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Abstract 
 

The study of proteins is essential to further our understanding of their functions in both healthy 

and diseased organisms. While several techniques are available for the study of isolated proteins, far 

fewer are available to study them in their native environments. The ability to understand how proteins 

interact with other biological molecules (other proteins, hormones, neurotransmitters, etc.) can allow 

us to develop specific drugs for specific interactions, potentially lessening side effects. In this thesis, 

two approaches to studying the function of living cells have been investigated. The first approach 

involves the design and synthesis of enzyme inhibitors. The second focuses on the design of a universal 

protein tagging method. 

Chapter two of this thesis focuses on the synthesis of novel NADPH oxidase (NOX) inhibitors 

based on Vasopharm’s VAS2870 (which contains a triazolopyrimidine backbone). The reactive 

oxygen species (ROS) generated by NOX have been implicated in the development of several 

neurodegenerative diseases (such as Alzheimer’s and Parkinson’s). The first inhibitor described 

contains a p-azidomethyl substituent for future tagging studies. Initial ROS inhibition experiments 

show that this modification does not interfere with the inhibitor’s activity. The second inhibitor 

replaces a reactive sulfur-carbon bond of the original inhibitor with a carbon-carbon bond. This 

compound did not show any inhibitory effects, indicating that the sulfur-carbon bond is necessary for 

the activity of VAS2870 and the p-azidomethyl derivative. This finding may call into question the 

conclusions of previous neurobiological studies. 

Chapter three describes efforts toward the development of a traceless affinity molecule. This 

molecule is composed of a ligand, cleavable linker, and chemical tag. When the linker is cleaved, the 

ligand is free of the tag, and can dissociate. Cleavage of the linker, an α-silyl-β-lactone, can be achieved 

via a Peterson olefination with a lysine residue outside of the ligand binding site. The result is a tag-

protein complex, which enables the visualization of the protein in real time. In addition, the location 

of the tag is such that it should not interfere with the native functions of the protein. This study 

establishes the pioneering work necessary to design viable cleavable linkers for future protein labelling. 
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Lay Summary 
 

Chemical probes – small molecules that monitor/modulate a protein’s activity – are important 

tools for studying biology. Studying proteins in their native environment provides insight into how 

they behave in healthy and diseased organisms.  This thesis describes two projects involving novel 

chemical probes. Chapter two describes the synthesis of analogues to a known enzyme inhibitor to 

reveal its mode of action and label the affected proteins. These enzymes produce reactive oxygen 

species (ROS) which are known to be detrimental if over-produced. Chapter three describes efforts 

toward the development of a traceless affinity molecule. The molecule is engineered to label only the 

desired protein target to enable visualization of the protein in real-time. These compounds can be used 

to visualize interactions between the proteins. The information gathered with our probes will expose 

how the target proteins contribute to various diseases, and help create new drugs. 
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 General Introduction  

 
Proteins are polypeptides essential to the structure and function of organisms. Their 

interactions with other biomolecules (i.e., small molecules or other proteins), functions, and cellular 

localization are critical to an organism’s survival. It is therefore important to understand how their 

activity helps to maintain a healthy organism. If a protein’s activity is disrupted, it may lead to disease 

and/or death of the organism. Having the tools to study proteins’ native interactions, functions, and 

localization can provide insight in a larger biological context. Small molecules are an important tool 

for these studies, as they can be used to modulate a protein of interest’s (POI’s) activity. 

 Small molecules are critical to several biological processes.1 They include ligands for 

signal transduction cascades (i.e., neurotransmitters), secondary messengers (for protein-protein 

interactions), and many other processes. Through the use of chemical synthesis, we are able to 

synthesize these small molecules. In addition, we are also able to design analogues to provide insights 

in to the composition of amino acid residues of the ligand binding sites. This can lead to compounds 

with increased selectivity and potency for protein targets. For the purposes of chemical biology, we 

call these small molecules chemical probes.2 

By using a chemical probe, we can answer questions regarding mechanistic and phenotypic 

effects of the POI’s activity. Moreover, the probe can be used without genetic modification, making it 

a desirable tool in the study of whole organisms. This thesis presents two individual projects, both 

based on the synthesis of novel chemical probes: the first for inhibition of a specific protein type, the 

NOX enzymes; the latter for universal protein labelling. 

 
1.1 CHEMICAL PROBES 
 

Chemical probes may be used to elucidate a protein’s role in a biological system. These probes 

can have a range of functions, including inhibition of biological activity and visualizing the protein.1 

In addition to studying the POI’s activity, the use of probes can extend to other areas of study. A probe 

may also be designed to determine a molecule’s mechanism of action on a protein. This is the basis of 

the work presented in chapter two, which describes the design and synthesis of analogues to a known 

enzymatic inhibitor.  

If a probe has a specific receptor target on the POI, it can be synthetically modified to deliver 

a chemical tag. This process is known as affinity labelling and is the basis of the work in chapter three.3 
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The probe is attached to the tag via a linker. While the probe and POI are bound, the linker undergoes 

a reaction with an amino acid residue on the surface of the protein. This initiates a reaction cascade 

that results in a protein being covalently attached to the tag. 

 

1.2 INHIBITION OF NADPH OXIDASE ENZYMES 

 

Enzymes belong to a class of proteins that catalyse biochemical reactions, via active sites for 

specific types of transformations such as methylation, phosphorylation.4 An active site typically 

contains amino acid residues that form intermolecular bonding interactions with the substrate.5 Upon 

binding, the enzyme can change shape to transform the substrate to its product (Figure 1.1). Once the 

product is formed, the initial binding interaction is less favorable, and the product dissociates, freeing 

the enzyme for the next substrate.  
 

 
 

Figure 1.1 Schematic representation of the enzymatic transformation of a substrate. 

 

To ensure that the enzyme is not constantly active, biomolecules such as proteins or small 

molecules can inhibit transformations competitively, noncompetitively, uncompetitively, or by mixed-

type inhibition (Figure 1.2).6 Competitive inhibition occurs when a molecule and substrate both have 

affinity for the enzymatic active site (Figure 1.2, A). For noncompetitive inhibition, the inhibitor and 

substrate bind to different sites on the enzyme (Figure 1.2, B). The inhibitor binds to an allosteric site, 

resulting in a change in conformation of the enzyme (which can activate or inhibit the enzyme).5 

Uncompetitive inhibition involves the inhibitor binding to the enzyme-substrate complex, preventing 

the transformation from taking place (Figure 1.2, C). Mixed-type inhibition can involve any 

combination of these. 
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Figure 1.2 The three modes of enzyme inhibition: A competitive, B noncompetitive, and C uncompetitive. The product/ 

inhibitor is shown in blue, the substrate in fuschsia, and the enzyme in tan. 

 

Disruption of enzyme activity is known to contribute to the onset and progression of diseases.5 

Over the past several decades, methods in chemical genetics have been developed to study how 

disruption in regulation of enzymes (and other proteins) is related to the progression of diseases. If the 

mechanisms of regulation are known, this may provide insights towards preventing and treating 

diseases. A tool used to probe enzymatic function is an inhibitor – a small molecule (i.e., a drug, 

peptide, enzyme product) which can be used to reduce or stop the enzyme’s catalytic activity. 
 

1.2.1 NOX Inhibitor VAS2870 Has an Unknown Mode of Inhibition 

 
The inhibitors described in chapter two were developed for the enzymatic complex NOX2 

which is found in phagocytic cells (such as microglia in the central nervous system (CNS)).7 NOX2 

produces reactive oxygen species (ROS) used by phagocytes to breakdown foreign bodies (e.g., 

bacteria) and debris (e.g., damaged/dead cells).8–10 Prolonged, uncontrolled ROS production has been 

implicated in the progression of several types of diseases (e.g., neurodegenerative diseases, such as 

Alzheimer’s Disease).11 In light of this, there is active research into methods of regulating the 

production of ROS produced by NOX2.  

In 2004, Vasopharm created a series of triazolopyrimidine compounds as inhibitors of NOX2 

in cardiac tissue.12 One of these, VAS2870 (1, Figure 1.3) has been found to be active against NOX2 

and other NOX isozymes, but how it inhibits the enzyme is still not understood.
13–17

 Currently, it is 

not known if 1 inhibits NOX2 by non-covalent or covalent binding.  
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1.2.2 Research Objective 

To investigate its mechanism of inhibition, I propose the synthesis of two analogues (2 and 3, 

Figure 1.3). The first analogue, 2, retains all features of 1 but has an azidomethyl substituent on the 

benzyl moiety. Maintaining the mercaptobenzoxazole moiety may still allow reactions with thiols in 

the cell. If 2 successfully inhibits NOX2, the azidomethyl substituent can then be used for the addition 

of a chemical tag in situ. If cysteine thiols of NOX2 have reacted with 1, this method could enable 

visualization of the thiols that have reacted with 1. The second analogue 3 retains the structure of 1, 

but substitutes a carbon for the sulfur. This compound should not be susceptible to nucleophilic attack 

by thiols. If 3 successfully inhibits NOX2, it would indicate that 1 can act as a NOX inhibitor through 

a ligand-binding interaction. 

 

 
 

Figure 1.3 The structures of VAS2870 (1), azidomethyl analogue 2, and methylene analogue 3. 

 

1.3 TRACELESS-AFFINITY LABELLING OF PROTEINS FOR REAL-

TIME MONITORING 
 

The use of inhibitors is effective for probing the activity of an enzyme, but a different method 

is required if we wish to retain the POI’s activity. Two such methods are bioorthogonal chemistry and 

traceless-affinity labelling.3,18 Bioorthogonal chemistry uses genetic incorporation of a non-native 

chemical group into a protein. The ideal group is unreactive towards other cellular components, and 

selectively reacts with a chemical probe to label the protein (e.g., click chemistry, Figure 1.4). This 

method is highly selective but has limited applications in living systems.  
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Figure 1.4 Click chemistry can be used to covalently link (A) two proteins; (B) a protein binding site and ligand; or (C) a 

receptor and a chemical tag. The azide is a small functional group, so it is not likely to perturb the POI’s functions or 

interactions. It is added to the POI through genetic modification or metabolic uptake and is nonreactive towards other 

components of the protein. In the presence of a Cu+ catalyst, it undergoes a [2+2] cycloaddition to an alkyne, which can be 

coupled to another protein, chemical tag, or probe.19,20 

  

 A recent development in chemical genetics, traceless affinity labelling, uses ligand-

directed delivery of a probe to proteins in their native environment, in real-time (Figure 1.5).3 The 

ligand and tag are connected by a cleavable linker. When the ligand binds to the protein, the linker 

reacts with a nucleophilic residue on the exterior of the active site, cleaving the ligand from the (now 

covalently bound) tag. Once the ligand dissociates, the tag remains bound, and the protein can retain 

its native structure and function. This system is advantageous because no genetic modification is 

required to tag the POI, allowing it to be used in vivo.3  
 

 
 

Figure 1.5 Ligand-directed delivery of a chemical tag to the POI. The linker reacts with a nucleophilic residue (e.g., lysine 

or serine) on the exterior of the binding site to covalently bind a chemical tag. 
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1.3.1 Towards the Development of a Silicon-Based Traceless-Affinity Linker 

 
The third chapter of this thesis describes the efforts towards the development of a traceless 

affinity linker to covalently deliver a chemical tag to the surface of the POI (Figure 1.6) The proposed 

linker, 4, contains an α-silyl-β-lactone, with a ligand bound to the silicon atom and a tag bound to the 

lactone. The α-silyl-β-lactone may undergo a reaction cascade with a lysine residue to simultaneously 

cleave the ligand from the tag, and covalently bind the tag to the POI.  
 

 
 

Figure 1.6 Structure of the proposed traceless-affinity molecule 4. 

 

1.4 OVERVIEW OF THIS THESIS 
 

Given that this thesis addresses two topics, a more in-depth introduction is presented in each 

chapter. Chapter two of this thesis focuses on the synthesis of novel NADPH oxidase (NOX) inhibitors 

based on Vasopharm’s VAS2870 (which contains a triazolopyrimidine backbone). The reactive 

oxygen species (ROS) generated by NOX have been implicated in the development of several 

neurodegenerative diseases (such as Alzheimer’s and Parkinson’s). The first inhibitor described 

contains a p-azidomethyl substituent for future tagging studies. The second inhibitor replaces a reactive 

sulfur-carbon bond of the original inhibitor with a carbon-carbon bond. 

Chapter three describes efforts toward the development of a traceless affinity molecule. This 

molecule is composed of a ligand, cleavable linker, and chemical tag. When the linker is cleaved, the 

ligand is free of the tag, and can dissociate. The result is a tag-protein complex, which enables the 

visualization of the protein in real time. In addition, the location of the tag is such that it should not 

interfere with the native funtions of the protein. This study establishes the pioneering work necessary 

to design viable cleavable linkers for future protein labelling. 
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 Microglial NADPH Oxidase 
Activity and Inhibition 
 

Recently, substantial evidence has emerged to suggest that prolonged, uncontrolled 

inflammation is a driving force in the progression of neurodegenerative diseases.11,15,21–23 The brain’s 

immune system is mediated by microglia, specialized phagocytic cells that are responsible for 

removing debris and pathogens in the central nervous system (CNS) (i.e., damaged neurons, microbes, 

and microbial products), which are further described in the beginning of this chapter.11,21 When they 

recognize debris or pathogens, they produce inflammatory factors such as cytokines (e.g., interleukin-

6) that recruit microglia to the affected area.7 The microglia then engulf debris and break them down 

with reactive oxygen species (ROS). 

The primary source of ROS in microglia is the NAD(P)H oxidase 2 (NOX2) enzymatic 

complex.10,17,24,25 Its precise role in inflammatory neurodegenerative diseases is currently under active 

investigation.9,22 Several studies have been aimed at inhibiting NOX2 through the use of genetic 

modification (e.g., knocking out the gene for NOX2) and chemical inhibitors.6,21,29,38  The following 

section surveys the known probes for NOX inhibition, focusing on a triazolopyrimidine compound 

VAS2870. As the mode of inhibition of this compound is still unknown,13,16,17,27,28 this chapter describes 

the development of two new triazolopyrimidine compounds designed to provide insight on the 

inhibitory effect of VAS2870. 
 
2.1 MICROGLIA AND THEIR ROLE IN CNS INFLAMMATION 
 

Under normal physiological conditions, microglia are in a “resting” state, but not dormant.29,30 

Protrusions of their cell body enable them to move and to monitor their environment using surface 

proteins.30,31 At their surface, they present two main classes of receptors:9 Toll-like receptors (TLRs) 

are monomeric membrane-spanning receptors that recognize microbes; and phosphatidylserine (PS) 

receptors that recognize apoptotic cellular substances.30,31 When either of these receptors bind their 

respective targets, microglia become activated. Microglial activation results in enhanced proliferation, 

migration, phagocytosis, and production of bioactive compounds. 21,23,30,31 These bioactive compounds 

range from cytotoxic mediators to trophic factors, which can be beneficial or destructive to the CNS.32 
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One type of such compounds produced as a result of activation are reactive oxygen species (ROS, 

Figure 2.1).23 
 

 
 

Figure 2.1 Microglia-mediated neuronal damage results from reactive oxygen species (ROS) produced by microglia.23 

 

2.1.1 Reactive Oxygen Species Production in Microglia 

 
Microglial activation in response to damage or foreign bodies result in the formation of ROS. 

The concentration of ROS in microglia (and other phagocytic cells) is approximately 1000-fold higher 

than that of non-phagocytic cells.33 These ROS are generated from molecular oxygen via electron 

transfer reactions within the enzymatic complex NAD(P)H Oxidase 2 (NOX2) to form superoxide 

(eq. 1) .26,34 
 

                    NOX2 + O2 →  O2
•– + H+          (eq. 1) 

 

Superoxide has a short half-life and is readily converted to hydrogen peroxide (H2O2) or 

peroxynitrite (ONOO–, Figure 2.2).32 H2O2 may react with an iron (II) hemoglobin/myoglobin 

complex to form the hydroxyl radical or get neutralized to H2O by glutathione peroxidase (GPX). 

ONOO– reacts with CO2 to generate both hydroxyl and nitrite radicals.32,35 
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Figure 2.2 Conversion of superoxide to other reactive oxygen species (ROS). Conversion to H2O2 is achieved by 

superoxide dismutase (SOD). H2O2 is quenched by glutathione peroxidases (GPX) to H2O, or by an 

Fe2+hemoglobin/myoglobin complex to a hydroxyl radical. Superoxide can also react with nitric oxide to form peroxynitrite. In 

the presence of acid, this leads to the hydroxyl and nitrite radicals. It may also react with aqueous CO2 to yield nitrite and 

carbonate radicals.32,35 

 
In healthy systems, microglial ROS participate in cell signalling and degradation of pathogens 

and cell debris, contributing to normal CNS functions.26 There are also structures in place to monitor 

ROS levels, such as superoxide dismutase (SOD) and glutathione peroxidases.33 However, excessive 

uncontrolled ROS production no longer has a positive immune function, but begins destroying healthy 

neurons.21 At these levels, the cells can no longer regulate ROS levels and the oxidative damage leads 

to cellular death. Neurons have limited cell renewal and regenerative capacities; therefore, these effects 

are often detrimental – physically and cognitively. 

 
2.1.2 Microglial Enzyme NOX2 Generates Reactive Oxygen Species 

 
ROS in microglia are generated by enzymes present in the mitochondria, 5-lipoxygenases 

(LOX), and nicotinamide adenine dinucleotide phosphate (NAD(P)H) oxidases (herein referred to as 

NOX) (Table 2.1), which can be found throughout the body. All NOX family members (NOX1-5 and 

Duox1-2) have the sole purpose of generating ROS in a variety of cell types.25 A common motif 

amongst NOX1-5 members is a transmembrane protein, the NOX isozyme, while the cytosolic 

components vary (Table 2.1, Figure 2.3).25 All of the components must combine upon microglial 

activation to produce ROS. 
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Figure 2.3 Schematic representation of the main protein composing the NOX2 enzyme complex. Conserved amongst NOX 

isozymes are a six transmembrane helical domain, four highly conserved heme-binding histidines within the transmembrane 

domain, and binding sites for NADPH and flavin adenine dinucleotide (FAD) at the distal and proximal ends of the C-terminal 

cytosolic dehydrogenase domain, respectively;.25 

 
This transmembrane protein is the catalytic subunit responsible for the generation of ROS. It 

facilitates electron transport across biological membranes to convert oxygen to superoxide. Each NOX 

isozyme type requires a unique assembly of smaller subunits, which results in different cellular 

functions. 
 

Table 2.1  The known compositions of the NOX family members.25 
 

Membrane-bound Cytosolic Co-proteins 

NOX isozyme (alt name) p22phox NOXO1 NOXA1 p40phox p47phox p67phox Rac1 / Rac2 

NOX1 (gp91-2) ✓ ✓ ✓  ✓  ✓ 

NOX2 (gp91phox) ✓   ✓ ✓ ✓ ✓ 

NOX3 (gp91-3) ✓ ✓ ✓     

NOX4 (RENOX) ✓       

NOX5        

 

There is a general consensus that the majority of ROS in microglia are produced by NOX2 

(Table 2.1, Figure 2.4).23,34 In the resting state of NOX2, the co-proteins are not bound to the 

transmembrane isozyme gp91phox. It is important to note that there are contradicting theories 

surrounding the composition of the cytosolic cofactors. This is likely due to the use of isolated domains 

of each co-proteins for binding studies.36 Yet a widely accepted resting state suggests that the p47phox 

co-protein separated from the cytosolic dimer (p40phox and p67phox).13,36–38  



11 

 

 

 
 

Figure 2.4 Assembly and activation of NOX2. Upon cellular stimulation, ROS production begins in a two-step process.36  In 

the first step, guanosine diphosphate (GDP-Rac (1 or 2)) and p47 phox are phosphorylated (primarily by protein kinase C).13,37–

40 Then, the activated GTP-Rac migrates to the transmembrane isozyme gp91
phox

 to initiate electron transfer. 13,37,38 At the 

same time, phosphorylation of p47
phox

 serine residues cause a conformational change, enabling activation of the remaining 

cytosolic subunits, p40
phox

 and p67
phox

. These proteins can exist as a trimer at the resting state, but do not exhibit activity until 

phosphorylation occurs. Secondly, GTP-Rac translocates to p67
phox

, and subsequent migration of the cytosolic complex to the 

membrane completes the active NOX2 assembly.38,39 Finally, association of p67
phox

 and gp91
phox

 makes the electron transfer 

possible, thereby producing ROS.38,39 

 
ROS production is achieved by transporting electrons from the cytosolic portion of gp91phox to 

the extracellular surface, in a two-step process.41,42 The first step involves electron transfer from 

NADPH to FAD, reducing FAD to FADH2. This is followed by electron transfer from FADH2 to the 

inner gp91phox - associated heme groups, by reduction of Fe3+. The electrons then move to the outer 

heme groups where they reduce molecular oxygen to superoxide.  
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Figure 2.5 Electron transport across the transmembrane gp91phox isozyme (NOX2) is responsible for ROS production in 

microglia. 

 
Several NOX inhibitors have been developed to prevent ROS production by 

disrupting/preventing electron transport across cellular membranes. Having the ability to prevent 

specific steps in the electron transport chain may provide insights into how to slow down or stop 

excessive ROS production. 
 
2.2 A SURVEY OF NOX INHIBITORS 
 

Over the past several decades, a series of NOX inhibitors have been identified (Table 2.2). 

Despite the range of chemical structures, the quest is still ongoing for isozyme-selective inhibitors that 

present no side reactions. Apocynin (entry 2) binds to p47phox’s N-terminal binding domain and has 

been commonly used in NOX inhibition assays until 2008, when it was reported that it also acted as 

a ROS scavenger.39 While a wide range of compounds have been reported as NOX inhibitors since 

then, there is still a need for new inhibitors. This is due to lack of selectivity, unknown mechanisms of 

action, and/or undesirable side effects. VAS2870 (entry 3) is now one of the most commonly used 

NOX2 inhibitor. While its mechanism of inhibition is still unclear, it is known that it does not act a 

ROS scavenger like Apocynin. 
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Table 2.2 Examples of reported NOX inhibitors.26,43 

 
 Traditional Inhibitors of NOX 

Entry Name Structure Isozyme 
Selectivity Mode of action Off-target 

effects 

1 DPI 
(1972, Holland & Sherratt) 

 

None 

Forms adduct 
with FAD to 
inhibit ROS 
production 

Irreversible, 
nonselectiv
e inhibitor of 

Flavin-
dependent 
enzymes 
(including 

NO 
synthase & 

xanthine 
oxidase) 

2 Apocynin 
(1990, Simons et al) 

 

None 

Inhibits 
translocation of 

p47phox to 
plasma 

membranes; 
requires 

activation by 
myeloperoxidas

e 

Antioxidant: 
nonspecific 
scavenger 

of 
nonradical 

oxidant 
species 

 Triazolo pyrimidines 

Entry Name Structure Isozyme 
Selectivity Mode of action Off-target 

effects 

3 VAS2870 (1) 
(2004, Vasopharm) 

 

NOX1, 2, 
and 4 

unknown 
Thioalkylati
on of RyR1 
and GSH 

4 VAS3947 (5) 
(2005, Vasopharm) 

 

None unknown 
Thioalkylati

on 

 Other NOX inhibiting compounds 

Entry Name Structure Isozyme 
Selectivity Mode of action Off-target 

effects 
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5 Fulvene-5 
(2010, Bhandarkat et al) 

 

NOX2 & 4 unknown  

6 Naloxone 
(2012, Wang et al) 

 

Unknown, 
only NOX2 

studied 

Binds to NOX2 
& blocks 

translocation of 
p47phox to 
plasma 

membrane 

Antagonist 
of opioid 
receptors 

7 Celastrol 
(2011, Jaquet) 

 

NOX 1, 2, 
and 4 

unknown 

Acts on 
several 
distinct 
stress 

response 
pathways, 
sometimes 
stimulating 

ROS 
production 

8 Ebselen 
(2012, Smith) 

 

NOX2 
 

Blocks 
translocation of 

p47phox to 
neutrophil 

membranes; a 
glutathione 
peroxidase 

mimic. 

H2O2 

scavenger 

 Bridged Tetrahydroquinolines 

Entry Name Structure Selectivity Mode of action Off-target 
effects 

9 

(±)-(1S,4R,9S)-5-bromo-3,3-
dimethyl-9-(2-methylallyl)-10- 
pentyl-1,2,3,4-tetrahydro-1,4-

(epiminomethano)naphthalene 
(2010, Borbely et al) 

 

NOX2 unknown unknown 

10 

(±)-(1S,4R,9S)-5-bromo-3,3-
dimethyl- 

9-(2-methylallyl)-10-(thiophen-2-
ylmethyl)-1,2,3,4-tetrahydro- 

1,4-
(epiminomethano)naphthalene 

(2010, Borbely et al)  

NOX2 unknown unknown 
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2.2.1 NOX2 Inhibitor VAS2870 

 
In 2004, a patent for the NOX inhibitor 7-(benzo[d]oxazol-2-ylthio)-3-benzyl-3H-

[1,2,3]triazolo[4,5-d]pyrimidine, referred to as VAS2870, was published for cardiac tissue (Table 2.2, 

entry 3; 1, Figure 2.6).26,43,44 The primary NOX isozyme in cardiac tissue is NOX2 (Table 2.1), which 

is also the predominant isozyme in microglia (and other phagocytic cells). As shown in Figure 1.2, 

ROS consume nitric oxide (NO), and loss of NO is a known link to pathogenesis of cardiovascular 

disease.12  

Literature reports show that VAS2870 can inhibit NOX1, NOX2 NOX4, and NOX5, but the 

mechanism has yet to be determined.16,26,28 While it does not act as a ROS scavenger, it was recently 

found to react with thiols in Ryanodine receptors (cystine residues) and glutathione.16,40 As it is actively 

used as a NOX2 inhibitor, I am developing two analogues to determine its mode of action. If this can 

be elucidated, it may aid in the development of novel, isozyme selective NOX inhibitors. 
 

2.3 POTENTIAL MECHANISM(S) OF INHIBITION OF NOX2 BY 
VAS2870 
 

Two kinds of assays have been used to study NOX2 inhibition by 1 in vitro: whole cell and 

semi-recombinant assays.  These studies showed that 1 will only inhibit ROS production when added 

to whole cells, prior to stimulation. Platelet-derived growth factor with two B subunits (PDGF-BB) 

was used in whole cell assays and 12-myristate-13-acetate (PMA) was used in the semi-recombinant 

assays.13,27 No inhibition was observed when 1 was added after stimulation,25 or when semi-

recombinant techniques were used (in which the cytosolic subunits p47phox, p67phox, and Rac are pre-

assembled).13 This indicated that 1 may prevent the cytosolic triad from forming, which would prevent 

ROS production. Two possibilities are that 1 may prevent the triad from forming by a ligand binding 

interaction with one of the co-proteins, or it may covalently modify a co-protein. Either of these may 

prevent formation of the cytosolic triad, and therefore prevent ROS production. 

VAS2870 (1) has a triazolopyrimidine moiety that is similar to the purine moiety of FAD and 

NADP (Figure 2.6). Both FAD and NADP bind to the C-terminal cytosolic dehydrogenase domain 

of NOX2, which is highly conserved amongst all five isozymes. Since 1 is not capable of redox 



16 

 

reactions like the flavin and nicotinamide components of FAD and NADPH, respectively, if it 

occupies one of their boinding sites, this could account for its inhibitory effect. 
 

 
 

Figure 2.6 The structures of VAS2870 (1), FAD, and NADP. Their respective triazolopyrimidine and purine moieties are 

shown in blue. 

 
A possible mode of inhibition of 1 is that it covalently modifies a cysteine’s thiol present on a 

NOX2 component via alkylation by the triazolopyrimidine moiety. In fact, the demonstrated reaction 

between 1 and glutathione (GSH) suggests that alkylation of the GSH thiol with the 

triazolopyrimidine moiety (Figure 2.6).40 VAS2870 has also been shown to react with  cysteine thiols 

in Ryanodine receptors (RyR1).28 This ability of 1 to react with thiols indicates a potential mechanism 

of action for 1.16,26,28 
 

 
 

Figure 2.7 The nucleophilic aromatic substitution of VAS2870 by GSH, resulting in thioalkylation of GSH by the 

triazolopyrimidine moiety of 1.28 

 

With the knowledge that 1 is able to react with cysteine thiols and that 1 is ineffective when 

the p47 phox/p40 phox-p67phox cytosolic triad is preassembled, I propose the following mechanism of 

inhibition: 1 inhibits formation of the cytosolic complex via covalent modification of one or more 

cysteine thiols. In the following section, I will examine each cytosolic co-protein for cysteines that 

may react with 1. 
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2.3.1 Cysteines of the NOX2 Isozyme are Possible Sites of Thioalkylation by 

VAS2870 

 

Intracellular soluble proteins p67phox, Rac, gp91phox, and p47phox all contain cysteine residues 

which may react with 1. p67phox does not present cysteines at the binding interface with Rac or p47phox, 

so alkylating the cysteine residues likely would not account for the effect of 1. Rac possesses a cysteine 

(Cys18) in proximity to the binding site with p67phox (Figure 2.8). However, it has been shown that 

disulfide formation between Cys18 and glutathione increases its activity, so this would likely not 

account for the effect of 1.45   
 

 
 

Figure 2.8 The crystal structure of GTP-Rac (purple) bound to p67 phox (green) (PDB: 1E96). Cys18 is shown in blue 

and the other Cys residues present are in cyan. GTP-Rac’s C-terminus extension and p67phox‘s tetratricopeptide repeat  

domain assemble upon cellular stimulation.38 The contact interface  occurs between Rac’s switch 1 and the b hairpin insertion 

of  p67phox via direct hydrogen bonding (Gly-30Rac with Asp-67p67 and Glu-31Rac with Ser-37p67). 38 

 
NOX2 (gp91phox) has two cysteines that are critical to its function: Cys369 and Cys537 (Figure 

2.9).46,47 Cys369 is unique to NOX2 and is proposed to be exposed to cytosolic factors during assembly 

of the complex. Although Cys369 is not part of the binding site of FAD, the mutation Cys369Arg 

prevented FAD binding and formation of the active enzymatic complex.46 A second mutation, 

C18 
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Cys537Arg, prevented NADPH from binding and ROS production, but did not inhibit formation of 

the complex.46,47 

 
 

Figure 2.9 A computational homology model of the DH (double-homologous) domain of gp91phox.34 The carbons of FAD 

and NADPH are yellow and cyan, respectively. This shows the relative positions of Cys369, exposed to the intracellular 

environment, and Cys537, part of the sequence for binding the ribose portion of NADPH. 

 
p47phox possesses four cysteine residues: Cys98, Cys111, Cys196, and Cys378. Of the four, only 

mutations of Cys111 and Cys378 were found to prevent ROS production.48 Cys111 (along with C98 

and C196) was found to be easily labeled with [3H]NEM (N-[2-3H]ethylmaleimide) after exposure to 

SDS (sodium dodecyl sulfate), but Cys378 is not. These findings suggest that Cys378 is buried in the 

binding interface of p47phox and p67phox (Figure 2.10).27,48,49 Thioalkylation of this Cys by 1 may prevent 

binding of p47phox and p67phox.  

Upon activation of NOX2, p47phox binds to the p67phox/p40phox dimer, and the complex 

translocates to the membrane (Figure 2.10). p47phox then binds to the membrane bound p22phox, bringing 

p67phox and gp91phox together, completing superoxide production. As the p47phox subunit is critical to 

NOX2 ROS production, thioalkylation of its Cys378 residue by 1 may account for the observed 

inhibition. 
 
 

C369 

C537 
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Figure 2.10 The crystal structure of the contact interface between p47phox and p67phox (PDB 1K4U). p47phox is shown in 

blue, p67phox, in green, Cys378 residue in cyan, and Ser379 in red. p47 phox binds to p67 phox  through the C-terminal region.45 

Only  p47phox has a cysteine residue  within the binding site.27,48 This Cys H-bonds to its Ser379 neighbour, both before and 

after phosphorylation.50 Ser379 phosphorylation has been shown to be critical to p47phox’s activity by inducing a conformational 

change which enables translocation to p22phox.51 Upon phosphorylation, the C-terminal tail breaks away from the polybasic 

auto-inhibited region (AIR) and the SH3 groove is partially exposed for binding to p22phox.51 Cys378 is buried in the C-terminus 

upon phosphorylation, and this site is necessary to bind to p67phox.51 Thioalkylation of Cys378 could prevent phosphorylation 

of Ser379, binding to p22phox, or p67phox. Any combination of these effects could result in the observed inhibition of NOX2 by 

1. 

 
2.4 PROPOSED DESIGN OF VAS2870 ANALOGUES TO PROBE ITS 
MODE OF INHIBITION 

 

VAS2870 may inhibit NOX2 via thioalkylation of its cysteine thiols and/or a ligand-binding 

interaction. To determine how VAS2870 (1, Figure 2.6) inhibits ROS production in NOX2, I propose 

the synthesis of two VAS2870 analogues: 4-(azidomethyl)benzyl-7-(benzo[d]oxazol-2-ylthio)-3-

benzyl-3H-[1,2,3]triazolo[4,5-d]pyrimidine (2) and 7-(benzo[d]oxazol-2-ylmethylene)-3-benzyl-3H-

[1,2,3]triazolo[4,5-d]pyrimidine (3). 
 

S379 

C378 



20 

 

 
Figure 2.11 The structures of VAS2870 (1) and the two target analogues: N3-VAS2870 (2) and CH2-VAS2870 (3). 

 
To determine if a thioalkylation reaction occurs with NOX2, I will synthesize the p-

azidomethyl analogue 2. This structure retains all components of VAS2870, with the addition of the 

p-azidomethyl group. The patent for 1 (Table 2.3) reports retention of NOX inhibition with a p-

methoxy substituent, so 2 should still fit into the putative binding site of 1. Should a  thioalkylation 

take place with the triazolopyrimidine moiety, the azide would then be permanently attached to the 

protein. After incubation of NOX2 with 2, the azide can be reacted with a chemical tag (e.g., click 

chemistry, Figure 1.4). Cell lysis followed by separation of proteins via an SDS-PAGE will show if 

any proteins were covalently modified by 1. 

 Alternatively, to determine if 1 can inhibit NOX2 through a ligand-binding interaction, 

a VAS analogue must be used that cannot undergo thioakylation with cysteines. For this, methylene 

analogue 3 will be used. This compound retains the size and shape of 1 but replaces the 

thiobenzoxazole with a methylenebenzoxazole. Replacing the sulfur prevents 3 from thioalkylating 

cysteines by eliminating the electrophilicity of the pyrimidine’s C-7 position (Figure 2.12). If 3 

successfully inhibits ROS production, it would indicate that VAS2870 and NOX2 may interact 

through a non-covalent ligand-binding interaction. 
 
2.5 SYNTHESIS OF VAS2870, p-AZIDOMETHYL- AND METHYLENE 
ANALOGUES 
 

In the patent for VAS2870, changes were made to the 1,2,3-triazolo[4,5-d]pyrimidine moiety 

to optimize the inhibition of platelet activation (Table 2.3). With the presence of 2-(oxazolyl)thio 

substituents increased the inhibition levels of 1 and 5; as did the addition of a p-methoxybenzyl or o-

chorobenzyl group (11 and 12) significantly increased inhibition (over the benzyl moiety of 1 and 1, 
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5, 9, and 10). Yet, interestingly only 1 and 5 (VAS3947) have been used as NOX inhibitors. Compound 

5 displays better solubility than 1, it was found to be less selective for individual NOX isozymes.16 
 
Table 2.3  Reported activity of a series of VAS compounds toward inhibition of platelet activation.12 

 

VAS 
analogs for 
inhibition of 

platelet 
activation 

   
 

   
 9 10 1 5 11 12 

IC50 (𝝁𝑴) 13 12 2 2 2 2 

% Inhibition 34 21 49 55 60 80 

 

 When designing probes to find the binding mode of 1 and NOX2, it was important to 

retain as much of 1’s structure as possible. The proposed carbon analogue 3 maintains the phenyl and 

2-(benzoxazolyl)thiol substituents found in 1 (Scheme 2.1). It is therefore expected to sterically occupy 

the same binding site as 1. Stamler et al. reported the triazolopyrimidine moiety of 1 thiol alkylates 

GSH and cystines in RyR1 receptors, eliminating the 2-mercaptobenzoxazole group (Figure 2.7).28 It 

is possible that 1 may inhibit NOX2 in a similar manner, specifically by thioalkylating a cysteine 

residue (C378) on p47phox (Figure 2.13). Substituting the sulfur for a carbon on the R1 position of 3 will 

prevent such an alkylation. Therefore, if NOX2 is inhibited by 3, it would indicate that VAS2870 non-

covalently occupies a binding site in NOX2. Conveniently, both 1 and 3 have the same 

chloropyrimidine precursor 4. 
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Figure 2.12 Putative reaction between 1 and a cysteine residue on p47phox. 

 

To investigate whether or not 1 inhibits NOX2 by alkylating cysteine residues, the p-

azidomethyl derivative 2 was proposed (Scheme 2.1). It maintains the 2-(benzoxazolyl)thiol 

substituent of 1, but adds an o-azidomethyl group to the benzyl substituent. The addition of the 

azidomethyl group is not expected to interfere with binding (based on the % inhibition of 11). 

Compounds 1, 2, and 3 can be synthesized using two different routes.  

In the first sequence, 1 and 3 can be synthesized from the same chloropyrimidine precursor 13 

by addition of their respective benzoxazole moieties (Scheme 2.1). Simiarly, 2 may be synthesized 

from chloropyrimidine 14. Chloropyrimidines 13 and 14 should be both obtained from the 

chlorination of the respective pyrimidinones 15 and 16. Both of which are the result of a cycloaddition 

between acetamide 17 and azides 18 and 19, respectively.  

 

 
 



23 

 

Scheme 2.1 Retrosyntheses one of VAS2870 (1) and analogues 2 and 3, starting from cyanoacetamide (17). 

 

For the second route, the last step of the synthesis is the same as above (Scheme 2.2). The 

triazole ring of 13 and 14 should be formed by first coupling pyrimidine 20 with the appropriate amine 

(21 and 22 respectively), then cyclizing the resulting diamine. Both routes were explored to optimize 

the syntheses of 1 – 3 and are described in the following section. 
 

 
 

Scheme 2.2 Alternate retrosyntheses of VAS2870 (1), carbon analogue 3, and azidomethyl analogue 2 from chloropyrimidine 

20. 

 
 
2.6 SYNTHESES OF VAS2870 (1) & CARBON ANALOGUE 3:  A 

FIRST-GENERATION APPROACH 
 

Two synthetic routes were explored to synthesize the key chloropyrimidine precursor 13. Both 

were inspired by the original patent for VAS2870 (1).12 In the first route, the triazolopyrimidine core 

was constructed, followed by chlorination of pyrimidinone 15 to yield 13.27 This proved difficult, due 

to the stability of the pyrimidinone.52 I then tried to convert the carbonyl oxygen to a triflate or a 

bromide, to generate a better leaving group. The conversion to a triflate and bromination were 

unsuccessful, so a second route was explored. It involved functionalizing the pyrimidine core first, 

then forming the triazole in the final step. 
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2.6.1 Synthesis of Chloropyrimidine 13 from Pyrimidinone 15 

 

The initial synthesis of the benzyltriazolopyrimidine core began with formation of benzyl 

azide (18, Scheme 2.3). It was prepared by refluxing bromide 23 and sodium azide in a cosolvent of 

THF and water to obtain the azide in a quantitative yield.12 Cyclization of the azide with cyanoacetate 

17 was achieved by refluxing them under basic conditions. Cooling the reaction mixture allowed 

triazole intermediate 24 to precipitate out, and it was collected by vacuum filtration in a high yield 

(92%).12 The benzyltriazolopyrimidine backbone 15 was assembled by refluxing 24 with formate 25 

under basic conditions, in a good yield (87%).12 Initial attempts (entry 19, Table 2.3) of chlorinating 

the pyrimidinone produced poor yields and were not reproducible, so other chlorinating conditions 

were explored.   

 
 

Scheme 2.3 Synthetic route to 7-chloro-triazolopyramidine 13 from pyrimidinone 15.12 

 

 
2.6.2 Optimizing the Chlorination of Pyrimidinone 

 
In my hands, the chlorination conditions of pyrimidone 15 described in the patent gave 

inconsistent, low yields. This led me to exploring a variety of conditions to increase yield of 

chloropyrimidine 13 (Table 2.4). In nearly all cases, 15 was only sparingly soluble (entries marked 
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with * indicate full solubility of 15). The apparent lack of reactivity of 15 may have been due to its lack 

of solubility  in the solvents used and the various intermediates generated.52 
 

Table 2.4  Attempted chlorination of hydroxypyrimidine (15). 

. 

 
 

Entry Cl- agent (equiv.) Base/Cat (equiv.) Solvent Temp (°C) Yield (%) Comments 

1 TMSCl (8.5) n/a n/a rt-80 0 TLC showed only 15 

253 TMSCl (5.0) DMSO (13) n/a rt 0 NMR showed 15 

353 TMSCl (8.5) DMSO (0.26) THF rt- 0 TLC showed only 15 

4 TMSCl (5.0) NaHMDS (1.0) THF 0-rt 0 TLC showed only 15 

5 TMSCl (5.0) DIPEA THF rt-65 0 TLC showed only 15 

653 TMSCl (5.0) DMSO (0.3)/NaI (0.1) THF rt 0 TLC showed only 15 

7 TMSCl (5.0) NaI (0.1) THF rt-65 0 TLC showed only 15 

8 TMSCl (5.0) NaI (0.1) DCM rt 0 TLC showed only 15 

9 TMSCl (5.0) NaI (0.1) MeCN rt 0 TLC showed only 15 

1054 PCl5 (1.0) n/a n/a rt-105 0 TLC showed only 15 

1154 PCl5 (1.0) n/a DCM 0-rt 0 TLC showed only 15 

1254 PCl5 (1.0) DIPEA DCM 0-rt 0 TLC showed new faint spot 

1354 PCl5 (1.2) Pyridine (1.2) DCM 0-rt 0 TLC showed new faint spot 

1454 PCl5 (1.2) Pyridine (1.2) toluene 0-rt 0 TLC showed only 15 

15*52,55 POCl3 (1.2) DIPEA (1.3) anisole 95 unk No 15; could not isolate 13 

1652 POCl3 (9.3) n/a n/a 100 61% 2:1 13/15 

17*27 SOCl2 (16) DMF (1.6) n/a reflux 68% 4:1 13/15 

1852,55 POCl3 (1.2) DIPEA (1.3) toluene 95 85% Unable to replicate 

19*52,55 POCl3 (10) N,N-dimethylaniline n/a reflux 55% Incomplete conversion 

2052 POCl3 (25) n/a n/a reflux 78% 
Incomplete conversion; 

inconsistent yields. 
 

 



26 

 

Chlorination via TMSCl/DMSO was explored to convert oxygen into better leaving group 

(Scheme 2.4).53 In the presence of TMSCl, the electrophilicity of DMSO was increased, and the steric 

bulk may prevent the amide nitrogen from attacking before the oxygen. No conversion of 15 was 

achieved, so sodium iodide, various bases, and solvents were tested. The sodium iodide was used to 

form a transient iodopyrimidine in situ, so the chloride could displace iodide instead of an oxygen. 

Bases were used to activate the pyrimidinone towards TMSCl, and solvents were screened for 

solubility and a larger range of temperatures. None of these modifications showed any evidence of 

successful conversion, so other chlorinating conditions were explored. 

 

 
 

Scheme 2.4 Proposed mechanism for the chlorination of pyrimidinone 15 by activated DMSO. 

 

Conditions using PCl5, both neat and in the presence of bases, were also attempted, but were 

unsuccessful.54 Several reasons may explain why this chlorinating agent did not successfully convert 

pyrimidinone 15. First, the low ratio of PCl5 to 15 may have resulted in the formation of dimers, 

trimers (32), etc., resulting in too much steric bulk for the chloride to attack (Scheme 2.5).52 It is also 

possible that the intermediates (31 and 32) formed were not soluble in the chosen solvents and 

temperatures used. I chose to move on to other chlorinating agents instead of screening more bases 

and equivalents.  
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 Scheme 2.5 The possible trimer formation of pyrimidinone 15 and PCl5.54 

 

While initial chlorination attempts using POCl3 gave poor yields, I decided to focus on 

optimizing those conditions. First, refluxing in neat POCl3 gave partial conversion to the desired 

chloropyrimidine (13, 61%). 1H NMR of the reaction mixture did not show any pyrimidinone 15, 

indicating full conversion to phosphorous intermediates (e.g., 34). Next, different bases were screened 

to convert the intermediate species to chloropyrimidine 13. The best results came from entry 20, 

refluxing with excess POCl3 and N,N-dimethylaniline (33). Use of a large excess of POCl3 prevented 

the formation of di- and tri- substituted phosphorus intermediates.52 In the absence of aniline 33, the 

intermediate 34 had low solubility. When the aniline is added the solubility of both pyrimidinone 15 

and the phosphorous intermediate 34 is greatly increased, allowing a chloride to attack in an addition-

elimination mechanism, ejecting PO2Cl (Scheme 2.6). These conditions were ultimately discarded, 

because chloropyrimidine 13 reacted with the aniline. The resulting fluorescent byproduct 35 was 

removed by flash chromatography, but the yield of 13 was still inconsistent. This led to the exploration 

of a different synthetic route. 
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Scheme 2.6 Proposed mechanism for the chlorination of pyrimdinione 15 and subsequent reaction of chloride 13 and N,N-

dimethylaniline (33). 

 

Chloropyrimidine 13 is a commonly used intermediate to functionalize the triazolopyrimidine 

moiety, so the results in Table 2.2 led me to explore some alternatives (Scheme 2.7). First, the 

conversion of the carbonyl oxygen of pyrimidinone 15 to triflate 36. This transformation would make 

the oxygen-carbon bond weaker, thus making the oxygen a better leaving group. Next, the conversion 

of pyrimidinone 15 to bromopyrimidine 37. As bromide is a better nucleophile than chloride, this may 

favor elimination of the oxygen in the tetrahedral intermediate better than the chlorinated 

intermediate.  

 
 

Scheme 2.7 General scheme for the conversion of pyrimidinone 15. 



29 

 

 

2.6.3 Attempted Conversion of Pyrimidinone 15 to Pyrimidin-7-yl Triflate 

 
The attempts to convert the carbonyl oxygen of 15 to a triflate leaving group were unsuccessful 

(Table 2.5). All trials used a base for the initial deprotonation of 15 and triflic anhydride as the 

electrophile.  

 
Table 2.5  Attempted triflate addition to pyrimidinone 15. 

 
 

Entry Tf agent (eq) Base/Cat (eq) Solvent Temp (°C) Yield (%) Comments 

156 Tf2O (1.1) Et3N (1.0) DCM -78-rt 0 NMR showed 15 

256 Tf2O (1.1) Et3N/DMAP (1.0/0.1) DCM 0-rt 0 NMR showed 15 

3 Tf2O (2.0) Et3N (1.1) DMF 0-rt 0 NMR showed 15 

 

Recovery of the starting material suggested a lack of reactivity and/or solubility of 

pyrimidinone 15 or the intermediates. By changing the solvent to DMF, the goal was to increase 

solubility, but it too was unsuccessful. Given these unsatisfactory results, this avenue was discarded. 
 

2.6.4 Attempted Conversion of Pyrimidinone to Bromopyrimidine 

 
Conversion to the bromopyrimidine 37 was explored next (Table 2.6). Since conversion of the 

oxygen to a better leaving group was unsuccessful, I instead looked for a better nucleophile to displace 

it. Bromide is a more nucleophilic halide than chloride, so it was thought that it should be more adept 

at substitution.  
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Table 2.6  Attempted bromination of pyrimidinone 15. 

 

 
 

 

 This route was also fruitless, likely due to the aforementioned stability of pyrimidinone 

15 and/or solubility of the possible intermediates generated. Since no conversion was observed, 

optimization of chlorinating conditions seemed to be the most reasonable route, as I have achieved 

partial conversion to chloropyrimidine 13. 
 
2.7 SYNTHESES OF CHLOROPYRIMIDINES FROM 

DIHYDROXYPYRIMIDINE 
 

With the conversion of pyrimidinone 15 to a chloro- or bromopyrimidine (13 or 37 

respectively) yielding unsatisfactory results, an alternate synthesis of 13 was required. This synthesis 

used the same number of steps, but chlorinated the pyrimidine in the first step (Scheme 2.8). 4,6-

Dihydroxy-5-nitropyrimidine (38) and N,N-dimethylaniline were refluxed in POCl3, producing 

dichloropyrimidine 39 in a high yield.58 Unlike the chlorination of pyrimidinone 15 using these 

conditions (Scheme 2.6), dichloropyrimidine 39 was less reactive towards the aniline than 

chloropyrimidine 13, resulting in less than 4% of the chloride reacting with the aniline. Next, the nitro 

group of pyrimidine 39 was reduced to amine 20 by refluxing with excess SnCl2, in EtOH, in good 

yield.58 The benzylamine then monosubstituted dichloropyrimidine 20 in the presence of a 

triethylamine (TEA), while refluxing in n-butanol, in good yield.59 Cyclization of diamine 40 using 

sodium nitrite in a biphasic mixture of DCM and acetic acid (AcOH) produced the desired 

chloropyrimidine precursor 13 in good yield.60 

 

Entry Br- agent (eq) Base/Cat (eq) Solvent Temp (°C) Yield (%) Comments 

157 TMSBr (17) n/a CHCl3 rt 0 TLC showed 15 

2 TBAB (4.0) Swern reagent (1.1) DCM -78-rt 0 TLC showed 15 
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Scheme 2.8 Synthesis of chloropyrimidine 13 from dihydroxypyrimidine 38.58–60 

This synthesis was also used to generate azidomethyl derivative 14 (Figure 2.9). The dibromo-

p-xylene 41 was refluxed with sodium azide in a cosolvent of THF and water to produce bisazide 19 

in a quantitative yield.27 The mono-reduction of an azide on 19 was achieved via a Staudinger reaction 

to give benzylamine 22 in a 55% yield, with bisreduction of 19 as a major side product.61 Amine 22 

was coupled with chloride 20 in the presence of TEA, while refluxing in n-butanol, giving diamine 42 

in a 67% yield. Cyclization of diamine 42 to triazole 14 using sodium nitrite in a cosolvent of DCM 

and AcOH was achieved in a 68% yield.  
 

 
Scheme 2.9 Synthesis of chloropyrimidine 14 from 4-(azidomethyl)benzylamine (22).58–61 
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Sodium nitrite has been shown to react with azides in the presence of acid to form hydrazoic 

acid and nitrous oxide (N2O, Scheme 2.10) or triazoles (Scheme 2.11). Initial attempts at triazole 

cyclization of diamine 42 were executed with extreme caution and on a small scale, in case N2O was 

produced. The reaction was monitored by TLC and after half an hour, the starting material was 

completely consumed and only a single spot was visible.  
 

 
 

Scheme 2.10 The reaction between hydroxy(oxo)azanium and azide, in the presence of acid, to produce nitrous oxide 

and nitrogen gas. 

 

Analysis of the 1H NMR and IR spectra of the crude reaction mixture only showed evidence 

of chloropyrimidine 14 and acetic acid (which was easily removed by a bicarbonate wash during 

workup). These results indicated that the cyclization between the diamine 42 and nitrite was faster 

than the reaction between the azide and nitrite under the conditions used. However, to err on the side 

of caution, this reaction was only carried out on a small scale (~100 mg). 
 

 
 

Scheme 2.11 Proposed mechanism for the cyclization of triazole 14 from diamine 42 and nitrite, in an acidic medium.
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2.8 ADDITION OF BENZOXAZOLE DERIVATIVES  
 

With the desired chloropyrimidines 13 and 14 in hand, only the addition of the 2-substituted 

benzoxazole moieties remained in the synthesis of VAS2870 and its derivatives, 2 and 3. The initial 

synthetic method for 1, 2, and 3 was to substitute the desired benzoxazole for the chloride on the 

pyrimidine backbone. However, this could only be applied to 1 and 2. For 3, the 2-methylbenzoxazole 

anion was too unstable to generate and couple to 13 in a single step. Instead, it was added as an acetate 

and decarboxylated. 
 

2.8.1 Syntheses of VAS2870 and 7-(1,3-Benzoxazol-2-ylsulfanyl)-[3-(4-

(azidomethyl)benzyl)]-3H-[1,2,3]triazolo[4,5-d]pyrimidine 

 
The final step in the synthesis of 1, chloropyrimidine 13 was coupled to 2-

mercaptobenzoxazole (43) under basic conditions (Scheme 2.12).27  The poor yield (33%) may be 

attributed to loss during column chromatography. Time constraints prevented optimization of these 

conditions, but enough of the compound was collected for the characterization and biological assays. 

The azide derivative 2 was synthesized using the same conditions to couple chloropyrimidine 14 to 

benzoxazole 43 in a good yield (70%) (Scheme 2.10). 
 

 
 

Scheme 2.12 Synthesis of VAS2870 (1) and N3-VAS2870 (2).27 
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2.8.2 Attempted Synthesis of 2-((3-benzyl-3H-[1,2,3]triazolo[4,5-d]pyrimidin-7-

yl)methyl)benzo[d]oxazole by Direct Coupling of 2-methyl benzoxazole 

 
In the case of the CH2 derivative 3, the addition of the benzoxazole moiety proved challenging. 

Several attempts were made to directly couple 2-methylbenzoxazole (44) and chloropyrimidine 13 via 

nucleophilic addition (SNAr). A variety of conditions were screened for the deprotonation of 

benzoxazole 44, but in all conditions the desired product was not obtained, and the chloride was often 

quantitatively recovered (Table 2.7). Most conditions began with cold temperatures (-78 to -20°C), to 

prevent decomposition of the benzoxazole anion of 44. If no conversion was observed (by TLC), the 

reaction mixtures were allowed to warm to room temperature, but any higher would quickly result in 

decomposition of the benzoxazole anion. Polar solvents were typically used in an attempt to stabilize 

the anion of 44, but these reactions were still unsuccessful. The equivalents of bases were also varied, 

with no successful generation of methylene derivative 3. 
 

 

Table 2.7  Attempted coupling of 2-methyl benzoxazole (44) and chloropyrimidine 13. 

 

 
 

Entry Base (eq) 44 eq Solvent Temp (°C) Time (h) Yield (%) Comments 

1 MeLi (1.1) 1.1 THF -78 0.25 0 TLC showed 13 

2 nBuLi (1.0) 1.0 THF -78 1.0 0 TLC showed 13 

3 NaHMDS (1.1) 1.1 THF 0 0.5 0 TLC showed 13 

4 NaHMDS (1.05) 5.0 DCM -78 1.0 0 TLC showed 13 

5 NaOH (1.2) 1.2 DMF rt 1.5 0 TLC showed 15 

6 NaOEt  (1.2) 1.2 THF/ EtOH (10:1) -20 1.5 0 NMR showed 45 

7 NaOEt (1.2) 5.0 THF/ EtOH (10:1) -20 to rt 4.0 0 NMR showed 45 

8 NaOEt (1.1) 1.2 THF -20 0.5 0 NMR showed 45 

9 i-PrONa (1.2) 1.2 THF/ i-PrOH (10:1) -20 to rt 3.0 0 TLC showed 13 
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10 i-PrONa (1.2) 5 THF/ i-PrOH (10:1) -20 to rt 2.0 0 TLC showed 13 

11 i-PrONa (1.2) 1.2 THF/ i-PrOH (10:1) -20 - rt 5.0 0 TLC showed 13 

12 i-PrONa (1.2) 5.0 THF/ i-PrOH (10:1) -20 - rt 5.0 0 TLC showed 13 

13 i-PrONa (5.0) 5.0 THF/ i-PrOH (10:1) -20-rt 5.0 0 TLC showed 13 

1462,63 t-BuOK (1.3) 1.2 THF/ t-BuOK(5:1) -50 to rt 22.0 0 TLC showed 13 

1562,63 t-BuOK (1.3) 1.2 THF/ t-BuOK(5:1) -50 to rt 22.0 0 TLC showed 13 

1662,63 t-BuONa (1.2) 1.2 THF/ t-BuOH(5:1) -78 0.5 0 TLC showed 13 

1762,63 t-BuONa (1.1) 1.2 THF/ t-BuOH (10:1) -20 to rt 18.0 0 TLC showed 13 

1862,63 t-BuONa (1.1) 1.2 THF/ t-BuOH (10:1) -20 - rt 5.0 0 TLC showed 13 

 

Several of the bases screened consumed most of the benzoxazole 44 without reacting with 

chloride 13, which was quantitatively recovered. The two exceptions were sodium hydroxide (entry 

5) and sodium ethoxide (entries 6-8). These reactions produced pyrimidinone 15 and 7-ethoxy 

pyrimidine 45, respectively, due to the nucleophilic nature of the ethoxide (Scheme 2.13). The bulkier 

oxide bases, sodium isopropoxide (entries 9-13), potassium tertbutoxide (entries 14 and 15), and 

sodium tertbutoxide (entries 16-18) did not react with chloride 1.4.   
 

 
 

Scheme 2.13 The nucleophilic substitutions of NaOH and NaOEt on chloropyrimidine 13. 
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It has been shown that 2-methyl benzoxazole decomposes in the presence of strong bases.62,63 

Since weak bases did not appear to achieve any conversion to  methylene derivative 3 and strong bases 

result in decomposition of benzoxazole 44, a different route was explored.  
 

2.8.3 Synthesis of 2-((3-benzyl-3H-[1,2,3]triazolo[4,5-d]pyrimidin-7-

yl)methyl)benzo[d]oxazole by a Late Assembly of the Benzoxazole Moiety 

 

To circumvent the issue of decomposition of the benzoxazole 44 in the presence of strong 

bases, the next route was to build the oxazole moiety on to chloride 13. Various acetates were used to 

find which would give the best yields (Table 2.8). Each acetate was chosen for its ability to be 

functionalized into a benzoxazole moiety. 
 

Table 2.8 Addition of acetates to chloropyrimidine 13. 

 
 

Entry Acetate (eq) Base (eq) Solvent Temp (°C) Yield Comments 

1 46 (2) NaHMDS (3) THF 0 Unknown Crude NMR showed 13 & 50 

2 46 (2) NaHMDS (1) THF 0 0 Crude NMR showed 13 & 46 

3 46 (2) LDA (1.1) THF -78 0 Crude NMR showed 13 & 46 

4 46 (2) n-BuLi (1.1) THF -78 0 Crude NMR showed 13 & 46 

564 47 (2) K2CO3 (2) DMF 120 31 Crude NMR showed 13, 47 & 51 

665 47 (2) NaH (2.1) DMF rt 0 Crude NMR showed 13 & 47 

764 48 (2) Na2CO3 (2) DMF 120 19 Crude NMR showed 13, 48, & 52 

8 48 (2) DBU (2) DMF 120 17 Crude NMR showed 48 & 52 

965 48 (2) NaH (2.1) DMF rt Unknown Crude NMR showed 13, 48, & 52 

1065 49 (2) NaH (2.1) DMF rt 20 Crude NMR showed 49 & 53 
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The acetate’s substituents provide various degrees of stability to the enolates generated after 

exposure to a base. The 1H NMR spectrum of the crude NMR for the attempted reaction between 

ethyl acetate (46) (entry 1) and chloropyrimidine 13 only showed a small amount of desired product 

50. There was no attempt to isolate 50. Cyanoacetate 47 reacted with chloropyrimidine 13 to give 

cyano intermediate 51 in the best yield (entry 5, 31% yield). To get to CH2 derivative 3 from 51, an 

additional three steps would be required (Scheme 2.14). Decarboxylation of the ethyl ester 51, 

followed by hydrolysis and chlorination of the cyano intermediate 54 would yield acetyl chloride 55. 

The acetyl chloride moiety could undergo cyclization with 2-aminophenol (56) to give CH2 derivative 

3. 

 
 

Scheme 2.14 Synthesis of CH2 derivative 3 via cyanoacetate intermediate 51. 

 

Ethyl malonate (48) successfully reacted with chloropyrimidine 13, but in lower yields than 

cyanoacetate (entries 7-9). To obtain CH2 derivative 3 from diethyl intermediate 52, three steps would 

be required. This does not provide a more direct route than cyanoacetate 51 and has a lower yield, so 

another acetate was explored. The final acetate screened was oxazolylacetate 49. The oxazolyl 

intermediate 53 was obtained in a smaller yield than with cyanoacetate (entry 10, 20% yield). 
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Although the yield was 10% lower, oxazolyl intermediate 53 is only one step away from the CH2 

derivative 3. No further optimization of 53 was attempted.  

The oxazolylacetate derivative 53 was synthesized according to literature procedures from 

cyanoacetate 47 (Scheme 2.15).66,67 The cyano group of 47 was converted to iminopropionate 57 by 

thionyl chloride and aqueous ethanol in a low yield (34%). The iminopropionate 57 and aminophenol 

56 were refluxed in ethanol to cyclize to oxazolylacetate 49 in a good yield (75%). The anion of 

oxazolylacetate 49 was generated using sodium hydride and was then coupled to chloride 13 to give 

benzoxazole intermediate 53 in a poor yield (20%). Subsequent Krapcho decarboxylation of 53 gave 

a mixture of unreacted ester 53 and the final product, exclusively as the pyrimidin-7-ylidene tautomer, 

3’, albeit in a low yield (32%).68 Optimization of these conditions should be explored in future studies, 

but enough of the was obtained for full characterization and future assays. 

 
 
Scheme 2.15 Synthesis of  CH derivative 3’ via oxazolylacetate intermediate 53.66–68 

 

 A Krapcho decarboxylation was chosen to remove the ester moiety because the mild 

conditions used should prevent decomposition of the benzoxazole (Scheme 2.16). This was confirmed 

by analysis of the crude 1H NMR spectrum, which showed only unreacted acetate 53 and desired 

product 3’. Although the conditions were mild, I chose to stop the reaction after partial conversion 

avoid potential thermal decomposition of the benzoxazole moiety. 
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Scheme 2.16 Mechansim of Krapcho decarboxylation to obtain methylene tautomer 3’ from oxazolylacetate 53. 

 

 The exclusive presence of the pyrimidin-7-ylidene tautomer over pyrimid-7-yl tautomer 

was confirmed by both 1H and 13C NMR spectra (Scheme 2.17). This result was not unexpected, given 

the naturally observed preference for pyrimidin-7-one over pyrimidin-7-ol.  
 

 
 

Scheme 2.17 Tautomeric forms of methylene derivative 3 and pyrimidinone 15. 

 
2.9 ROS INHIBITION: PAST AND PRESENT 
 

With the three triazolopyrimidines (1, 2, and 3’) in hand, the next step was to determine the 

best experiment to evaluate their inhibitory effects on ROS production. Several assays have reported 

using VAS2870 (1) as a ROS inhibitor (Table 2.9). These assays found in the literature use several 

different cell types, each with different ratios of the NOX isozymes. With NOX2 as my main focus, I 

wanted to find the native cell type with NOX2 as the primary isozyme.12–14,27,69 
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2.9.1 Precedents for ROS Inhibition Using Triazolopyrimidines 

 

There have been a range of concentrations for VAS2870 reported to completely inhibit ROS 

production in various human cell lines (1-10 µM, Table 2.9). These variations may be a result of the 

NOX isozymes present, or higher values corresponding to shorter incubation times. The highest 

concentration, 10 µM, was required for inhibition of vascular smooth muscle cells (VMSCs). These 

cells contain both NOX1 and NOX4. NOX1 contains the cytosolic component p47phox (like NOX2), 

which may account some of VAS2870’s inhibitory effect. NOX4 is the primary isozyme present, 

which lacks p47phox, but shares the same DH domain as NOX2. When using human leukocyte cells 

(HL-60, differentiated into neutrophils which contain NOX2), the concentration varied from 2 – 6 

𝜇M, and incubation times ranged from 20 – 60 minutes. Human umbilical vein endothelial cells 

(HUVECs) contain NOX1, 2, 4, and 5, with NOX4 being the primary isozyme present. This may be 

why a concentration of 5 µM is required for ROS inhibition. Human embryonic kidney (HEK293) 

cells contain NOX1 and NOX2, and are inhibited by the lowest concentration of VAS2870, 1 µM. 

The low concentration required may be due to the fact that both isozymes contain the p47phox subunit. 

For our initial studies, HL-60 cells were chosen because they have been used in previous VAS2870 

inhibition experiments and are readily accessible. 

 
Table 2.9  The concentrations of VAS2870 (1) required for complete ROS inhibition on various human cell types 

which express NOX isozymes. 

 

Group Cell Type NOX isozyme(s) Incubation time Stimulation [VAS2870] (𝛍M) 

Freyhaus et al27 VSMC NOX1 & 4 20 minutes PDGF 10 

Gatto et al13 HL-60 NOX1, 2, & 4 20 minutes PMA 6 

Morawietz et al14 HUVEC NOX1, 2, 4, & 5 30 minutes oxLDL 5 

Vasopharm12 HL-60 NOX1, 2, & 4 60 minutes PMA 2 

Sandoval et al69 HEK293 NOX1 & 2 60 minutes TNF-𝛼 1 

This work HL-60 NOX2 20 minutes LPS 10 
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2.9.2 ROS Inhibition Studies Using N3-VAS2870 (2) and CH-VAS2870 (3’). 

 

With VAS2870 (1), N3-VAS2870 (2), and CH-VAS2870 (3’) in hand, experiments for ROS 

inhibition were initiated. First, all three compounds were tested in a respiratory burst assay. A 

respiratory burst (also known as an oxidative burst) is a process in biological systems involving the 

rapid release of ROS from cells, often macrophages.70 This process can be mimicked in assays by 

incubating cells with compounds that stimulate the release of ROS. Initial studies were performed in 

the Menard lab by my colleague, Wyatt Slattery. 

HL-60 cells were incubated with a control or compounds 1 – 3’ for 20 minutes (Table 2.9, 

Figure 2.14A). The cells were then stimulated with bacterial lipopolysaccharide (LPS) and the 

resulting ROS was quantified using chemiluminescence (CHL). Luminol sodium reacted with the 

ROS byproducts from the respiratory burst, and the emitted light was used to determine the relative 

ROS production after incubation with compounds 1 – 3’. Both VAS2870 (1) and N3-VAS2870 (2) 

showed similar degrees of ROS inhibition. CH-VAS2870 (3’), however, showed no inhibition 

compared to the control.  

 

 
 

Scheme 2.18 Oxidation of luminol sodium with hydrogen peroxide (a ROS byproduct) results in the release of light 

(λ). 
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In a separate experiment, 1 and 3’ were incubated with neurons for 24 h to observe their 

neuroprotective effects (Figure 2.14B). VAS2870 has been previously shown to inhibit ROS 

production in neurons, thus preventing neuronal death. Neurons were cultured in nerve growth factor 

(NGF) for 60 h. They were then kept in NGF or transferred to a culture containing both anti-NGF 

media and DMSO (control), 1, or 3’ for 24 h. The neurons incubated with VAS2870 showed more 

neuronal death than those kept in an NGF media, but less than those in DMSO. Neurons incubated 

with CH2-VAS2870 showed no evidence of neuronal protection, with a similar profile as those in 

DMSO. This experiment was in neurons from dorsal root ganglia (DRG) and conducted by Aaron 

Johnstone in the Barker lab of UBCO. 
 

 

Figure 2.12 The effect of VAS2870 (1), N3-VAS2870 (2), and CH-VAS2870 (3’) on ROS inhibition in: (A) a respiratory burst 

assay. Differentiated HL-60 cells were incubated for 20 minutes with a control (DMSO), 1, 2, or 3’. Addition of LPS stimulated 

ROS production, leading to respiratory bursts. ROS production was measured using chemiluminescence; and (B) neuronal 

death when exposed to anti-NGF. Neurons were cultured in NGF, then a control (DMSO), 1, or 3’ was added and incubated 

for 24 h. Cells were then visualized to determine the neuroprotective effects. Both studies indicate that 1 inhibited ROS 

production, while 3’ showed no effect (compared to the DMSO). These findings support my hypothesis that 1 inhibits ROS 

production using thioalkylation. 

 

The results from both independent assays are in agreement. VAS2870 (1) inhibited ROS 

production and CH-VAS2870 (3’) did not. This supports my hypothesis that without the ability to 

undergo thioalkylation by a cysteine residue, methylene tautomer 3’ is unable to prevent ROS 

production by NOX enzymes. N3-VAS2870 (2) also prevented ROS inhibition, indicating that the p-

methylazido group does not interfere with binding to its target protein(s). The azide will be used in a 

future study as an attachment point for a fluorescent dye. This will further test my hypothesis by 

enabling visualization of the protein-triazolopyrimidine complex. 
 

1              2              3 
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2.10 SUMMARY AND FUTURE DIRECTIONS 
 

The NOX inhibitor VAS2870 (1) along with two derivatives, N3-VAS2870 (2) and CH-

VAS2870 (3’), have been synthesized. VAS2870 (1) was synthesized in 5 steps: addition of 

benzylamine to chloropyrimidine 20, followed by formation of the triazole ring to yield 

chloropyrimidine intermediates 13, and was completed by the addition of 2-mercaptobenzoxazole (43) 

in an overall yield of 78%. N3-VAS2870 (2) followed the same synthetic route, using benzylamine 22 

(2 steps, 77% yield) and chloropyrimidine intermediate 14 with an overall yield of 83%. CH2-VAS2870 

(3) used the same synthetic route to chloropyrimidine 13 but required an additional step for the 

addition of the benzoxazole moiety. Oxazolylacetate 49 (2 steps, 55% yield) was coupled to 13, and 

subsequent Krapcho decarboxylation gave methylene tautomer 3’ with an overall yield of 65%. 

My hypothesis is that 1 exhibits its inhibitory effects by way of thioalkylating NOX proteins 

to prevent the active NOX2 complex form forming. To test this hypothesis, I designed two synthetic 

analogues. 2 has a p-methylazido substituent which will be used to click on a fluorescent tag to 

visualize covalanet binding of 2 to NOX proteins. 3’ was synthesized as an analogue which cannot 

undergo thioalkylation due replacing the sulphur-carbon bond in 1 and 2 with a carbon-carbon bond. 

If this compound showed inhibitor effects, it would be through non-covalent ligand-protein 

interactions. My findings suggest that 1 reacts irreversibly with NOX2 and thus may call several 

biological assays using it as a reversible inhibitor into question. 

VAS2870 (1) was used as a standard against 2 and 3’ in reactive oxygen species (ROS) assays. 

Both 1 and 2 showed inhibitory effects on the production of ROS, while 3’ had no inhibitory effects. 

This is indicative of a thioalkylation mechanism of inhibition, likely by a cysteine residue of a NOX 

protein. The p-methylazido substituent of 2 will be used in future studies to attach a fluorescent tag for 

the visualization of the binding site(s) of the triazolopyrimidine backbone to NOX2 to support this 

hypothesis (Figure 2.15). 
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Figure 2.15 Covalent attachment of N3-VAS2870 (2) to a protein of interest (POI) and subsequent cyclization between the 

p-methylazido substituent and alkyne bound to a fluorescent tag. 
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2.11 Experimental 
 
General Information 

Anhydrous EtOH, nBuOH, and DMF along with deuterated solvents were purchased from 

Sigma-Millipore. THF, Et2O, DMSO, EtOH and DCM were purchased from Fisher and VWR. All 

other reagents were purchased from one of the three aforementioned companies and were used 

without further purification. 

NMR spectra were obtained on a 400 MHz Varian NMR AS400 unit with an ATB-400 probe 

at 25 °C. Infrared spectra (IR) were acquired using a PerkinElmer FT-IR Spectrum Two IR 

Spectrometer with samples prepared as neat film on NaCl plates. High Resolution Mass Spectrometry 

analyses were obtained with an Agilent G1969A ToF Mass Spectrometer. Column chromatography 

was performed on silica gel (230-400, Silicycle, Quebec). 
 

Benzyl azide (18)  

To a mixture of sodium azide (4.88 g, 76 mmol) in 6 mL H2O was added a solution of benzyl 

bromide (4.46 mL, 37.8 mmol) in 75 mL THF. The resulting biphasic mixture was refluxed for 17 

hours. The reaction was then cooled to room temperature and diluted with 50 mL of H2O. The 

aqueous layer was decanted and extracted with 50 mL Et2O. The combined organic layers were 

washed with brine, dried over MgSO4, filtered, and concentrated in vacuo to afford benzyl azide (5.0 

g, quantitative) as a pale-yellow liquid. The crude was used in the next step without further 

purification. Characterization data matched reports.12 
1H NMR (400 MHz, DMSO-d6) d = 7.45-7.35 (m, 5H), 4.36 (s, 2H) ppm. 

 
5-Amino-1-benzyl-1H-1,2,3-triazole-4-carboxamide (24)  

Cyanoacetamide (1.64 g, 19.5 mmol), KOH (1.21 g, 21.7 mmol), and 13 mL EtOH were 

combined and stirred at rt for 15 minutes. A solution of azide (18) (3.24 g, 24.3 mmol) in 8 mL EtOH 

was added and the resulting mixture was refluxed for 1 hour. The mixture was then cooled to -26 °C 

and the resulting solid was isolated and dried to afford triazole 24 (3.92g, 92%) as a white solid. The 

crude was used in the next step without further purification. Characterization data matched reports.12  
1H NMR (400 MHz, DMSO- d6) d = 7.44 (br s, 1H), 7.34-7.30, (m, 2H), 7.28-7.24 (d, 1H), 

7.22-7.20 (m, 2H), 7.08 (br s, 1H), 6.24 (s, 2H), 5.44 (s, 2H) ppm.  
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3-Benzyl-3H-[1,2,3]triazolo[4,5-d]pyrimidin-7-ol (15)  

24 (4.75 g, 21.7 mmol) and ethyl formate (6.98 mL, 86.8 mmol) were added in succession to 

a 0.045 M solution of NaOEt in 250 mL anhydrous EtOH at rt, under Ar (g). The resulting suspension 

was brought to reflux for 25 hours. The solvent was removed in vacuo and the solids were re-suspended 

in H2O. The crude was filtered over a glass frit using vacuum, and the recovered solids were dried over 

P2O5 to yield an off-white powder. The filtrate was evaporated to half volume, resulting in the 

formation of fluffy (cotton candy- like) off-white crystals. The crystals were isolated using a glass frit 

and vacuum and were dried over P2O5. Both solids were confirmed to be 15 by 1H NMR and were 

combined to yield 4.5 g (92%). The crude was used in the next step without further purification. 

Characterization data matched reports.12  
1H NMR (400 MHz, DMSO- d6) d = 7.96 (s, 1H), 7.35-7.25 (m, 5H), 5.58 (s, 2H) ppm.  

 
4,6-Dichloro-5-nitropyrimidine (39)  

POCl3 (5.0 mL) was added to 38 (790 mg, 5.0 mmol), followed by N,N-dimethylaniline (1 mL, 

7.9 mmol). The mixture was heated to reflux for 2 hours. Excess POCl3 was removed by reduced 

pressure distillation and the resulting liquid was poured into water (100 mL) and extracted with EtOAc 

(3 x 100 mL). The combined extracts were dried over MgSO4, filtered, and concentrated in vacuo to a 

violet crystalline solid. Purification using a silica plug eluting with DCM gave chloride 39 (0.93 g, 

96%) as a yellow crystalline solid. Characterization data matched reports.58 
1H NMR (400 MHz, CDCl3) d = 8.92 (s, 1H) ppm.  

 
5-Amino-4,6-dichloropyrimidine (20)  

Nitropyrimidine 39 (0.80 g, 3.7 mmol), tin (II) chloride (3.8 g, 18 mmol), and ethanol (8 mL) 

were combined and brought to reflux for 1 hour. The resulting solution cooled to room temperature 

and was poured over crushed ice (30 g). NaHCO3 (s) was added until pH = 8, the emulsion was 

removed by Celite filtration and rinsed with EtOAc (50 mL), then the filtrate was extracted with 

EtOAc (3 x 150 mL). The combined extracts were dried over MgSO4, filtered, and concentrated in 

vacuo to give amine 20 (0.54 g, 89%) as a pale yellow crystalline solid. Characterization data matched 

reports.58 
1H NMR (400 MHz, CDCl3) d = 8.21 (s, 1H), 4.49 (br s, 2H) ppm.  
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5-Amino-4-chloro-6-(benzylamino)pyrimidine (40)  

Chloride 20 (320 mg, 1.95 mmol), benzylamine (224 𝜇L, 1.63 mmol), TEA (227 𝜇L, 1.63 

mmol), and anhydrous nBuOH (5 mL) were combined and brought to reflux under Ar (g) for 24 hours. 

The nBuOH was removed by reduced pressure distillation, and the residue was dissolved in DCM 

(100 mL). The resulting organic solution was washed with water (50 mL), sat. NaCl (aq) (50 mL), 

dried over MgSO4, filtered, and concentrated in vacuo to an orange oily solid (400 mg, 87%) which 

was used without further purification. Characterization data matched reports.59 
1H NMR (400 MHz, DMSO-d6) d = 7.73 (s, 1H), 7.33 (m, 5H), 5.09 (br s, 2H) 4.63 (d, J= 5.7 

Hz, 2H) ppm.  
 

3-Benzyl-7-chloro-3H-[1,2,3]triazolo[4,5-d]pyrimidine (13)  

Diamine 40 (0.40 g, 1.7 mmol), NaNO2 (0.13 g, 1.9 mmol), 50% AcOH (8 mL), and DCM (8 

mL) were combined and stirred for 30 minutes. The biphasic mixture was diluted with DCM (50 mL), 

washed with water (20 mL), sat. NaHCO3 (aq) (3 x 20 mL), water (20 mL), sat. NaCl (aq) (20 mL), 

dried over MgSO4, and filtered. Removal of solvent in vacuo gave chloride 13 (0.36 g, 86%) as a yellow 

crystalline solid, which was used without further purification. Characterization data matched 

reports.60 
1H NMR (400 MHz, CDCl3) d = 8.96 (s, 1H), 7.49-7.47 (m, 2H), 7.36-7.35 (m, 3H), 5.90 (s, 

2H) ppm.  
 
7-(1,3-Benzoxazol-2-ylsulfanyl)-3-benzyl-3H-[1,2,3]triazolo[4,5-d]pyrimidine (1)  

Chloride 13 (290 mg, 1.2 mmol), 2-mercaptobenzoxazole (180 mg, 1.2 mmol), TEA (0.16 mL, 

1.2 mmol), and anhydrous EtOH (10 mL) were combined and stirred at room temperature for 5 hours. 

The resulting suspension was diluted with DCM (50 mL), washed with sat. NaHCO3 (10 mL), sat. 

NaCl (10 mL), dried over MgSO4, filtered, and concentrated in vacuo to an orange solid. Purification 

with flash chromatography using silica gel and eluting with DCM gave 1 as a pale yellow crystalline 

solid (0.14g, 33%). Characterization data matched reports.12 
1H NMR (400 MHz, CDCl3) d = 8.81 (s, 1H), 7.86-7.84 (br d, J = 7.6 Hz, 1H), 7.60-7.58 (br 

d, J = 7.85 Hz, 1H), 7.48-7.41 (m, 4H), 7.33-7.32 (m, 3H), 5.83 (s, 2H) ppm.  
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1,4-Bis(azidomethyl)benzene (19)  

Dibromide 41 (2.81 g, 10.6 mmol) and NaN3 (2.07 g, 31.9 mmol) were refluxed in THF/water 

(36 mL/ 4 mL) for 16 hours. The biphasic mixture was cooled to room temperature and diluted with 

water (10 mL). The mixture was extracted with Et2O (2 x 50 mL), dried over MgSO4, filtered, and 

concentrated in vacuo to a pale-yellow oil (2.0 g, 100%). Characterization data matched reports.61  
1H NMR (400 MHz, CDCl3) d = 7.31 (s, 4H), 4.32 (s, 4H) ppm.  

 
4-(Azidomethyl)benzylamine (22)  

Bisazide 19 (1.67 g, 8.90 mmol), PPh3 (3.03 g, 11.5 mmol) 1M HCl (32 mL), and Et2O (42 

mL) were combined and vigorously stirred for 22.5 hours. The layers were separated, and the aqueous 

layer was extracted with Et2O (3 x 50 mL) to remove starting materials and Ph3PO. 2.5M KOH was 

added until pH = 10, then the solution was extracted with DCM (4 x 50 mL). The combined DCM 

extracts were dried with MgSO4, filtered and concentrated in vacuo to give a clear yellow oil (0.79 g, 

55%). Characterization data matched reports.61 
1H NMR (400 MHz, CDCl3) d = 7.32-7.30 (d, J = 8.21 Hz, 2H), 7.27-7.25 (d, J = 7.63 Hz, 

2H), 4.29 (s, 2H), 3.85 (s, 2H), 1.49 (br s, 2H) ppm.  
 
5-Amino-4-chloro-[6-(4-azidomethyl)benzylamino]pyrimidine (42)  

Chloride 20 (254 mg, 1.55 mmol), benzylamine 22 (264 mg, 1.63 mmol), TEA (227 𝜇L, 1.63 

mmol), and anhydrous nBuOH (5 mL) were combined and brought to reflux under Ar (g) for 22.5 

hours. The nBuOH was removed by reduced pressure distillation, and the residue was dissolved in 

DCM (100 mL). The resulting organic solution was washed with water (50 mL), sat. NaCl (aq) (50 

mL), dried over MgSO4, filtered, and concentrated in vacuo to an orange oily solid. Purification by 

flash chromatography using silica gel eluting with 50% EtOAc/Hexanes gave diamine 42 (330 mg, 

67%) as a white crystalline solid. Prepared according to literature procedures for 40.59  

FTIR (thin film): 3349, 3245, 2925, 2099, 1576 cm-1.  
1H NMR (400 MHz, CDCl3) d = 8.09 (s, 1H), 7.36-7.28 (dd, J = 7.32 Hz, 4H), 5.21 (bd s, 1H), 

4.70-4.69 (d, J = 5.44 Hz, 2H), 4.33 (s, 2H), 3.45 (d, 2H) ppm.  
13C NMR (100 MHz, CDCl3) d = 154.7, 149.5, 143.4, 138.5, 134.8, 128.6, 128.3, 121.9, 54.4, 

45.1 ppm.  

HRMS (EIS-TOF) m/z: [M + H]+ calcd for C12H12ClN7, 290.0920; found, 290.0915.  
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7-Chloro-[3-(4-(azidomethyl)benzyl)]-3H-[1,2,3]triazolo[4,5-d]pyrimidine (14)  

Diamine 42 (0.48 g, 1.66 mmol), NaNO2 (126 mg g, 1.82 mmol), 50% AcOH (9 mL), and 

DCM (9 mL) were combined and stirred for 30 minutes. The biphasic mixture was diluted with DCM 

(30 mL), washed with water (10 mL), sat. NaCl (aq) (10 mL), dried over MgSO4, and filtered. Removal 

of solvent in vacuo gave chloride 14 (0.34 g, 68%) as a yellow crystalline solid, which was used without 

further purification. Prepared according to literature procedures for 13.60 

FTIR (thin film): 2928, 2101, 1585, 1569 cm-1.   
1H NMR (400 MHz, CDCl3) d = 8.93 (s, 1H), 7.51-7.48 (d, J = 7.94 Hz, 2H) 7.32-7.30 (d, J = 

7.83 Hz, 2H) 5.90 (s, 2H), 4.32 (s, 2H) ppm.  
13C NMR (100 MHz, CDCl3) d = 155.6, 154.3, 149.7, 136.4, 134.2, 133.8, 129.1, 128.8, 54.2, 

51.0 ppm.  

MS (EIS-TOF) m/z: [M + H]+ calcd for C12H09ClN8, 301; found 283 (indicating the 

chloropyrimidine had converted to the pyrimidinone).  

 
7-(1,3-Benzoxazol-2-ylsulfanyl)-[3-(4-(azidomethyl)benzyl)]-3H-[1,2,3]triazolo[4,5-d]pyrimidine 

(2) 

 Chloride 14 (0.27 g, 0.9 mmol), 2-mercptobenzoxazole (133 mg g, 0.9 mmol), TEA (0.13 mL, 

0.9 mmol), and anhydrous EtOH (10 mL) were combined and stirred at room temperature for 5 hours 

under Ar (g). The resulting suspension was concentrated in vacuo to a yellow solid, dissolved in 

chloroform (20 mL), washed with sat. NaHCO3 (10 mL), sat. NaCl (10 mL), dried over MgSO4, 

filtered, and concentrated in vacuo to a brown solid. Purification with flash chromatography using 

silica gel and eluting with 25% EtOAc/Hexanes gave 2 as a white crystalline solid (0.26 g, 70%). 

Prepared according to literature procedures for 1.12 

FTIR (thin film): 3063, 2926, 2100, 1576, 1563, 1447, 748 cm-1.   
1H NMR (400 MHz, CDCl3) d = 8.81 (s, 1H), 7.85 (m, 1H), 7.59 (m, 1H), 7.45 (m, 4H), 7.29 

(m, 2H), 5.83 (s, 2H), 4.31 (s, 2H) ppm.  
13C NMR (100 MHz, CDCl3) d = 161.4, 155.3, 153.6, 152.9, 148.2, 141.9, 136.2, 134.0, 133.5, 

129.0, 128.8, 126.7, 125.2, 124.2, 120.8, 54.2, 50.7 ppm.  

HRMS (EIS-TOF) m/z: [M + H]+ calcd for C19H13N09OS, 416.1038; found, 416.1037.  
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Diethyl 2-(3-benzyl-3,6-dihydro-7H-[1,2,3]triazolo[4,5-d]pyrimidin-7-ylidene)malonate (52) 

Diethyl malonate (6.66 mmol) was added dropwise to a suspension of NaH (6.84 mmol) in 

anhydrous DMF (1 mL) under Ar (g). A solution of chloride 1.4 (3.26 mmol) in DMF (1 ml) was 

added dropwise and the reaction stirred for 2 h. The mixture was diluted with H2O (50 mL) and 

acidified to pH 4 with 12 M HCl. The crude was extracted with DCM (20 mL), dried over MgSO4, 

filtered, and concentrated in vacuo to a yellow oil. Purification with flash chromatography using silica 

gel and eluting with 50% EtOAc/Hexanes gave 52 (22.9 mg, 19%) as a yellow crystalline solid. 

Prepared according to literature procedures.64 

FTIR (thin film): 3158, 3034, 2982, 2904, 2251, 1722, 1633, 1666 cm-1.  
1H NMR (400 MHz, CDCl3) d = 12.90 (br s, 1H), 7.89 (s, 1H), 7.38-7.27 (m, 5H), 5.63 (s, 2H), 

4.46-4.41 (q, 2H), 4.27-4.22 (q, 2H), 1.36-1.26 (m, 6H) ppm.  
13C NMR (100 MHz, CDCl3) d = 168.07, 166.10, 145.87, 144.08, 142.50, 134.57, 134.48, 

129.03, 128.73, 128.50, 128,42, 127.54, 91.57, 62.00, 61.00, 50.88, 50.65 ppm.  

HRMS (EIS-TOF) m/z: [M + Na]+ calcd for C18H19N05O04, 392.1337; found, 392.1329.  
 
Ethyl (Z)-2-(3-benzyl-3,6-dihydro-7H-[1,2,3]triazolo[4,5-d]pyrimidin-7-ylidene)-2-cyanoacetate 

(51) 

Ethyl cyanoacetate (6.66 mmol) was added dropwise to a suspension of NaH (6.84 mmol) in 

anhydrous DMF (1 mL) under Ar (g). A solution of chloride 1.4 (3.26 mmol) in DMF (1 ml) was 

added dropwise and the reaction stirred for 2 h. The mixture was diluted with H2O (50 mL) and 

acidified to pH 4 with 12 M HCl. The crude was extracted with DCM (20 mL), dried over MgSO4, 

filtered, and concentrated in vacuo to a yellow oil. Purification with flash chromatography using silica 

gel and eluting with 50% EtOAc/Hexanes gave 51 (32.6 mg, 31%) as a yellow crystalline solid. 

Prepared according to literature procedures.65 

FTIR (thin film): 3062, 3027, 2222, 1679, 1558 cm-1.  
1H NMR (400 MHz, DMSO-d6) d = 13.25 (br s, 1H), 8.51 (s, 1H), 7.39-7.31 (m, 5H), 5.81 (s, 

2H), 4.30-4.25 (q, 2H), 1.31-1.28 (t, 3H) ppm.  
13C NMR (100 MHz, DMSO-d6) d = 166.96, 148.58,145.61, 135.23, 128.99, 128.44, 128.08, 

127.33, 116.76, 66.84, 60.96, 49.96, 14.44 ppm.  

HRMS (EIS-TOF) m/z: [M + Na]+ calcd for C16H14N06O02, 345.1071; found, 345.1070.  
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Ethyl 3-ethoxy-3-iminopropanoate hydrochloride (57)  

Ethyl cyanoacetate (4.8 mL, 52 mmol), EtOH (5.25 mL, 90 mmol), H2O (0.75 mL, 42 mmol), 

and Et2O (2 mL) were combined and cooled to 0 °C. SOCl2 (3.3 mL, 45 mmol) was added dropwise 

over several minutes, and the resulting mixture stirred at 0 °C for 2 hours, then 22 hours at room 

temperature. Et2O (12 mL) was added and the resulting solids were filtered off, washed with Et2O (2x 

10 mL), and dried to afford 4.0 g of white crystalline solid (4.0 g, 34% yield). Characterization data 

matched reports.43 
1H NMR (400 MHz, CDCl3) d = 12.59 (br s, 1H), 11.88 (br s, 1H), 4.69 (m, 2H), 4.21 (m, 2H), 

3.87 (s, 2H), 1.47 (m, 3H), 1.26 (m, 3H) ppm.  
 

Ethyl 2-(benzo[d]oxazol-2-yl)acetate (49) 

57 (8.0 g, 41 mmol), p-aminophenol (3.44 g, 31.5 mmol), and EtOH (140 mL) were combined 

and refluxed for 17 hours. The solution was then cooled to room temperature and partitioned between 

water (140 mL) and EtOAc (140 mL). The organic layer was washed with brine, dried over MgSO4, 

filtered, and reduced to a pale brown crystalline solid. Purification with flash chromatography using 

silica gel and eluting with 10% EtOAc/Hexanes gave 2.36 as a light pink crystalline solid (4.83 g, 

75%). Characterization data matched reports. 44  
1H NMR (400 MHz, CDCl3) d = 7.72-7.70 (m, 1H), 7.53-7.51 (m, 1H), 7.36-7.32 (m, 2H), 

4.24 (q, 2H), 4.01 (s, 2H), 1.28 (t, 3H) ppm.  
 
Ethyl (E)-2-(benzo[d]oxazol-2-yl)-2-(3-benzyl-3,6-dihydro-7H-[1,2,3]triazolo[4,5-d]pyrimidin-7-

ylidene)acetate (53) 

Acetate 49 (12 mmol) was added, in portions, to a suspension of NaH (13 mmol) in anhydrous 

DMF (1 mL), under Ar (g). The reaction stirred for 40 min and was quenched by pouring into H2O 

(30 mL). The resulting mixture was acidified to pH 4 with 12 M HCl and portioned with chloroform 

(100 mL). The organic layer was extracted, dried over MgSO4, filtered, and concentrated in vacuo. 

Purification with flash chromatography using silica gel and eluting with 50% EtOAc/hexanes gave 53 

(50 mg, 20%) as a yellow-green crystalline solid. Prepared according to literature procedures.65 

1H NMR (400 MHz, CDCl3) d = 13.86 (br s, 0.5H), 13,37 (br s, 1H), 8.07 (s, 0.5H), 7.98 (s, 

1H), 7.80 (s, 1H), 7.58 (m, 2H), 7.43 (m, 1H), 7.36 (m, 9H), 5.67 (s, 1H), 5.56 (s, 2H), 4.60 (q, 1H), 

4.25 (q, 2H) , 1.43 (t, 1.5H), 1.22 (t, 3H) ppm.  
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13C NMR (100 MHz, CDCl3) d = 168.99, 165.36, 161.99, 159.22, 151.29, 148.74, 146.18, 

144.19, 143.84, 142.05, 140.36, 138.67, 134.45, 134.16, 128.87, 128.62, 128.38, 124.93, 124.58, 

124.19, 123.87, 120.36, 117.73, 110.77, 84.09, 62.21, 61.06, 50.52, 14.20, 14.04 ppm.  
  

(Z)-2-((3-Benzyl-3,6-dihydro-7H-[1,2,3]triazolo[4,5-d]pyrimidin-7-

ylidene)methyl)benzo[d]oxazole (3’) 

Oxaloacetate 53 (1.2 mmol), LiCl (2.4 mmol), and wet DMSO (.5 ml) were combined and 

refluxed for 4 h. Contents of the flask were poured into 5 mL of ice water and saturated with NaCl. 

The resulting suspension was extracted with DCM (3x 5 mL). organic extracts were combined, dried 

over MgSO4, filtered, and concentrated in vacuo. Purification with flash chromatography using silica 

gel and eluting with 10% EtOAc/Hexanes gave methylene tautomer 3’ as a yellow crystalline solid 

(12 mg, 29%). Prepared according to literature procedures.68 

FTIR (thin film): 3060, 1778, 1666 cm-1.  
1H NMR (400 MHz, CDCl3) d = 12.88 (br s, 1H), 7.93 (s, 1H), 7.59-7.57 (d, 1H), 7.49-7.46 (d, 

1H), 7.44-7.29 (m, 7H), 6.19 (s, 1H), 5.66 (s, 2H) ppm.  
13C NMR (100 MHz, CDCl3) d = 164.66, 149.04, 146.65, 141.57, 138.54, 134.79, 129.54, 

129.08, 128.69, 128.38 124.49, 124.14, 123.87, 122.95, 117.73, 110.32, 51.01 ppm.  

HRMS (EIS-TOF) m/z: [M + H]+ calcd for C18H14N05O01, 343.1298; found, 343.1302.  
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 DEVELOPMENT OF A 
SILICON-BASED TRACELESS-AFFINITY 
LINKER 
 

The ability to label proteins is a powerful method to help understand their function and 

localization in living systems.71,72 Current labels include dyes, affinity tags, and radioactive tracers 

which can be added to a protein of interest (POI) using a variety of methods.71,73,74 Three such methods 

are click chemistry, affinity labelling, and traceless-affinity labelling (Figure 3.1). Click chemistry 

commonly requires the use of genetic modification to incorperate an azide group to an amino acid in 

the POI. Affinity labelling uses a probe, composed of a ligand attached to a chemical tag, to selectively 

label the active site of the POI. Traceless-affinity labelling uses a molecule composed of a ligand, a 

cleavable linker, and a chemical tag. When the probe binds to the POI the cleavable linker reacts with 

a surface residue outside of the active site, simultaneously cleaving the ligand from the tag. When the 

probe dissociates, the active site is freed, and the tag remains bound to the protein. This novel method 

requires no genetic modification and maintains the POI’s native structure and function, making it a 

very valuable tool for studying proteins in living systems.  
  

3.1 OVERVIEW OF TRACELESS-AFFINITY LABELLING 
 

When studying proteins in living systems, many factors may influence their structure and 

function, such as expression levels, localization, and interactions with other biomolecules (i.e., ligands 

and other proteins). Each of these components can be studied by chemically labelling the protein of 

interest (POI) on an amino acid residue on the surface or in an active site. Many methods exist for 

selectively labelling proteins, including genetic modification and chemical probes (Chapter 1, Section 

1.2). 

Click chemistry is a type of genetic modification in which an amino acid containing an azide 

group is added to an amino acid residue of the POI (Figure 3.1A).18 While this method is useful for 

the tagging of a protein in vitro, it may become complicated when tagging different proteins 

simultaneously. Also, the introduction of genetically modified proteins into living organisms is 

difficult. In contrast, a probe can be delivered to a specific active site (affinity labeling) of the POI 
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(Figure 3.1B). While this method is selective (provided the right ligand-protein pairs are chosen), and 

enables labelling multiple POIs without genetic modification, it still has limitations. If the ligand 

readily dissociates, visualizing the protein will be difficult. On the other hand, if the binding interaction 

is strong, the protein remains labelled but the active site is hindered which may disrupt its native 

function .3,73,75 

To overcome the pitfalls of the aforementioned labelling methods, traceless-affinity labels 

were designed (Figure 3.1C).3 This strategy utilizes a ligand to deliver a chemical label to a protein of 

interest (POI) via a cleavable linker. Once the ligand is bound to an active site on the POI, the linker 

is brought in proximity with the protein’s surface. The probe is designed to react with nucleophilic 

residues on the surface, while simultaneously severing its bond to the ligand. The linker remains bound 

to the chemical tag therefore the tag is now covalently bound to the surface of the POI. The ligand is 

now free from the tag and when it dissociates the POI’s native structure and function should be 

conserved. Pioneering work by  Hayashi and Hamachi in 2012 described a disulfide linker to react 

with cysteine residues.3,76 In this work, I propose to develop a cleavable linker that will react with a 

nucleophilic residue such as lysine. Lysine was chosen because it can act as a nucleophile in 

physiological conditions, and it is abundant on the surface of proteins.77 
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Figure 3.1 General examples of click chemistry (A), affinity labelling (B), and traceless-affinity labeling (C) of a protein.3  

 
There are two important factors to consider when designing the cleavable linker required for 

the above strategy: compatibility and reactivity. The linker must be compatible with a wide variety of 

ligands and chemical tags. Once coupled to a ligand and tag, the linker must remain bioorthogonal 

towards chemical processes within the cell until it is brought into proximity of the POI’s active site.  
 

3.1.1 Existing Methods for Covalent Tagging of Surface Lysine Residues 

 
Lysine is a common target for covalently tagging proteins because of the nucleophilic nature 

of the amine residue.78 Although lysine is mostly protonated at physiological pH (Scheme 3.1), it is 

able to chemoselectively react with electrophiles in the presence of other nucleophilic residues (such 

as cysteine and serine).79 
 

 
Scheme 3.1 Protonation of lysine residue at physiological pH (7.4). 

 

Examples of current tagging methods for the surface residues in cellular conditions are 

summarized in Table 3.1. In 1986, Bernad et al. first showed that maleic anhydride (58) could acylate 

lysines under basic conditions (pH 8.2) producing amide 59.80 Side reactions with the 𝛼-NH2 of amino 

acids, serine, and threonine were also observed, prompting investigations into more selective methods. 

Now, more than thirty years of research efforts have led to the discovery of a range of electrophiles 

which selectively label lysines in vitro under physiological conditions with short reaction times.81–83  
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Table 3.1  Examples of current tagging methods for the surface lysine residues. 

 

Reaction Type Electrophile Conditions Product Side 
Reactions 

Trans-acylation 
 

58 
Bernad, et al., 198680 

HEPES buffer, 
pH 8.2, 

overnight  
59 

Alpha-NH2, 
serine, 

threonine 

Electroacylation 
 

60 
Tanaka et al., 200881 

PBS, 
pH 7.0, 
30 min. 

 
61 

None 
reported 

Azidation/ 
Trans-acylation  

62 
Dietheim et al., 201482 

PBS, 
pH 7.0, 

2h  
63 

None 
reported 

Phthalimidine 
formation  

64 
Tung et al., 201683 

PBS, 
pH 7.4, 
30 min.  

65 

None 
reported 

 

A proposed linker that may meet the above criteria is an α-silyl-β-lactone (4, Figure 3.2). Based 

on reactions of existing β-lactones with serine proteases, 4 may undergo transacylation reactions with 

nucleophilic residues to covalently attach to the POI. The intermediate can then, via an intramolecular 

rearrangement, cleave to form a tag-POI complex and silanol-ligand by-product. When the ligand 

dissociates from the POI, the protein can then be studied in its native state. 

 

 
 

Figure 3.2 Proposed cleavable linker containing an α-silyl-β-lactone (4). 
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3.1.2 Reactions of β-Lactones with Primary and Secondary Amines 

 
β-Lactones (66) are known to react with primary and secondary amines to give amides 67 

and/or amino acids 68 (Scheme 3.2).84 The ratio of the two ring-opened products depends on the 

conditions used and can be modified to favor a particular product. The three main factors contributing 

to the ratio of products are: the amine used, solvent, and the order of reagent addition. 
 

 
 

Scheme 3.2 Reactions of β-lactone 66 with amines yields a mixture of amide 67 (via trans-acylation) and amino acid 68 (via 

SN2). 

 
In water, reactions of β-lactones with primary amines (e.g., lysine) favor the formation of 

amides, regardless of the order of reagent addition. This suggests that when the proposed α-silyl- β- 

lactone reacts with lysine, it should form an amide intermediate, prior to cleavage.  
 

3.1.3 β-Lactones React with Nucleophilic Residues of Enzymatic Active Sites 

 

A variety of electrophiles have been shown to chemoselectively react with lysines under 

physiological conditions (i.e., dienal 60, diazonium 62, phthaldehyde 64, Table 3.1). Although 

synthetic methods exist for reactions between amines and lactones, reactions of 66 and lysine in 

physiological conditions have never been reported. Yet, there are examples of natural and synthetic 

β-lactones reacting selectively with serine and cysteine residues of enzymes.85–87  

By coupling a ligand with 66, the lactone can be brought into proximity with a surface lysine 

residue of the POI. I hypothesize that the proximity to the lysine’s amine will facilitate acylation by 

66, thereby completing the first step in traceless-affinity labelling. 
 

3.1.4 β-Lactones in Natural Products Acylate Nucleophilic Residues 

 
The β-lactone moiety was chosen as a component of proposed cleavable linker 4 because it is 

present in natural products which acylate nucleophilic residues (i.e., serine and cysteine) (Figure 3.3). 
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The serine and cysteine residues that get acylated are found in the active sites of enzymes, with no 

side reactions with other residues observed. This reactivity likely arises from the selectivity of the 

compounds for the active site of the enzymes, bringing the β-lactone into proximity of the nucleophilic 

residue.  
 

Table 3.2 Examples of natural products containing β-lactones. 

 

Natural Product containing β-lactone Source Inhibits 

 
Lipstatin (69)85 

Streptomyces toxytricini Pancreatic Lipase 

 
Ebelactone A (70, R = Me) 
Ebelactone B (71, R = Et)86 

Streptomyces 
aburaviensis Homoserine transacetylase (HTA) 

 
Hymeglusin (72)87 

Enterococcus faecalis Hydroxymethylglutaryl (HMG)-CoA Synthase 

 
 

The four β-lactones in Table 3.2 (69 – 72) undergo nucleophilic attack by a Ser or a Cys, 

followed by ring opening and protonation. Lipstatin (69) and Ebelactone A (70) and B (71) acylate 

serine residues within the active sites of their respective serine protease targets. It should be noted that 

these serine residues are more nucleophilic than normal because they are part of a catalytic triad. The 

triad is composed of serine, histidine, and aspartate residues which are responsible for the activity of 

the enzymes.88 The carboxylate group of Asp polarizes the His, which then deprotonates the Ser, and 

the oxyanion then attacks the lactone’s carbonyl carbon (Scheme 3.3).89  
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Scheme 3.3 Simplified mechanism for the acylation of a serine by a β-lactone. The serine in the catalytic site is activated by 

assistance from neighbouring His/Asp pair. 

 
Hymeglusin (72) acylates the cysteine residue in the catalytic site of HMG-CoA synthase.87 

Aside from the cysteine, the other residues involved in the catalytic process are not identified. It has 

been postulated Glu is the catalytic base, and His may act as a proton donor (Scheme 3.4).90 
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Scheme 3.4 Putative mechanism for the acylation of a cysteine residue by a β-lactone in the active site of an HMG-CoA 

synthase. 

 
3.1.5 Synthetic β-Lactones that Acylate Nucleophilic Residues 

 
  Based on the natural β-lactones in the previous section, in 2008 Böttcher and Sieber 

developed a series of β-lactones to covalently tag the active sites of enzymes.79 Each lactone bore a 

substituent on the 𝛼-carbon to increase selectivity towards a specific enzyme class, and an alkyne 

group on the β-carbon. Once the lactone has reacted with its enzyme target, click chemistry is used to 

attach a fluorescent tag to visualize the protein. 
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Figure 3.3 A two-step method for tagging enzymes. First, a β-lactone (with an alkyne on C-4) acylates a cysteine or serine 

residue. Next, the alkyne is reacted with an azide on a Rhodamine (Rh)-fluorescent tag, in the presence of copper (II) sulfate, 

tris(2-carboxyethyl)phosphine (TCEP), and a ligand resulting in covalent tagging of the enzymes.79 

 
 While this affinity labelling provides a selective method for visualization of enzymes, the 

active site ends up inhibited by design. I propose utilizing a related method for traceless-affinity 

labelling, in which the β-lactone is brought into proximity of a lysine on the surface of the POI through 

a ligand-protein interaction. This will enable the acylation of the lysine’s amine in the absence of a 

catalytic base (such as glutamate or histidine in the active sites of enzymes). This would complete the 

first step in traceless-affinity labelling (Scheme 3.5). 
 

 
 

Scheme 3.5 Proposed nucleophilic attack of a lysine residue on the β-lactone of traceless-affinity molecule 4. 

 
3.2 RESEARCH PROPOSAL: CLEAVAGE OF A α-SILYL-β-
LACTONE LINKER VIA A PETERSON OLEFINATION 
 

Upon association of the ligand and protein of interest (POI), the proposed acylation of a lysine 

residue will covalently tag the protein (74, Scheme 3.5). The resulting amide intermediate contains a 

silicon and oxygen in a 1,2-relationship. A subsequent Peterson olefination would cleave the ligand 

from the linker and tag, completing the second step of traceless-affinity labelling (Figure 3.5). After 

cleavage and dissociation of the ligand, the native function of the protein is expected to be restored. 

Having the tag remaining bound to the protein would allow us to monitor its activity in real-time. 
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3.2.1 Mechanism of the Peterson Olefination 

 
The Peterson olefination traditionally involves reacting an 𝛼-silyl organometallic reagent (75) 

with an aldehyde or ketone (76) to produce an alkene and a silanol.91 This reaction proceeds in a two-

step process (Scheme 3.6). First, the 𝛼-silyl organometallic reagent reacts with the carbonyl compound 

to form β-hydroxysilane intermediate 77 or 80. These intermediates may be isolated if desired or taken 

directly to the next step. Elimination of the silanol yields alkene 78 or 79 and can occur under acidic 

or basic conditions.  

  
 

Scheme 3.6 The classic Peterson olefination of the hydroxysilane intermediates 77 and 80 can both proceed in acidic or 

basic conditions. Molecules 77 and 80 are each only shown in one condition for simplicity.92  

 

The mechanism of elimination depends on the conditions used.92 Under acidic conditions the 

hydroxyl group is protonated. A molecule of water then attacks the silicon, facilitating anti-periplanar 

elimination of water to produce the alkene and silanol. Under basic conditions the hydroxyl group is 

deprotonated and attacks the silicon, forming a pentacoordinate silicon intermediate. This is followed 

by syn-periplanar elimination to yield the alkene and silanol.   
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3.2.2 A Peterson Olefination Under Physiological Conditions? 

 
The proposed traceless-affinity molecule 4 has silicon and oxygen atoms in a 1,2-relationship, 

which may facilitate cleavage via a Peterson olefination. Traditionally, the Peterson olefination 

requires strongly acidic or basic conditions, each proceeding through different mechanisms (Scheme 

3.6). I propose that the steric strain of a β-lactone will favor ring-opening after nucleophilic attack by 

lysine, and the resulting β-hydroxysilane intermediate 74 will undergo Peterson olefination. If 

successful, this will liberate a silanol bound to the ligand, and an alkene bound to the tag and POI 

(Scheme 3.7). For protein labelling, the stereochemistry of the alkene is inconsequential, so either of 

the aforementioned mechanisms will yield a functional product. 
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Scheme 3.7 (A) General concept of traceless affinity labelling. (B) the nucleophilic attack of traceless-affinity molecule 4 and 

a lysine residue, followed by Peterson olefination.  

 
3.3 STRATEGY: SYNTHESIS OF AN α-SILYL-β-LACTONE LINKER 
 

When designing a synthesis for the linker 4, an α-silyl ester was chosen because the preparation 

of similar esters has been described in a one-step reaction. The starting material, 

dichlorodimethylsilane (85), may be functionalized with an allyl group and an ester.93,94 The allyl 

group of 88 would be used to attach a ligand via cross-metathesis. The ester 90 can cyclize to the α-

silyl-β-lactone 92 with an aldehyde or ketone 91 (which contains the chemical tag). If successful, this 

A 

B 
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will produce a traceless-affinity compound in four steps (Scheme 3.8). It is expected that the lengths 

of the carbon chains will need to be optimized for the best reactivity profile. 
 

 
 

Scheme 3.8 The proposed synthetic route for traceless-affinity molecule 92. 

 
3.3.1 Early Attempts to Prepare an α-Silyl-β-lactone 

 
Initial efforts toward the development of the proposed α-silyl lactone began with the synthesis 

of allyl(diemethyl)chlorosilane (86) from dichlorodimethylsilane (85). Several attempts to mono-

alkylate 85 were unsuccessful, with diallyldimethylsilane (93) as the only identified product (Table 

3.3). The crude 1H NMR spectra were examined, and the mono- and di-allyl products identified by 

their sp3 CH2 doublets at approximately 1.75 and 1.5 ppm, respectively. 
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Table 3.3  Attempted coupling of dichlorodimethylsilane (85) and alkylating agent. 

 

 
 

 

Each reaction was performed under anhydrous, inert conditions and monitored by thin layer 

chromatography (TLC). The Grignard and allyl zinc attempts (entries 1-3) resulted in the exclusive 

formation of diallylsilane 93, despite the equivalents, temperatures, and addition times of the 

organometallic reagent used. I then explored the use of an allyl indium species, which has been 

reported to yield the mono allylsilane 86 in a 92% isolated yield.93 I was unable to replicate these 

yields, with yields below 10%. The unreacted dichlorosilane in each reaction was visualized by TLC 

throughout the reaction but was hydrolyzed upon workup. Since the desired allyl(chloro)silane 86 is 

commercially available, it was purchased to continue on with this route. 
 

3.4 DEVELOPMENT OF A MODEL CLEAVABLE LINKER 
 

Before continuing on with the synthesis of traceless-affinity molecule 92, I wanted to confirm 

whether the 𝛼-silyl-β-lactone moiety could undergo a Peterson olefination with an amine under 

physiological conditions. This led me to postpone the synthesis of the full traceless-affinity molecule 

92 and first produce a model linker from trimethylsilylchloride (TMSCl). The model linker may be 

synthesized in two steps: by generating the TMS ester 95 followed by a [2+2] cycloaddition to a 

carbonyl (96, 98, or 100) to yield an 𝛼-silyl-β-lactone (97, 99, or 101; Table 3.4).  

 

 

Entry Alkylating agent (eq) 3.41 eq Solvent Temp (°C) 3.42 yield (%) Comments 

1 AllylMgBr (1.0) 1.0 Et2O 30 0 93 obtained 

2 AllylMgBr (1.2-1.5) 1.0 Et2O 0-rt 0 93 obtained 

3 AllylZnBr 1.0 THF 0 0 93 obtained 

4 AllylInBr (1.0) 1.0 Et2O rt <10 93 major product 
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Table 3.4  General synthesis of model 𝛼-silyl-β-lactones. 

 

 
 

 

 

 

 

 
3.4.1 Synthesis of a Model β-Lactone Via Enolate Chemistry 

Scheme 3.9 Synthesis of 𝛼-silyl ester 95 using the Reformatsky reagent. 

 

The TMS ester was synthesized using the Reformatsky reagent. In a one pot reaction, the 

Reformatsky reagent was generated in situ by adding bromoacetate 94 to a refluxing mixture of zinc 

powder and TMSCl in anhydrous THF (Scheme 3.9). It was then reacted with TMSCl to yield 𝛼-silyl 

ester 95 in a 61% yield. This yield was slightly below that of Fessenden and Fessenden in 1967 (72%), 

but provided enough material to move on to the next step.94 This reaction was not optimized further. 

 
Scheme 3.10 Attempted cyclization of 𝛼-silyl ester 95 and carbonyls 96, 98, and 100. 

 

Entry Aldehyde/Ketone R R’ Lactone 

1 96 H i-Pr 97 

2 98 Me i-Pr 99 

3 100 Me Me 101 
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The first base used to attempt cyclization between 𝛼-silyl ester 95 and a carbonyl was MeLi 

(Scheme 3.10). The crude 1H NMR spectrum when using aldehyde 96 showed neither starting material 

nor lactone 97 and was primarily Et2O (from workup). In the crude 1H NMR spectrum with ketone 

98, TMS ester 95 was present, but not the ketone or desired product, 99. There were new peaks in the 

aliphatic region, which may have been a result of an undesired reaction between the methyl anion and 

the TMS ester 95 (suggesting the MeLi acted through a different mechanism than that in scheme 3.11) 

but could not be identified.  

 

 
 

Scheme 3.11 Mechanism for the cyclization of TMS ester enolate 102 with aldehyde 96 or ketone 98 to form 𝛼-silyl 

lactone 97 or 99, respectively. 

 

The cyclization was then attempted with LDA as the base, as it is bulkier it should not be 

nucleophilic. Again, the crude 1H NMR spectrum showed no evidence of a lactone. It is possible that 

the lactone cyclization was unsuccessful because the ethoxy substituent was a poor leaving group, so 

a different ester was explored next. 

Next, I attempted to synthesize the 𝛼-silyl lactone 99 from phenyl bromoacetate (107) and 

ketone 98 (Scheme 3.12). The phenoxide moiety is known to be a better leaving group, and phenyl 

esters have been used to synthesize β-lactones by Schick et al. in 1995.95 I also chose to use the more 

substituted carbonyl, ketone 98, because cyclization should be more successful due to the gem-dialkyl 

effect.  The rationale behind this effect is that replacing the aldehyde’s hydrogens with alkyl groups 

increases the rate of cyclization due to repulsion between the groups.96 The repulsion results in a 

smaller angle between the oxyanion and ester in the intermediate 103 (Scheme 3.11), favoring 

intramolecular ring formation.  
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Scheme 3.12 Attempted synthesis of phenyl TMS acetate (108) from bromoacetate 107. 

 

The first approach to phenyl ester 108 utilized conditions of the Reformatsky reagent in 

Scheme 3.9. Bromo ester 107 was prepared by deprotonation of phenol (105) by TEA (triethylamine), 

followed by addition to bromo acetylbromide (106) in DCM, in a good yield (89%). It was then 

subjected to the conditions in the Reformatsky reagent (Scheme 3.4) to yield a 1:12 mixture of the 

TMS ester 108 and phenyl acetate (109). Due to the high boiling points of both 108 and 109, and the 

instability of the TMS ester 108 on silica columns, I was unable to isolate the desired ester for 

subsequent lactonization. 
 

 
 

Scheme 3.13 Synthesis of phenyl TMS acetate 108 from acetic acid (110). 

 

The second approach began with acetic acid (110) undergoing double deprotonation by LDA 

(Scheme 3.13). The subsequent addition of TMSCl gave the bis-silylnated intermediate 111, which 

was hydrolyzed to TMS acid 112 in a modest yield (36%).97 The acid was coupled with phenol in the 

presence of DCC to yield the desired phenyl TMS ester 108 in a good yield (72%). 
 

 
 

Scheme 3.14 Attempted lactonization of phenyl ester 108 and ketone 98 using LDA. 
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Using the procedure from Schick et al., lactonization was still unsuccessful (Scheme 3.14). The 

crude 1H NMR was similar to that of the reaction using the ethyl ester (Scheme 3.11). This may 

indicate that the TMS enolate undergoes decomposition, therefore TMS esters are not suitable 

intermediates for the synthesis of TMS lactones. 

With these results in hand, and no literature directly supporting the cyclization between a TMS 

ester and aldehyde/ketone, an alternate synthesis was explored. An ideal synthesis would avoid 

generating an anion in the lactonization, thus avoiding potential side reactions with the TMS group. 
 

3.4.2 Synthesis of a Model β-Lactone via [2+2] Cycloaddition 

 

An alternative using a [2+2] cyclization between TMS ketene 113 and ketone 98 was explored 

to produce the desired lactone 99 (Scheme 3.15). This synthesis has been previously reported and may 

provide an alternate, modular synthesis that could be used for a cleavable linker.95,98 Two routes were 

explored for generation of the ketene: thermal rearrangement of TMS acetylene 115 and 

intramolecular dehydration of TMS acid (112). 

 
Scheme 3.15 General strategy for a [2 + 2] cycloaddition. 

 

The thermal rearrangement was first introduced by Shchukovskaya et al in 1965 via pyrolyisis 

of TMS acetylene 115.98 Later procedures were successfully achieved the thermal rearrangement at 

120°C. Once generated, the TMS ketene is very stable. It is isolated via distillation at 82°C, does not 

dimerize when heated, and can be stored for long periods of time.  

 
 

Scheme 3.16 Attempted synthesis of the proposed model α-silyl lactone from TMS ketene 113.99 
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The thermal rearrangement was attempted in a one pot reaction (Scheme 3.16). 

Ethoxyacetylene (114) was deprotonated with MeLi at 0 °C and coupled with TMSCl to generate 

TMS acetylene intermediate 115. The acetylene was removed by distillation under nitrogen and a 

second distillation in a 120 °C oil bath was used to achieve rearrangement to ketene 113. Analysis of 

the 1H NMR spectrum of the second distillate showed acetylene 115 and Et2O. This may have been 

due to the small scale used here (1 g) compared to that in literature (20 g).98,100 
 
 

 
 

Scheme 3.17 Synthesis of TMS ketene 113 via intramolecular dehydration of TMS acid 112.100 

 

 When the thermal rearrangement was unsuccessful, a new route was explored. This 

involved the intramolecular dehydration of TMS acid 112 in the presence of DCC and trace TEA 

(Scheme 3.17).100 Olah et al. used this method to successfully generate several stable dialkyl ketenes on 

a 20 g scale. This route was appealing because it avoided the high temperatures of the thermal 

rearrangement. Unfortunately, this route was also fruitless on a 1 g scale.  

Since all pre-existing methods of generating silyl ketenes rely on large scale syntheses, this was 

not considered a feasible route to the desired silyl lactone 99. Due to time constraints, I was unable to 

continue on with this synthesis and explore further alternative syntheses. 
 
3.5 SUMMARY & FUTURE DIRECTIONS: A 𝜸-SILYL-β-LACTONE 

 

A cleavable linker for traceless affinity labelling via a transacylation cascade has been 

proposed. The development of a synthetic route to key α-silyl-β-lactone 98 proved more challenging 

than anticipated. The initial route attempted to cyclize enolate 102 with carbonyls 96 and 98 gave no 

evidence of lactone formation, possibly due to rearrangement of the enolate. The second route, a [2+2] 

cyclization between TMS ketene 113 and ketone 98 was also unsuccessful because of difficulties 

generating the desired ketene, possibly due to the small scale of the reaction.  

Due to these results, an alternative route to explore revisits enolate chemistry to generate a γ-

silyl-β-lactone. Here, the enolate generated does not contain the TMS group, which may prevent 
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undesired rearrangements between the oxyanion and TMS group. For this route, I would begin with 

the TMS group on the ketone rather than on the ester 109 (Scheme 3.18). I believe this may circumvent 

the problems faced when generating the TMS enolate. TMS acetone 116 and phenyl acetate (109) 

would be good starting points, as they are both readily available. 

 

 
 

Scheme 3.18 Proposed synthesis of 𝛾-silyl-β-lactone 116. 

 

While 𝛽-lactone 117 bears the silyl group on the 𝛾-carbon, it still maintains the 1,2-relationship 

between the silicon and heterocyclic oxygen. This may also facilitate the Peterson olefination required 

for traceless-affinity labelling of a protein of interest (POI, Scheme 3.19). Here once transacylation has 

occurred, intermediate 120 can undergo an intermolecular rearrangement to yield alkene 122. Lack of 

time prevented me from fully exploring this route, but it is a good starting point for the next researcher 

on this project. 
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Scheme 3.19 (A) General concept of traceless affinity labelling. (B) Next-generation: γ-silyl-β-lactone strategy. The 

nucleophilic attack of traceless-affinity molecule 118 by a lysine residue, followed by Peterson olefination.  

 

 

 

 

 

 

 

 

 
 

A 
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3.6 EXPERIMENTAL 
 
General Information 

 THF, Et2O, EtOH and DCM were purchased from Fisher and VWR. Deuterated 

solvents were purchased from Sigma-Millipore. All other reagents were purchased from one of the 

three aforementioned companies and were used without further purification.  

  NMR spectra were obtained on a 400 MHz Varian NMR AS400 unit with an ATB-400 probe 

at 25 °C. Infrared spectra (IR) were acquired using a PerkinElmer FT-IR Spectrum Two IR 

Spectrometer with samples prepared as neat film on NaCl plates. Column chromatography was 

performed on silica gel (230-400, Silicycle, Quebec). 
 
Ethyl trimethylsilylacetate (95) 
 

Zinc powder (27.6 mmol) and anhydrous THF (15 mL) were combined under Ar (g) and 

brought to reflux. A solution of TMSCl (18.4 mmol), ethyl bromoacetate (27.6 mmol), and THF (5 

mL) was added dropwise. The mixture refluxed for 7 h, until nearly all zinc was consumed. The 

reaction was cooled on an ice bath, quenched with 1 M HCl (10 mL), and stirred for 5 min. The 

remaining zinc was filtered off using glass wool and extracted with Et2O (3x 20 mL). The organic 

layers were combined, neutralized with saturated NaHCO3, washed with brine, dried over MgSO4, 

filtered and concentrated in vacuo to yield 95 (1.79 g, 61%) as a fragrant, clear colourless liquid. 

Characterization data matched reports.94  
1H NMR (400 MHz, CDCl3) d = 4.06 (q, 2H), 1.83 (s, 2H), 1.20 (t, 3H), 0.06 (s, 9H) ppm.  

 
Phenyl Bromoacetate (107) 

 

Triethylamine (25 mmol) was added dropwise to a solution of phenol (25 mmol) in DCM (50 

mL) at -78 °C, under Ar (g), and stirred for 10 min. Bromoacetyl bromide (25 mmol) was added slowly 

and the solution stirred at -78 °C for 1 h, then at rt for 2 h. The reaction was quenched with 1 M HCl 

(30 mL) and diluted with DCM (40 mL). The organic layer was separated, washed with brine, dried 

over MgSO4, filtered, and concentrated in vacuo to a yield 107 (4.85g, 90%) as a yellow-brown liquid. 

Characterization data matched reports.101 
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1H NMR (400 MHz, CDCl3) d = 7.41-7.35 (m, 2H), 7.27-7.23 (m, 1H), 7.13-7.11 (m, 2H), 

4.04 (s, 2H) ppm.  
 
2-(Trimethylsilyl) acetic acid (112) 

 

A solution of LDA was prepared by adding nBuLi (2.3 M in hexanes, 45 mmol) dropwise to 

a solution of DIPA (47.3 mmol) in anhydrous THF (20 mL) at -78 °C under Ar (g). After 15 min., a 

solution of glacial acetic acid (22.5 mmol) in THF (4 mL) was added dropwise and stirred for 1 h at 

rt. The solution was cooled again to -78 °C and TMSCl (63 mmol) was added dropwise and the 

solution was gradually warmed to rt and stirred for 19 h. The resulting precipitate was removed using 

a glass frit and vacuum and the filtrate was reduced to yield trimethylsilyl 2-(trimethylsilyl)acetate 

(3.63) as a white solid. 3.63 was dissolved in THF (25 mL) and saturated NH4Cl (5 mL) and stirred at 

rt for 1 h. The organic layer was separated, dried over MgSO4, filtered, and concentrated in vacuo to 

yield 3.64 (1.07 g, 36%) as a pale yellow crystalline solid. Characterization data matched reports.100 
1H NMR (400 MHz, CDCl3) d = 1.92 (s, 2H), 0.15 (s, 9H) ppm.  

 
Phenyl trimethylsilylacetate (108) 
 

 Phenol (4.16 mmol) was added to a mixture of 112 (3.78 mmol), DCC (4.16 mmol), and 

anhydrous DCM (10 mL) under Ar (g) and stirred for 15 h. The mixture was filtered using a glass frit 

and vacuum, and the precipitate was washed twice with DCM. The filtrate was reduced and triturated 

in pentane. The resulting precipitate was filtered through a glass frit and the filtrate was reduced to a 

yellow solid. Purification with flash chromatography using silica gel and eluting with 30% 

EtOAc/Hexanes gave 108 as a clear colourless oil (0.57 g, 72%).  
1H NMR (400 MHz, CDCl3) d = 7.35-7.33 (m, 2H), 7.19-7.18 (m, 1H), 7.06-7.04 (m, 2H), 

2.12 (s, 2H), 0.23 (s, 9H) ppm.  
13C NMR (100 MHz, CDCl3) d = 172.62, 152.22, 130.59, 126.77, 123.00, 28.25, 0.01 ppm. 
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 GENERAL CONCLUSIONS 
 

Chemical probes – small molecules that modulate a protein’s activity – have enabled us to 

study proteins in their native environments.2,102 Knowledge of their interactions with other biological 

molecules (other proteins, hormones, neurotransmitters, etc.) can allow us to design drugs to target 

these specific interactions, potentially reducing the side effects. This thesis presented the design and 

synthesis of two types of chemical probes. The first described the development of two novel NADPH 

oxidase 2 (NOX2) inhibitors to probe the activity of a known inhibitor, VAS2870. The second focused 

on the development of a novel traceless-affinity compound for universal protein tagging. 

Chapter two described the synthesis of a known NOX2 inhibitor, VAS2870, and two 

derivatives (Figure 4.1). NOX enzymes are composed of several proteins that come together to 

produce reactive oxygen species (ROS).10,41,103 These ROS have been implicated in the onset and 

progression of neurodegenerative diseases.10,25,104 VAS2870 (1) has been used in several 

neurobiological studies to inhibit ROS production, but its mechanism of action is not yet understood. 

Recent studies have shown it thioalkylates ryanodine receptors and glutathione.28 It was my 

hypothesis that the triazolopyrimidine moiety of VAS2870 thioalkylates one or more cysteine residues 

of NOX2 proteins, prior to assembly, inhibiting ROS production.  

 
Figure 4.1: VAS2870 (1), azidomethyl derivative 2, and methylene tautomer 3’. 

To test this hypothesis, I developed a derivative of VAS, the methylene tautomer 3’, which 

replaces the sulfur atom of VAS2870 with a methylene group. This compound is unable to thioalkylate 

cysteines, thus was not expected to inhibit ROS production. Initial studies showed no inhibitory effect 
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of the methylene derivative, providing strong evidence that VAS2807 does indeed thioalkylate NOX2 

proteins. Next, I wanted to visualize which proteins were affected by VAS2870. This required the 

design of a second analogue (2) with a methylazido substituent on the para position of VAS’s benzyl 

group. If thioalkylation does occur, the azide would be covalently bound to the proteins and click 

chemistry could be used to attach a fluorescent tag for visualization. Initial studies showed a similar 

inhibitory effect to VAS2870, but time constraints prevented me from developing a protocol for 

tagging and visualization of the affected proteins. If visualization is achieved in future studies, it may 

call into question the use of VAS2870 in both past and future neurobiological studies. 

Chapter three described efforts towards the development of a novel traceless affinity 

compound.3,83 This compound has three components: a ligand, a cleavable linker, and a chemical tag. 

The ligand delivers the tag to the protein of interest (POI) when it binds to the POI. Upon binding, 

the linker reacts with an amino acid residue on the surface of the POI, which results in cleavage of the 

ligand and tag. When the ligand dissociates, the tag remains bound to the POI’s surface. This leaves 

the active site free and unobstructed. For this to be successful, the cleavable linker must be unreactive 

in biological conditions until it is brought into proximity of the desired residue by the linker. Also, the 

linker must react with said residue before the ligand dissociates from the POI.  

My work focused on the design of a cleavable linker containing an ∝-silyl-𝛽-lactone moiety 

(4, Figure 4.2). Previous work uses 𝛽-lactones to selectively inhibit serine proteases, in which they 

remained stable in biological conditions until brought into proximity of the catalytic triad.86,105 With 

the addition of the ∝-silyl group, I propose the following reaction cascade: when brought into 

proximity of a nucleophilic lysine residue (by a ligand), the 𝛽-lactone will acylate the lysine’s amine, 

resulting in ring opening due to steric strain. Next, a Peterson olefination will liberate a ligand-silanol 

compound, and an alkene that is bound to both the tag and the POI. 

 
Figure 4.2: General structure of the traceless-affinity compound 4. 

Once synthesized in future work, 4 will be subjected to reactions to determine if it is able to 

undergo a Peterson olefination (or another kind of cleavage). From here, several ligand/tag 
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combinations can be added to test the linker’s stability in the presence of various functional groups. If 

successful, it will be a valuable tool in the visualization of several proteins in their native systems.  
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Appendices 
 
Appendix A  NMR DATA  

 

Figure AA-1. 
1
H NMR spectrum for benzyl azide (18)  
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Figure AA-2. 
1
H NMR spectrum for 5-Amino-1-benzyl-1H-1,2,3-triazole-4-carboxamide (24)  
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Figure AA-3. 
1
H NMR spectrum for 3-Benzyl-3H-[1,2,3]triazolo[4,5-d]pyrimidin-7-ol (15)  
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Figure AA-4. 
1
H NMR spectrum for 4,6-Dichloro-5-nitropyrimidine (39)  
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Figure AA-5. 
1
H NMR spectrum for 5-Amino-4,6-dichloropyrimidine (20)  
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Figure AA-6. 
1
H NMR spectrum for 5-Amino-4-chloro-6-(benzylamino)pyrimidine (40)  
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Figure AA-7. 
1
H NMR spectrum for 3-Benzyl-7-chloro-3H-[1,2,3]triazolo[4,5-d]pyrimidine (13)  
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Figure AA-8. 
1
H NMR spectrum for 7-(1,3-Benzoxazol-2-ylsulfanyl)-3-benzyl-3H-

[1,2,3]triazolo[4,5-d]pyrimidine (1)  
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Figure AA-9. 
1
H NMR spectrum for 1,4-Bis(azidomethyl)benzene (19)  
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Figure AA-10. 
1
H NMR spectrum for 4-(Azidomethyl)benzylamine (22)  
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Figure AA-11. 
1
H NMR spectrum for 5-Amino-4-chloro-[6-(4-

azidomethyl)benzylamino]pyrimidine (42)  
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Figure AA-12. 
13

C NMR spectrum for 5-Amino-4-chloro-[6-(4-

azidomethyl)benzylamino]pyrimidine (42)  
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Figure AA-13. 
1
H NMR spectrum for 7-Chloro-[3-(4-(azidomethyl)benzyl)]-3H-

[1,2,3]triazolo[4,5-d]pyrimidine (14)  
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Figure AA-14. 
13

C NMR spectrum for 7-Chloro-[3-(4-(azidomethyl)benzyl)]-3H-

[1,2,3]triazolo[4,5-d]pyrimidine (14)  
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Figure AA-15. 
1
H NMR spectrum for 7-(1,3-Benzoxazol-2-ylsulfanyl)-[3-(4-

(azidomethyl)benzyl)]-3H-[1,2,3]triazolo[4,5-d]pyrimidine (2) 
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Figure AA-16. 
13

C NMR spectrum for 7-(1,3-Benzoxazol-2-ylsulfanyl)-[3-(4-

(azidomethyl)benzyl)]-3H-[1,2,3]triazolo[4,5-d]pyrimidine (2) 
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Figure AA-17. 
1
H NMR spectrum for diethyl 2-(3-benzyl-3,6-dihydro-7H-[1,2,3]triazolo[4,5-

d]pyrimidin-7-ylidene)malonate (52) 
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Figure AA-18. 
13

C NMR spectrum for diethyl 2-(3-benzyl-3,6-dihydro-7H-[1,2,3]triazolo[4,5-

d]pyrimidin-7-ylidene)malonate (52) 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



106 

 

 

Figure AA-19. 
1
H NMR spectrum for ethyl (Z)-2-(3-benzyl-3,6-dihydro-7H-[1,2,3]triazolo[4,5-

d]pyrimidin-7-ylidene)-2-cyanoacetate (51) 
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Figure AA-20. 
13

C NMR spectrum for ethyl (Z)-2-(3-benzyl-3,6-dihydro-7H-[1,2,3]triazolo[4,5-

d]pyrimidin-7-ylidene)-2-cyanoacetate (51) 
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Figure AA-21. 
1
H NMR spectrum for ethyl 3-ethoxy-3-iminopropanoate hydrochloride (57)  
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Figure AA-22. 
1
H NMR spectrum for ethyl 2-(benzo[d]oxazol-2-yl)acetate (49) 
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Figure AA-23. 
1
H NMR spectrum for ethyl (E)-2-(benzo[d]oxazol-2-yl)-2-(3-benzyl-3,6-dihydro-

7H-[1,2,3]triazolo[4,5-d]pyrimidin-7-ylidene)acetate (53) 
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Figure AA-24. 
13

C NMR spectrum for ethyl (E)-2-(benzo[d]oxazol-2-yl)-2-(3-benzyl-3,6-dihydro-

7H-[1,2,3]triazolo[4,5-d]pyrimidin-7-ylidene)acetate (53) 
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Figure AA-25. 
1
H NMR spectrum for (Z)-2-((3-benzyl-3,6-dihydro-7H-[1,2,3]triazolo[4,5-

d]pyrimidin-7-ylidene)methyl)benzo[d]oxazole (3’) 
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Figure AA-26. 
13

C NMR spectrum for (Z)-2-((3-benzyl-3,6-dihydro-7H-[1,2,3]triazolo[4,5-

d]pyrimidin-7-ylidene)methyl)benzo[d]oxazole (3’) 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



114 

 

Figure AA-27. 
1
H NMR spectrum for Ethyl trimethylsilylacetate (95) 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



115 

 

Figure AA-28. 
1
H NMR spectrum for Phenyl Bromoacetate (107) 
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Figure AA-29. 
1
H NMR spectrum for Phenyl trimethylsilylacetate (108) 
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Figure AA-30. 
13

C NMR spectrum for Phenyl trimethylsilylacetate (108) 
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Figure AA-31. 
1
H NMR spectrum for 2-(Trimethylsilyl) acetic acid (112) 
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Appendix B  BIOLOGICAL ASSAYS 

 
B.1 Respiratory Burst Assay (Performed by Wyatt Slattery) 

 
The respiratory burst response of neutrophils was measured using previously reported 

techniques with minor modifications [1]. HL-60 cells were cultured in Dulbecco’s Modified Eagles’ 

Medium (DMEM)/F12 containing 100 U/mL penicillin, 100 mg/mL streptomycin, and 10% Calf 

Bovine Serum (F10, all from Fisher Scientific, Ottawa, ON, Canada). HL-60 cells were differentiated 

into neutrophils following an incubation with 1.5% v/v DMSO in F10 for 5 days. Differentiated HL-

60 cells were centrifuged for 7 min at 500 xg and the cell culture media was aspirated. Cells were 

resuspended in 2 mL phenol red-free DMEM/F12 containing 100 U/mL penicillin, 100 mg/mL 

streptomycin and 2% Calf Bovine Serum (F2, all from Fisher Scientific). The centrifugation step was 

repeated and differentiated HL-60 cells were resuspended in fresh F2 media to reach a density of 1x106 

cells/mL. Next, 250 µL of the cell suspension were plated in non-adjacent wells of a 96-well plate 

(Greiner Bio-One, Monroe, NC, USA) and stimulated with 0.5 mg/mL lipopolysaccharide (Sigma 

Aldrich, Oakville, ON, Canada) for a 24 h incubation. Cells were then treated with vehicle solution 

(0.1% DMSO) or 10 µM inhibitor compounds in DMSO for 20 min. 

 Prior to measuring respiratory burst, cell culture supernatants were aspirated to leave 85 µL 

remaining. Chemiluminescence was measured using a FLUOstar Omega microplate reader (BMG 

Labtech, Guelph, ON, Canada) and the following experimental parameters. Luminol sodium salt 

(Sigma Aldrich) was dissolved in PBS to reach a concentration of 10 mg/mL. N-Formyl-Met-Leu-

Phe (Sigma Aldrich) was prepared as a 5 µM stock solution in PBS. Both solutions were warmed to 

37 oC prior to injection. Luminol sodium salt solution was added to each well at a volume of 13 µL, 

followed by 8 µL N-Formyl-Met-Leu-Phe 5 min later. Chemiluminescent signal was calculated as 

total area under the curve for 15 min post-N-Formyl-Met-Leu-Phe injection. Chemiluminescent data 

are presented as a percent relative to cells incubated in F2 media only. 

Cell viability Cytotoxic effects of inhibitor compounds were tested using the 3-(4,5-Dimethyl-2-

thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay. Conversion of MTT to an insoluble 

purple formazan in live cells is readily quantifiable using spectrophotometry and highly correlated 

with cell viability [2, 3]. Differentiated HL-60 cells were prepared as outlined above with the following 

modifications. After incubation with vehicle solution (0.1% DMSO) or 10 µM inhibitor compounds 

in DMSO for 20 min, cell culture supernatants were aspirated to leave 40 µL remaining. 10 µL MTT 
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(Sigma Aldrich) solution in deionized water was added to cell cultures to reach a final concentration 

of 1 mg/mL. Differentiated HL-60 cells were then incubated for 1 h at 37 oC in humidity and 5% CO2 

atmosphere. Next, 20% sodium dodecyl sulfate/50% N,N-dimethylformamide (both from Fisher 

Scientific) solution in milliQ water (EMD Millipore) was added 1:1 with the cell culture volume in 

each well. Plates were incubated overnight at 37 °C in humidity and the absorbance of each well at 

570 nm was measured using a FLUOstar Omega microplate reader (BMG Labtech). Cellular viability 

was calculated as a percent relative to fully viable cells incubated in cell culture media only. 

 
B.2 Neuroprotective Assay (Performed by Aaron Johnstone) 

 

Preparation, culture and immunocytochemical staining of DRG explants: Dorsal root ganglia (DRG) 

explant culture, fixation and immunostaining was performed on CD1 embryos (Charles River 

Laboratories) at 13.5 days post-fertilization as previously described except that here DRG explants 

were grown on 6-well plastic plates (Greiner bio-one).106 All experimental procedures were approved 

by the Montreal Neurological Institute Animal Care Committee and University of British Columbia 

animal care committees and were in compliance with Canadian Council on Animal Care guidelines. 

DRG explants were seeded on 6-well plastic cell culture plates (Greiner bio-one) in media containing 

12.5 ng/ml NGF (Alomone). After 60h of growth in NGF, cultures were either maintained in NGF 

or were deprived of NGF and exposed to anti-NGF antibody (2.8 ug/ml) in the presence of EGTA 6 

mM (Alfa Aesar) for the 24 hour duration of NGF withdrawal. 

Imaging and image pre-processing: DRG cultures fixed in 4% paraformaldehyde in PBS and 

immunostained with mouse anti-β-III tubulin (Millipore; 1:10 000) primary antibody and anti-mouse 

secondary conjugated to Alexa Fluor 488 (ThermoFisher; 1:5 000) were imaged at 5x magnification 

using a Zeiss Axioscope2 inverted epifluorescence microscope with an automated, motorized stage. 

Images were stitched automatically with Zen 2 software from Zeiss to produce a master image of all 

explants on the entire 6-well plate. From this master image, quarter-DRG fields were cropped using 

NIH ImageJ (FIJI build) to create an image set for quantification. 

Quantification of axon area with Axoquant 2.0 in R Studio: R can be freely downloaded and 

installed from the R Project for Statistical Computing (https://www.r-project.org/). Additionally, 

users will download R Studio, a graphical interface for editing and running R packages freely available 

for download at https://www.rstudio.com. The Axoquant 2.0 script can be downloaded 
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at https://github.com/BarkerLabUBC/Axoquant2.0 and opened in R Studio. Prior to analysis, 

images of DRG quarter-fields were organized in subfolders (one subfolder per well) named by embryo 

ID number, treatment name and repetition number within a single parent (experiment) folder. To 

analyze an experiment, the directory path to the experiment folder was entered in line 2 of the code 

designated “experiment.folder,” and the code was executed through to the end of the script. As images 

are processed, the R Studio console displays an ascending image count to indicate progress. When 

finished with analysis, Axoquant 2.0 automatically exports a *.csv data file to the parent folder that 

can be opened in spreadsheet and in statistical analysis software. For statistical testing, the data was 

binned in 500 μm increments by averaging axon density within these bins. Data was imported into 

GraphPad Prism 6 for statistical analysis with two-factor ANOVA (repeated measures in the distance 

factor) followed by Dunnett’s post hoc comparison with NGF-deprived controls. 
 
 
 


