd, J = 7.6, 2.2 Hz, 1H), 3.69 (ddd, J = 3.3, 2.1, 1.3 Hz, 1H), 2.30 (d, J = 2.1 Hz, 3H). 13C 

NMR (101 MHz, Chloroform-d) δ 165.04, 135.06, 129.30, 128.45, 126.40, 117.70, 100.88, 

89.20, 80.86, 78.02, 77.48, 77.36, 77.16, 76.84, 73.34, 72.17, 71.19, 67.96, 20.96. HRMS 

(ESI+) m/z: [M+H]+ calcd for C18H22NO4S  348.1264, found 348.1267. 
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Compound 55. 

 

 

1H NMR (400 MHz, Chloroform-d) δ 7.50 – 7.40 (m, 4H), 7.40 – 7.24 (m, 7H), 6.54 

(d, J = 5.5 Hz, 1H), 5.48 (s, 1H), 4.93 (d, J = 12.4 Hz, 1H), 4.81 (d, J = 12.4 Hz, 1H), 4.53 

– 4.48 (m, 1H), 4.38 (dd, J = 3.0, 2.2 Hz, 1H), 4.29 (dd, J = 12.8, 1.4 Hz, 1H), 4.00 (dd, J 

= 12.8, 2.1 Hz, 1H), 3.81 (dd, J = 7.6, 2.2 Hz, 1H), 3.59 (ddt, J = 3.2, 2.4, 1.1 Hz, 1H), 2.28 

(d, J = 2.0 Hz, 3H). 13C NMR (101 MHz, Chloroform-d) δ 138.34, 137.64, 129.14, 128.35, 

128.33, 128.30, 127.92, 127.75, 127.66, 127.47, 126.23, 100.67, 89.19, 80.48, 77.84, 

73.30, 71.88, 71.75, 67.71, 20.86. HRMS (ESI+) m/z: [M+H]+ calcd for C22H24NO4S  

398.1421, found 398.1413. 
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Compound 56. 

 

 

1H NMR (500 MHz, Chloroform-d) δ 7.53 – 7.47 (m, 2H), 7.43 – 7.34 (m, 3H), 6.58 

(d, J = 5.7 Hz, 1H), 5.61 (s, 1H), 4.89 (dd, J = 8.1, 2.3 Hz, 1H), 4.69 (t, J = 2.7 Hz, 1H), 

4.57 (ddt, J = 7.9, 5.8, 1.9 Hz, 1H), 4.38 (dd, J = 13.0, 1.3 Hz, 1H), 4.15 – 4.08 (m, 1H), 

3.81 (dt, J = 3.0, 1.7 Hz, 1H), 3.25 (s, 3H), 2.28 (d, J = 1.9 Hz, 3H). 13C NMR (126 MHz, 

Chloroform-d) δ 167.23, 137.30, 129.43, 128.50, 126.23, 100.59, 89.26, 80.65, 77.94, 

74.23, 71.59, 67.35, 39.10, 21.11. HRMS (ESI+) m/z: [M+H]+ calcd for C16H20NO6S2  

386.0727, found 386.0741. 
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General procedure for Compounds 57-61: 4,6-O-benzylidene-3-O-alkyl-Gal-

thiazoline (23.4 mg, 0.070 mmol) was added to a flame-dried 50 mL round 

bottom flask in an atmosphere of argon. The compound was dissolved in 

acetonitrile (2 mL). p-Toluenesulfonic acid (2.6 mg, 0.014 mmol) and 

ethanedithiol (35 µL, 0.417 mmol) were added and the reaction was heated to 75 

oC for 40 minutes before being concentrated and purified by silica gel flash 

column chromatography (1:19 methanol : dichloromethane) to yield 3-O-alkyl-

Gal-thiazoline as a clear, white foam (55- 81%).  
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Compound 57. 

 

 

1H NMR (500 MHz, Methanol-d4) δ 6.45 (d, J = 6.5 Hz, 1H), 4.76 (dd, J = 8.3, 3.1 

Hz, 1H), 4.48 (tq, J = 8.0, 1.4 Hz, 1H), 4.23 (t, J = 2.9 Hz, 1H), 3.97 (ddd, J = 7.4, 5.2, 2.5 

Hz, 1H), 3.74 (qd, J = 11.7, 6.1 Hz, 2H), 3.20 (s, 3H), 2.26 (d, J = 1.4 Hz, 3H). 13C NMR 

(126 MHz, Methanol-d4) δ 91.76, 82.65, 76.44, 74.50, 67.33, 61.52, 38.52, 21.59. HRMS 

(ESI+) m/z: [M+H]+ calcd for C9H11NO6S2  298.0414, found 298.0422. 
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Compound 58. 

 

1H NMR (400 MHz, Methanol-d4) δ 7.46 – 7.40 (m, 2H), 7.37 – 7.24 (m, 3H), 6.38 

(d, J = 6.4 Hz, 1H), 5.49 (s, 1H), 4.79 – 4.59 (m, 2H), 4.35 (ddq, J = 7.9, 6.4, 1.4 Hz, 1H), 

4.16 (t, J = 2.8 Hz, 1H), 3.84 (ddd, J = 7.1, 4.9, 2.4 Hz, 1H), 3.81 – 3.69 (m, 2H), 3.67 (dd, 

J = 8.0, 3.1 Hz, 1H), 2.21 (d, J = 1.4 Hz, 3H), 2.01 (s, 1H). 13C NMR (101 MHz, Methanol-

d4) δ 129.01, 128.90, 128.44, 91.68, 79.38, 76.44, 75.63, 65.42, 49.21, 49.00, 48.79, 

21.19. HRMS (ESI+) m/z: [M+H]+ calcd for C15H19NO4S  310.1113, found 310.1124. 
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Compound 59. 

 

 

1H NMR (400 MHz, Methanol-d4) δ 6.36 (d, J = 6.5 Hz, 1H), 4.27 (ddq, J = 8.0, 6.5, 

1.5 Hz, 1H), 4.19 (t, J = 2.8 Hz, 1H), 3.88 (ddd, J = 7.2, 5.0, 2.5 Hz, 1H), 3.82 – 3.68 (m, 

2H), 3.46 (s, 3H), 3.43 (dd, J = 8.0, 3.0 Hz, 1H), 2.23 (d, J = 1.5 Hz, 3H). 13C NMR (101 

MHz, Methanol-d4) δ 171.49, 91.49, 82.29, 76.79, 76.00, 64.93, 61.93, 57.43, 54.80, 

21.36. HRMS (ESI+) m/z: [M+H]+ calcd for C9H16NO4S  234.0795, found 234.0805. 
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Compound 60. 

 

 

1H NMR (500 MHz, Methanol-d4) δ 6.38 (d, J = 6.5 Hz, 1H), 5.98 (ddt, J = 17.3, 

10.4, 5.7 Hz, 1H), 5.33 (dq, J = 17.3, 1.7 Hz, 1H), 5.18 (dq, J = 10.4, 1.4 Hz, 1H), 4.30 

(ddd, J = 8.0, 6.5, 1.5 Hz, 1H), 4.22 (ddt, J = 12.7, 5.5, 1.5 Hz, 1H), 4.16 – 4.08 (m, 2H), 

3.87 (ddd, J = 7.3, 4.9, 2.4 Hz, 1H), 3.77 (dd, J = 11.7, 7.3 Hz, 1H), 3.71 (dd, J = 11.7, 4.9 

Hz, 1H), 3.60 (dd, J = 8.1, 3.0 Hz, 1H), 2.24 (d, J = 1.4 Hz, 3H). 13C NMR (126 MHz, 

Methanol-d4) δ 134.88, 116.16, 90.41, 78.37, 75.35, 70.17, 64.13, 60.48, 20.05. HRMS 

(ESI+) m/z: [M+H]+ calcd for C11H18NO4S  260.0951, found 260.0954. 
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Compound 61. 

 

1H NMR (400 MHz, ) δ 6.27 (d, J = 6.6 Hz, 1H), 4.49 (ddq, J = 6.1, 3.8, 2.0 Hz, 

1H), 4.18 – 4.14 (m, 1H), 4.11 (t, J = 5.1 Hz, 1H), 3.92 – 3.69 (m, 5H), 3.67 – 3.53 (m, 

1H), 3.11 (s, 1H), 2.31 (d, J = 2.1 Hz, 3H), 1.32 (t, J = 7.0 Hz, 3H). HRMS (ESI+) m/z: 

[M+H]+ calcd for C10H18NO4S  248.0951, found 248.0961. 
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