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Thesis Abstract: 

 

The work described in this thesis cover two distinct areas of chemistry. The primary body of this thesis 

looks at a small molecule N-(2-aminoethyl)naphthalene-1-sulfonamide (named eW5, 1) which has been 

shown to promote various aspects of plant growth (Volume I, Chapters 1-4). Plant hormonal pathways 

control almost every aspect of plant development and growth. Small molecules can selectively perturb 

these highly complex and interconnected pathways and have thus demonstrated to be effective tools for 

the study of plant hormonal signalling. In order to determine the mode of action of eW5, two lines of 

research were undertaken and are described in the thesis. In the first approach, target identification of 1 

was initiated by SAR studies that showed that C–4 substituents were viable, indicating viable 

incorporation of a photoaffinity tag. Three synthetic approaches towards a chemical probe were 

explained–ultimately affording N-{2-[2-({4-[(2-aminoethyl)sulfamoyl] naphthalen-1-

yl}oxy)ethoxy]ethyl}-3-tert-butyl-N-(pent-4-yn-1-yl) benzamide hydrochloride (145) which was shown 

to retain the growth promoting abilities of 1. A complementary approach using a genetic screen of EMS 

mutants was also employed to identify the causative gene mutation for eW5-resistance.  

 

In the second aspect of the thesis (Volume II), two separate studies on Ir catalysed aromatic C–H 

activation are described. The development of the transformation of C–H bonds to form organoboron 

compounds has allowed for the formation of highly functionalised aromatics and late-stage 

functionalisation of compounds, making it of significance to the fields of natural product synthesis and 

medicinal chemistry. In the first of these studies, tandem Ir catalysed borylation – Suzuki-Miyaura cross 

coupling to 2-halo nicotinates was developed to afford trifunctional pyridines. Fluoro-aromatics 

represent another interesting class of substrates and as such, the second report describes a systematic 

study on the regioselectivity of Ir catalysed borylation. It was shown that the fluorine substitution 

pattern and the boron source were able to alter the standard steric controlled regioselectivity subtly yet 

distinctly in various substrates.  
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Volume I: Probing the Mode of Action of eW5 - A Small Molecule 

Plant Growth Promoter 

 

Chapter 1: Introduction 

 

1.1: Thesis Introduction 

 

This primary aim of this thesis is to discuss the two approaches undertaken in the identification of the 

target of plant growth promoter eW5 (1). The first was a forwards chemical genetics approach which 

involved the exploration of the SAR of the compound and subsequent development into a chemical 

probe, the second being a forwards genetics approach through an EMS mutant screen.  

 

 

Figure 1: Structure of eW5. 

 

This thesis comprises of two distinct volumes. Volume I contains four chapters focussing on target 

identification of eW5 (1). Chapter 1 introduces the use of chemical probes in a plant biology context, 

the relevant plant hormonal pathways, previous work conducted in the group and the aims of this 

research. Chapter 2 presents the initial synthesis of analogues and SAR studies. Chapter 3 describes the 

methods employed in the development of the chemical probes targeted. Chapter 4 discusses a 

complementary genetic approach in the identification of the target of eW5. Chapter 5 provides the data 

supporting compound characterisation and experimental methodology. Volume II discusses a separate 

line of research in the investigation of aromatic Ir catalysed C–H activation. This volume will outline 

the rationale and results behind two studies and present the respective manuscripts.  
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1.2: Use of Small Molecules as Chemical Probes within Plant Systems 

 

1.2.1: Introduction to Chemical Genetics 

 

Due to the advancements of genetic approaches, the last 20 years has seen significant progress in the 

study and elucidation of hormonal pathway mechanisms within plants.1 These classical methodologies 

can be divided into two major groups: forward and reverse genetics. Forward genetic approaches aim 

to identify novel proteins by studying phenotypic responses on randomly mutagenized populations 

whilst reverse genetic approaches aim to identify a phenotype through targeted mutation of a specific 

gene.2 In plants, genetic studies over the past decade have mainly been applied on the model organism 

Arabidopsis thaliana and elucidated the highly complex and interwoven hormonal pathways which 

modulate growth at various stages of the plant lifecycle.  

 

Despite the vast inroads made through genetic studies, the issue of genetic redundancy is a recurring 

limitation of these approaches. This issue arises from the highly similar function of several genes 

responsible for a specific phenotype.3 To compound this, the highly interdependent relationship of genes 

not only increases the difficulty of identifying protein function, but also introduces the issue of lethality 

and pleiotropic effects which are commonly observed in genetic mutants.4  

 

Small bioactive molecules are able to address these issues by acting as a general antagonist that inhibits 

multiple components within a network or by acting as a specific agonist which triggers a specific 

component within a network. This principle does not work in reverse as specific antagonists would not 

affect similar responses from a redundant system and a general agonist would activate too many 

components to be identified accurately through genetics.5 Introducing small molecules in plant systems 

allows for instantaneous and reversible phenotypic response thereby making them good tools to study 

the often complex, and highly dynamic pathways without the issues of lethality and gene redundancy. 

This approach is like genetic mutant analysis as inhibition of protein function can be understood to be 

the same as loss-of-function alleles whereas compounds acting as agonists are equivalent to gain-of-

function phenotype.6 Investigation of plant hormonal responses with these small molecules lead to a 

wide array of possibilities, from the rational development of related bioactive analogues and probes 

which will further our understanding of the modes of action of plant hormones to the identification of 

novel molecules with agricultural applications. 

 

The field of chemical genetics combines classical genetic approaches with the use of small bioactive 

molecules.7,8,9 As with classical genetics, these studies can be conducted in a forwards and reverse 

manner. In forward chemical genetics, randomly mutagenized populations are replaced with screening 

against a compound library (chemical toolbox).1 As with forward genetics, a phenotypic response is 
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measured and the compound(s) that induce this are selected and used to identify the target protein. In 

chemical genetics an additional step of target enrichment, prior to identification is needed, often 

requiring the development of a method of binding the small molecule with its biological target.10,11 

Compound libraries are also used in reverse chemical genetics but on a known protein target to identify 

bioactive ligands that have agonistic or antagonistic properties. Viable ligands are then introduced back 

into an in vivo system to identify the phenotypic change.12,13 As the use of chemical probes to identify 

protein targets fall within forward chemical genetics, this review will focus on this approach.  

 

 

Figure 2: Forward and reverse classical and chemical genetic approaches. 

 

1.2.2: Introduction to Chemical Probes 

 

The determination of targets of small molecules is vital in understanding the mode of action of the 

molecule. This not only aids research in the particular pathway but can ultimately lead to enhanced 

phenotypic responses through rational (re)design of the molecule. Although important, identification of 

a target poses the greatest difficulty in forward chemical genetics. This involves a strategy to develop 

the small molecule of interest into a chemical probe. In recent times, there has been extensive use of 

chemical probes in the interface of biology and chemistry and thus the term has garnered a large range 

of definitions, covering all molecules that can be used as chemical tools.14 The definition given by 

Arrowsmith et al. describing a chemical probe as a “a selective small-molecule modulator of a protein's 

function that allows the user to ask mechanistic and phenotypic questions about its molecular target” is 

best suited for this discussion.15   

 

https://www.sciencedirect.com/topics/chemistry/modulator
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A chemical probe usually has to achieve two main functions; to bind to its target and to provide a 

method of extracting the probe-target complex. This review will focus on the latter – methods of 

attachment within a plant context. Due to the structural and biological diversity of small molecules and 

their respective targets, numerous methods have been developed to bind the two. In this overview, these 

probes have been divided into three general categories: affinity-based probes which exploit the small 

molecule’s interaction with its target, reactivity-based probes which utilise an additional reactive 

module and photoaffinity-based probes which require the use of a photo-reactive tag.  

 

It is worth noting that another common strategy for target identification is through the use of imaging. 

This usually involves the attachment of fluorophores or the alteration of the lead molecule in such a 

way that it itself is fluorescent, allowing for localisation of the compound to be observed within a 

biological system.16 Although these methods may provide better initial approach for target identification 

by allowing for the visualisation of small molecule localisation, they do not necessarily lead to the 

identification of biomolecular targets and thus will not be covered in this review. 

 

  1.2.3: Affinity Based-Probes 

 

The simplest approach in target identification is by utilizing the inherent binding affinity between the 

small molecule and its target.17 Often non-covalent in nature, these transient interactions can be 

exploited as competition experiments with known inhibitors to allow for validation of an on-target 

effect. There have been several reported cases where the small molecule in question forms a strong 

enough reversible interaction that it allows for target enrichment and identification as described below.  

 

1.2.3.1: Affinity Probes in Plants 

 

Although there are numerous reports of this methodology being used to elucidate mammalian cell 

mechanisms, only a few successful examples of affinity-based probes used within a plant context 

exist.17 One notable report of this approach being used in plants was described by Uehara et al. in the 

study of the casein kinase 1 like (CKL) family in Arabidopsis.18 Previous studies have shown that CKL 

kinases regulate stomatal aperture, blue light signalling and ethylene production. They have also been 

heavily implicated in the control of the circadian clock which allows for adaptation to daily and seasonal 

cycles.19 Although several lines of protein sub-families have been identified, the issue of genetic 

redundancy has been an issue, resulting in the need for small molecule modulators.  

 

Preliminary affinity-proteomics data had suggested that PHA767491 (2) interacts with 13 members of 

the CKL family in Arabidopsis. SAR studies found that N-alkylation of the pyrrole retained the ability 
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to lengthen the circadian period, leading to the development of probe 5 which was then linked to agarose 

beads. Proteins that bound to the affinity resin were analysed through LC-MS and to confirm on target 

binding, 2 was used in competition assays. Proteins identified included members of the CKL family, 

shaggy-related protein kinases (GSK3) family and 5-METHYLTHIORIBOSE KINASE1 (MTK1), 

confirming initial proteomic data.  

 

In further studies described by Saito et al., SAR studies of 2 led to the synthesis of pyrrole based 4 

which was found to be 100-fold more inhibitory towards kinase activity.20 From this lead molecule, 

probe 6 was developed with a primary amine allowing for the covalent linkage onto agarose beads 

(Figure 3).  

 

 

 

Figure 3: Development of PHA767491 (2) into an affinity-based probe. 

 

Despite the molecule not containing any obvious reactive component capable of forming covalent 

interactions with a protein, target enrichment and identification was still possible. Using similar 

methodology as described above, mass spectrum analysis was able to identify a set of 23 proteins in the 

CK1 family as well as 10 additional non-CK1 proteins, demonstrating that the new analogue was highly 

selective for the CK1 family. This ultimately opens possibilities of these pyrrole-based compounds 

functioning as agricultural agents in the control of stress responses, flowering and circadian clock 

modulators. 

 

Although this approach was advantageous in its simplicity, it cannot be applied to all cases. The lead 

molecule was previously known as an inhibitor of the mammalian cell division cycle (CDC) 7 kinase 

and as such, a robust biological assay was able to be developed for compound evaluation. In studies 

where the target(s) of the small molecule involved have not been narrowed down to a particular protein 

family, an observed increase in in vivo activity cannot be directly correlated to enhanced binding 

efficiency. This ultimately prevents protein enrichment and identification as the interaction between the 

small molecule and its target may remain transient in nature.  
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1.2.4: Activity Based Probes 

 

Activity based probes take advantage of reactive residues within the binding site of the small molecule 

to form an interaction. Unlike affinity-based probes, this approach makes use of an additional reactive 

component that is able to form an irreversible covalent bond with the target.21 Once a covalent linkage 

has been established, target enrichment can be carried out via the reporting unit facilitating target 

identification which can be carried out in a similar manner as discussed above. Reactive groups on their 

own label the most reactive residues without selectivity.22 Selectivity can be introduced by combining 

these groups with a ligand that acts as a directing group to the target, these probes are known as 

mechanism-based probes.  

 

Mechanism-based probes take advantage of the fact that during the catalysis of reactions, most enzymes 

form a covalent complex with its respective substrate.23 Probes that fall into this category usually mimic 

these substrates but prevent the catalytic cycle from progressing past the covalent complex intermediate. 

There are a wide range of reactive groups, all specifically targeting active nucleophilic residues that 

have been used in the development of plant probes. These groups include but are not exclusive to 

epoxides (7), fluorophosphonates (8) which target serine residues, iodoacetamides (9) and β-lactones 

(10)  which target cysteine residues, and aryl fluorosulfonates (11)  which target active lysine residues.22  

 

 

  

Figure 4: Selected reactive groups used within activity based probes.22 

 

1.2.4.1: Activity Based Probes in Plants  

 

One notable example of activity base probes being employed to identify plant protein targets was 

reported by Morimoto et al, in the study of 1,3,5-triazines.24 Although these structures are not 

commonly found in nature, they have been used extensively in herbicides. Some plants have been shown 
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to be able to degrade these scaffolds into intermediates that accumulate, posing a threat to nearby algae 

and plants. It was thus of interest to identify the protein targets of these compounds to better understand 

the mode of action of triazine-containing agrochemicals as well as allow for the rational design of 

compounds containing less persistent scaffolds. Two approaches using reactive groups were undertaken 

in parallel. The first approach connected a chloroacetamide as the reactive group via an ethylenediamine 

linker to the triazine core affording probe 13. The second approach attached a chlorine directly onto the 

triazine scaffold, forming a chloro-triazine reactive group forming probe 14 which would be able to 

form a covalent linkage via SnAr substitution by a nucleophilic residue. It was shown that chloro-

triazine 14 gave the strongest signal when tested on Arabidopsis extracts and also gave specific binding 

even at higher concentrations. Following coupling of the probe to biotin azide via copper(I)-catalysed 

alkyne-azide cycloaddition (CuAAC), and enrichment on protein gels, LCMS analysis was able to 

identify ascorbate peroxidase 1 (APX1) as the main target of the probe, furthering the understanding of 

the mode of action of 1,3,5-triazine-containing herbicides. 

 

 

 
Figure 5: Development of activity-based probes 13 & 14. 

 

In addition to an increased probability in target identification, one of the primary advantages of this 

approach is that the range of available reactive groups allows for the targeting of specific protein 

families due to the conservation of catalytic residues.25 Despite this advantage, this approach can be 

limited in the identification of unknown targets as it assumes reactive residues are present in the binding 

site. The propensity to bind to certain residues over others also can limit this approach, especially if the 

small molecule in question has multiple targets. 
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  1.2.5: Photoaffinity Based Probes 

 

Photo-affinity probes belong in a subset of the activity-based probes, where the reactive group is formed 

in situ under a specific wavelength of light. This is a commonly used when either the affinity of the 

molecule in question is too transient to allow for target isolation and identification, or if very little is 

understood about the interaction between it and the target.26 In principle, the photoactive component is 

stable in the absence of UV light, allowing the probe to form a covalent interaction with the target. 

Irradiation at a specific wavelength activates the reactive component forming a highly reactive 

intermediate. This gives rise to the most significant advantage of these probes which is their ability to 

bind to targets even if the interaction is transient.27–29 The reactive intermediate generated (carbenes, 

nitrenes and excited ketyl diradicals) are able to bind indiscriminately, even inserting into C–H bonds, 

making them ideal for forming an irreversible covalent interaction. Importantly, the wavelength 

required to generate these reactive intermediates are usually > 330 nm, ensuring that protein integrity 

is not compromised.30 The inert nature of these compounds in the absence of UV light also allows for 

equilibrium to be established prior to target-crosslinking, increasing on target binding as well as binding 

efficiency.31  

 

The approach shares the same drawback that arise from activity based-probes wherein the modified 

molecule needs to retain the same binding behaviour with its respective target prior to photo-

crosslinking to ensure on-target binding.32 Photoaffinity based probes are widely used in plant chemical 

genetic approaches and exclusively make use of three photoreactive groups; benzophenones, diazarines 

and aryl azides.  

 

1.2.5.1: Benzophenones 

 

Benzophenones are commercially available, easily incorporated into synthetic routes, activated at 365 

nm and chemically stable in the absence of UV light.33 These properties make it a popular photo-reactive 

tag despite the steric bulk it introduces into a probe. During activation by UV light, a non-binding 

oxygen electron is promoted into the carbonyl π* orbital generating two possible triplet excited states 

and two singlet excited states.34 The excited biradical (16) is able to undergo various chemical reactions 

namely H–atom abstraction and insertion into C–C bonds. This reactive biradical gives rise to one of 

benzophenone’s advantages as a photo-crosslinking tag as it is able to react reversibly with water.32 The 

formed hydrate (18) eliminates rapidly to reform original benzophenone 15 which can be excited again. 

Benzophenones are also significantly more stable than diazarines and aryl azides in ambient light, 

allowing for easier manipulation.34 
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Scheme 1: Mechanism of insertion of benzophenones and reversible reaction with water. 

 

Despite the advantages of the benzophenone moiety, there are several factors that limit utility in 

photoaffinity probes. A study conducted by Weber et al. found that C–H insertions by a benzophenone 

containing peptide were much higher yielding in the presence of water than in isopropanol, indicating 

the efficiency of photo-crosslinking is highly dependent on the hydrophilicity of the binding site.35 As 

photo-affinity probes are primarily used for the purpose of target identification, this limitation poses an 

issue as the nature of the binding site is almost always unknown. Additional limitations are with respect 

to the orthogonality of benzophenones to amines. Although benzophenones are generally stable in the 

absence of UV light, the carbonyl group is able to form imines with biologically active amines. In a 

report by Shultz et al, it observed that a benzophenone containing peptide was able to covalently bind 

with a lysine residue of HIV protease.36 Although this interaction was reversible, it demonstrated the 

possibility of increased non-specific interactions with increasing concentration of the photoaffinity 

probe. Another limitation of this group is the steric size it introduces to the small molecule, possibly 

altering the mode of binding. As mentioned above, photoaffinity probes often need to retain biological 

activity to validate on-target photo-capture and the introduction of a large group could result in off-

target labelling.  

 

The most significant limitation of benzophenones is the low reactivity of the excited biradical which 

often requires a long irradiation time to achieve binding.34 This low rate of activation thus becomes 

comparable with the rate of ligand-binding site dissociation increasing the possibility of non-specific 

binding, especially if the interaction is inherently weak. This combined with its steric size limits its use 
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as alteration of the molecule can lead to reduced target interactions again resulting in increased non-

specific binding.37  

 

1.2.5.2: Diazarines 

 

Diazarines are widely used as photo-crosslinking tags in photoaffinity probes. Liberating nitrogen in 

the presence of UV light (335 nm), ultrasonication or heat generates a reactive carbene.38 There are two 

possible mechanistic routes to which this occurs; directly or through photoisomerization to the non-

cyclic diazo species (Scheme 2). Both singlet and triplet forms of the carbene can be formed, with the 

singlet being the one of major interest due to its ability to undergo C–H bond insertion.39  

  

 

 
Scheme 2: Mechanism of diazarine carbene formation and C–H bond insertion.40 

 

Early diazarines were aliphatic which gave rise to issues when being used in photoaffinity probes due 

to their propensity to undergo 1,2-hydrogen rearrangements (Scheme 3, A).41 Despite this limitation, 

this group has been developed into several fundamental building blocks in the development of 

photoaffinity probes namely, the minimalist linker and photo-amino acids. Minimalist linker 26 was 

first reported by Li et al, combining the aliphatic diazarine, an alkyne reporting unit and a primary 

alcohol for attachment in a small module.42 Several amino acids incorporating aliphatic diazarines into 

their respective side chains have been reported, such as photo-leucine (27) and photo-lysine (28).43 In 

addition to synthetic approaches to access these photoactive amino acids, they have also been 

introduced via genetic code expansion.44 Reports published by Shultz et al. outline the ability to 

specifically incorporate these functionalized amino acids into specific sites within native environments 

which allow for the study of transient protein-protein interactions.4546 Both these examples of aliphatic 

diazarine functionalization aim to address the issue of large appendage groups negatively affecting 

biological activity of the small molecule and have been extensively used in the development of chemical 

probes.  
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Scheme 3: A. 1,2-hydrogen rearrangement of aliphatic dizaraines. B. Photo-reactive modules 

containing aliphatic diazarines. 

 

Phenyl diazarines were first identified as more efficient photolabeling groups by Knowles et al. due to 

the reduced tendency to undergo 1,2-hydrogen rearrangements.47 Upon further studies phenyl diazarines 

were shown to form the carbene via linear diazo species 20.48 This ultimately resulted in non-specific 

binding as the slow photoisomerization process allowed for dispersion of the probe from the binding 

site before insertion could take place.49 A proposed solution was reported by Brunner et al using a 

trifluoromethyl group flanking the phenyl diazarine. Although still not fully understood, the electron 

withdrawing nature of the trifluoromethyl group reduces the reactivity and abundance of the diazo 

intermediate, resulting in increased binding to the active site of interest.50   

 

1.2.5.3: Aryl Azides 

 

Although not as prevalent as benzophenones and diazarines, aryl azides still make up a significant 

proportion of photoactive labels within plant chemical probes. When irradiated with UV light (330 – 

370 nm), aryl azides readily convert to nitrenes via the loss of N2.30 As with carbenes, this highly 

reactive intermediate (30) can readily insert into C–H or hetero–H bonds to form the secondary amine 

adduct (31). The main advantage of this approach is that the aryl azide can be directly linked onto an 

existing aromatic core of the small molecule, minimizing the disruption to binding and biological 

activity. 51 Despite the small steric bulk introduced by this photo affinity group, its lower reactivity to 

C–H bonds compared to benzophenones and diazarines limit its use in photoaffinity probes.52  
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Scheme 4: Mechanism of aryl azide photo-crosslinking reaction.30 

 

1.2.5.4: Photoaffinity Based Probes in Plants 

 

There have been extensive reports on the use of photoaffinity based probes in the study of plant targets 

and pathways. One such example is a report by Li et al. which demonstrated the effectiveness of this 

approach in the elucidation of plant biosynthetic pathways.53 Unlike prokaryotes, eukaryotes do not 

contain gene clusters of biosynthetic genes, making it challenging to identify the biosynthetic pathway 

of novel natural products. This study aimed to circumvent this issue by coupling minimalist probe 26 

attached via an ester linkage to steviol (32), a natural sweetener isolated from the leaves of Stevia 

rebaudiana.  

 

  

Figure 6: Development of steviol into a photoaffinity probe. 

 

Probe 33 was incubated with plant lysate and following a large-scale pull-down experiment, biotin 

enrichment and mass spec analysis, UPD-glycosytransferase UGT73E1 was identified as being 

involved in steviol glycoside biosynthesis. Interestingly, an affinity-based approach was initially 

attempted through the use of a biotinylated steviol probe, but binding affinity was shown not to be 

sufficient for this. This demonstrates the benefits in covalently capturing the target via photo-

crosslinking, overcoming the issues posed by reversible interactions.  
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Figure 7: Workflow for target protein identification of steviol.53 

 

Another example of photoaffinity probes being used in the study of small molecule targets in plants 

was reported by Fujii et al, investigating circadian rhythm-controlled leaf movement.54 This was 

achieved through the development of potassium isolespedezate (34), a known promotor of leaf-opening 

in Cassia minosoides L., into a chemical probe. Modifications of the glycon moiety in initial SAR 

studies found comparable activities to 34, resulting in the assumption that the phenol component of the 

molecule was in closer proximity to the binding site.55 The addition of the aromatic trifluoromethyl 

diazarine group to either the 2’ or 6’ positions resulted in probes 35 and 36, and subsequent photo-

labelling experiments were able to identify unknown binding proteins of mass 210 and 180 kDa.56  
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Figure 8: Development of trifluoromethyl diazarine probes from potassium isolespedezate (34). 

 

One observation made in this report was that the addition of the large photoaffinity group meant that 

both high labelling yield and biological activity was not achievable. Previous SAR studies supported 

the proposal that the 2’ position was closer to the binding site, and it was expected that the attachment 

of a sterically demanding photoaffinity tag in this position would result in decreased biological activity. 

This hypothesis was confirmed via leaf opening assays as 6’ modified probe 35 retained greater 

biological activity, but no specific band was identified following pull-down experiments suggesting 

inefficient photo-crosslinking. Conversely, although 2’ modified probe 36 showed reduced biological 

activity, it gave greater labelling yields in photoaffinity labelling experiments identifying 2 specific 

bands. On target binding was confirmed through competition assays using leaf opening factor 34. These 

results indicate that although a balance is needed to be achieved between biological activity and 

labelling efficiency, the vicinity of the photolabeling group to the binding site should take primary 

consideration in the development of a chemical probe.  

 

Similar issues were of concern in the investigation into a similar leaf opening factor LOF (37) reported 

by Okada et al.57 Given the high degree of non-specific binding that can arises from endogenous 

biotinylated proteins, the purification method chosen was through the use of the FLAG peptide and the 

anti-flag monoclonal antibody. Given the large size of the peptide, a small photoactive group was 
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needed as to not further disrupt binding. Consequently, probe 38 was synthesised, incorporating the aryl 

azide photoaffinity label into the aromatic core of the molecule. Despite the large size of the peptide, 

the compact photo-active portion allowed the molecule to retain biological activity albeit at about half 

the effect of the lead. Using lead molecule 37 as a competitive ligand, photoaffinity experiments using 

probe 38 ultimately identified an unknown membrane-bound receptor protein located specifically in the 

motor cells of leaf and stem joints.  

 

 

 

Figure 9:  Development of LOF (37) into an aryl azide containing photoactive probe. 

 

  1.2.6: Conclusion 

 

Target identification of small molecules remains the most challenging aspect of forwards chemical 

genetics and although a vast array of strategies has been developed for capture of these targets. The 

discussion above outlined the three primary methods of doing this: using the small molecule’s inherent 

affinity to its target, using electrophilic reactive groups, and using photo-crosslinking groups. Due to 

the diversity of small molecules used within plant chemical biology, the approach adopted is dependent 

on the structure of the small molecule and what is already known about its target(s). Affinity based 

probes provide the simplest approach but are dependent on a strong interaction between the small 

molecule and its target. Probes containing a reactive group or photoaffinity tag can overcome this 

limitation through the formation of irreversible covalent linkages with the target. Despite this, these 

approaches are also constrained with electrophilic reactive groups requiring the presence of active 

residues and photoaffinity probes needing to retain binding in the presence of the large photoaffinity 

group to ensure on-target cross-linking. The examples highlighted above show the diverse approaches 

in which chemical probes can identify small molecular targets. This ultimately allows for the limitations 

of traditional genetic approaches to be circumvented, leading to advancements in our understanding of 

complex pathways in plants. 
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1.3: Plant Hormones 

 

1.3.1: Introduction to Plant Hormones 

 

Plants have developed the ability to continuously adjust in response to external factors. These processes 

are regulated by the integration of environmental, genetic, and chemical signals that together dictate 

plant growth and development. A fundamental component of this process are molecules collectively 

known as hormones. These small molecules regulate almost every aspect of plant development with 

one hormone having the ability to perturb a vast range of cellular processes whilst simultaneously 

multiple hormones being needed to affect one aspect of growth.58 The perception of these small 

molecules is fast and sensitive at low concentrations further contributing to their fundamental role in 

the regulation of developmental processes.  

 

Although each plant hormone is responsible for a range of responses, they can be loosely classified into 

two groups; those which regulate growth and developmental processes, and those which regulate stress 

responses. Hormones such as cytokinin, ethylene, gibberellic acid (GA) and brassinosteroids are 

involved in multiple aspects of plant growth whilst stress hormones include those such as abscisic acid 

(ABA), salicylic acid (SA) and jasmonic acid (JA).59,60 These groups of hormones combine to form a 

complex, interconnected signalling network allowing for the regulation of multiple metabolic processes 

and plant development pathways. As noted above, a single hormone can be responsible for several 

aspects of plant responses. For example, GA is implicated in the regulation of cell elongation, cell 

division, floral development and seed germination. Their roles are not mutually exclusive as both auxin 

and cytokinin are also involved in the establishment of meristems.58,61 These relationships can be 

antagonistic as is the case with the interrelation of GA and ABA in seed dormancy and germination or 

they can be synergistic as observed with auxin and brassinosteroids in the processes of cell elongation 

and division. With structural and biological data suggesting the perturbation of the ABA and GA 

pathways by novel compound eW5, this overview will focus on these two hormones.      

 

1.3.2: Abscisic Acid  

 

Best known as a plant’s “stress hormone”, ABA is central to a plant’s ability to respond to 

environmental pressures through the regulation of a wide range of processes including dormancy, 

germination, stomatal opening, and root growth. For example, under stress conditions of drought or 

high salinity, ABA promotes stomatal closure, reducing water loss via transpiration. In addition to the 

regulation of stress processes, ABA also acts as a suppressor of seed germination, delaying the process 

until seeds have fully developed and conditions are favourable. The transition between dormancy and 
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germination is controlled by the antagonistic hormone pair of ABA and GA where a higher ratio of GA 

promotes germination and reduces the duration of dormancy.62   

 

ABA is an isoprenoid molecule synthesized from zeaxanthin; one of the most common naturally 

occurring carotenoid alcohols. The relationship between the stereocenter of ABA and its biological 

activity has been extensively documented with the (R)-cis enantiomer displaying weak activity 

compared to the naturally occurring (S)-cis isomer (39). Although readily isomerized on exposure to 

UV light, geometric isomerism has also been explored within the molecule with assays conducted under 

low light conditions have shown that the (S) 2-trans form is inactive.63  

 

 

Figure 10: Structure of (S)-cis-ABA. 

 

   1.3.2.1: Abscisic Acid Hormonal Pathway  

 

The core model of ABA function can be separated into four distinct portions; the pyrabactin resistance 

1 (PYR1) and PYR1-like (PYL) proteins, type 2C protein phosphatases (PP2Cs), Snf1-related protein 

kinases 2 (SnRK2s) and ABA-responsive element binding factors (ABFs). SnRK2s are positive 

regulators of the ABA pathway, phosphorylating downstream effectors including ABFs, leading to the 

activation of ABA responses. High ABA concentrations induce binding between the PYR/PYL proteins 

and PP2Cs, inhibiting its action, resulting in the accumulation of phosphorylated SnRK2s which can 

then phosphorylate ABFs. Conversely, in the absence of ABA, the PYR/PYL proteins are not bound to 

the PP2Cs, increasing the activity of the phosphatase, inhibiting SnRK2 function (Figure 11).  
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Figure 11: Schematic diagram of ABA signalling pathway in absence and in presence of ABA.64 

 

1.3.2.2: PYR/PYL Proteins 

 

It was only in 2014 that two independent reports described the identification of ABA receptor proteins. 

These involved a forward chemical genetic approach (outlined in section 1.2.1) and a Yeast-2-hybrid 

(Y2H) screen which observed two PP2Cs (ABA INSENSITIVE 1/2 (ABI1/2)). This identified members 

of the steroidogenic acute regulatory related lipid transfer (START) superfamily as ABA receptors and 

ultimately led to the discovery of the ABA receptor proteins Pyrabactin Resistance 1 (PYR1) and PYR1-

like 1-13 (PYL1-13) which have been subsequently named as regulatory components of ABA receptor 

(RCARs) but for simplicity will be referred to as PYRs and PYLs in this thesis. 

  

There is a high degree of similarity between the primary structures of the 14 members of the PYR/PYL 

gene family. Initial structural studies were conducted on PYR1, PYL1 and PYL 2 and since then the 

structures of PYL3, PYL5, PYL9, PYL10 and PYL13 have also been reported. They are 

characteristically small proteins, between 159 and 211 amino acids in length and all contain a seven-

stranded beta-sheet along with a C-terminus alpha helix enfolded by two additional alpha helices.65,66 

These distinctive motifs combine to form a “helix-grip” fold structure, a common feature of START 

domain proteins and results in a hydrophobic ligand-binding pocket (Figure 12).    
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Figure 12: X-ray crystal structures of A. apo-PYL10 and B. ABA-PYL10 interaction via hydrogen 

bonding. Ball and stick model represents (S)-cis-ABA. Common features shared by members of 

this gene family include the C-terminus alpha helix surrounded by 2 additional alpha helices. 

Image replicated from Sun et al. 67 

 

The structure of the receptors plays an important role in the protein’s ability to perceive ABA. Structural 

data has shown the PYL proteins contain 2 highly conserved loops which have been dubbed as the “gate 

and latch” allowing the protein to adopt an open and closed confirmation.68 These two loops rearrange 

upon binding with ABA which induces the closed conformation, blocking the entry. This forms the 

surface that allows the receptor to interact with PP2Cs, inhibiting phosphatase activity (Figure 12, A). 

The phosphatase contains a conserved tryptophan residue which can then slide between the two loops, 

locking the receptor-PP2Cs complex in the closed conformation.69 Receptor recognition of ABA is 

possible through a mixture of hydrogen bond networks and hydrophobic contacts (Figure 12, B/C).  

Structural studies with PYL1 have shown binding to occur between a Lys residue and the carboxyl 

group of ABA through the formation of an ion pair and hydrogen bonds mediated with three water 

molecules. Hydrophobic interactions are observed between the pentadienoic acid group of ABA and 

residues Phe 135, Leu 144 and Val 193.70–72 These interactions are predicted to be conserved between 

other homologous ABA-specific receptor proteins. 
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Figure 13: A. Ribbon diagram and annotations of secondary structures. Blue indicates N-terminus 

and red indicates the C-terminus. B. Hydrogen bond networks between ABA and residues of 

PYL1. Water molecules are illustrated by red spheres and hydrogen bonds are drawn as green 

dotted lines. C. Hydrophobic interactions between ABA and PYL1. Images from Miyazono et al.70 

 

Further structural studies have shown that the ABA receptors can be grouped based on their oligomeric 

configuration. With the exception of PYL7, PYL4-12 are monomeric whilst PYR1 and PYL1-3 are 

homodimers but will dissociate in the presence of ABA. The conformation of the receptors has an effect 

on their respective binding affinities to ABA as structural analysis of the dimeric proteins has shown a 

cis-homodimer arrangement, blocking access to the ligand binding pockets. As a result, dimeric 

receptors display a significantly lower binding affinity with ABA with Kd values ≥50 µM whilst the 

monomeric receptors display much greater binding affinities with binding constants of ~1 µM as 

determined through ITC.62  

 

The PYL-ABA affinity is reflected in the PYL-PP2Cs affinity with dimeric receptors displaying an 

intrinsic ability to inhibit PP2Cs whilst this interaction is undetectable with the monomeric ABA 

receptors in the absence of ABA. Although the dimeric receptors are able to independently inhibit 

PP2Cs, ABA significantly enhances this interaction, as was observed for PYL10-PP2C in which affinity 

was increased to from 1.2 μM to 18 nM in the presence of ABA.70 This observation has led to the 

hypothesis of the monomeric PYLs functioning as ABA sensitive receptors whereas dimeric PYL’s 

inhibitory activity on PP2Cs activity is ABA dependent.    

 

1.3.2.3: PP2Cs & SnRKs 

 

As mentioned previously (Section 1.3.2.1), protein phosphatase type C (PP2Cs) makes up a component 

of the negative regulation of the ABA pathway. The genes that encode for PP2Cs are arranged into 10 

groups (A-J), where members belonging to Group A have a function within the ABA pathway. The 

 B  C A 
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most extensively studied elements within this group include ABA insensitive 1 and 2 (ABA1/2) which 

code for homologous PP2Cs and hypersensitive to ABA 1 (HAB1) which was identified from its 

sequence homology to ABA1/2.73,74 In both germination and root growth studies, abi1-1 and abi2-1 

mutants are ABA insensitive, whilst hab1-1 mutants display increased ABA-mediated stomatal closure 

and the inhibition of growth and germination, supporting the notion that PP2Cs are negative regulators 

of the ABA pathway.75   

 

Another major regulator of the ABA hormonal pathway are the serine/threonine protein kinases 

(SnRKs) which are negatively regulated by PP2Cs. In the absence of ABA, the activity of SnRKs are 

inhibited, preventing the binding and phosphorylation of ABFs (Figure 11). Of the three classes of 

kinases (SnRK1, SnRK2, SnRK3), SnRK2 and SnRK3 play a role in stress responses and plant growth. 

Members of the SnRK2 have shown to be the main positive regulators of the ABA pathway with 

specifically SnRK2.6 being expressed within guard cells. This results in the closure of the stomata as a 

response to the presence of ABA, an observation supported by the inability of snrk2.6 mutants to retain 

water due to the inability to regulate the closure of the stomata.69,76 

 

Members of the SnRK2 subclass share a highly conserved catalytic domain and it has been widely 

reported that the phosphorylation of SnRK2s are important for its activation. Several phosphorylation 

sites have been identified using SnRK2.6 recombinants, most notably Ser 175 which has been 

determined to be critical in the activity of the kinase. When active, SnRK2s phosphorylate downstream 

effectors such as ion channels and transcription factors resulting in the ABA mediated response.   

 

1.3.2.4: Known ABA Agonists/Antagonists 

 

The problem of genetic redundancy has been the main issue with using classical forwards genetic in the 

identification of ABA signalling components. As discussed in section 1.2.1, with the use of a specific 

agonist that selectively activates part of the ABA pathway, classical forwards genetics can now be used 

in tandem to identify specific signalling components. This has resulted in a range of small ABA related 

compounds which had been screened for, or rationally designed with the aim of studying the mode of 

action of ABA (Figure 14). 

  

The most notable example of this was the use of a synthetic seed germination inhibitor named 

pyrabactin (41). The compound was first identified by Cutler et al. as a synthetic seed germination 

inhibitor and was subsequently used in a mutant screen which isolated and sequenced pyrabactin 

insensitive individual plants, leading to the identification of the PYR1 gene.62 Through additional 

sequence analysis, the 13 additional PYL genes were identified. Detection of binding between ABA 
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and PYR1 was supported by 1H-NMR spectral HSQC data and this coupled with results from a Y2H 

screen suggested PYR1 is an ABA receptor that interacts with PP2Cs upon ABA binding. Although 

there is no obvious structural resemblance between pyrabactin and ABA, it has been shown to be a 

selective agonist of PYR-1 and PYL-1 and an antagonist of PYL2. The discovery of pyrabactin as a 

specific agonist has led to the identification of four additional novel pyrabactin-like agonists 43-46 

through rational design and docking analysis followed by in vitro confirmation Melcher et al.77  

 

One limitation of pyrabactin (41) is its relatively low bioactivity and narrow receptor activation. 

Derived from a screen aimed to address these limits, quinabactin (42) was identified as possessing 

similar agonistic properties on a wider range of the PYL/PYR family.78 Whilst pyrabactin (41) 

selectively alters the seed germination phenotype, application of quinabactin (42) results in broad 

spectrum ABA effects such as drought tolerance in adult plants.63 The two compounds are sulfonamides 

but do have significant differences in their chemical structures. This is most notable to the groups 

attached to each end of the sulphonamide; pyrabactin has naphthalene and pyridine bonded to the 

sulfonamide moiety whilst quinabactin contains a benzyl group and a dihydroquinolinone ring. 

Quinabactin was found to display similar biological effects including survival of Arabidopsis following 

extended water deficiency and the inhibition of seed germination. More specifically, quinabactin’s ABA 

mimicking effects were found to be mediated by the dimeric ABA receptors; PYR1, PYL1, PYL2, 

PYL3, allowing for further studies in to the role of the homodimer receptors in ABA responses.79  
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Figure 14: Known agonists of ABA. (Red) The sulphonamide moieties shared between the 

compounds. (Green) The 4-substituted naphthalene moieties shared by the compounds. 

 

Interestingly, although the known ABA agonists share similar structural properties including an 

aromatic sulphonamide, none share any obvious structural resemblance to ABA (39). This is contrary 

to known ABA antagonists as AS6 (49) was identified through rational design as a potent ABA 

antagonist by Takeuchi.80 With the exception of the hexane chain linked to the thioester, the compound 

is almost identical to ABA, allowing it to bind to PYL with a similar affinity and binding mode as ABA. 

The long alkyl chain gives the molecule its antagonistic properties as it protrudes out onto the PP2C 

interaction surface of the PYL receptors, blocking further ABA responses.  

 

ABA antagonists have also shown to be useful tools in the study of hormone crosstalk responses. 

Despite the significant structural overlap between DFPM (48) and ABA (39), the discovery of 48 as a 

selective antagonist by Kim et al., (2011) could indicate that a direct structural relationship is not 

entirely necessary. PBI-51 (47) was identified by Wilen (2009) as an antagonist inhibiting ABA-

regulated gene expression in seed germination, allowing for the study of the relationship between 

osmotic stress and ABA regulated seed development.81 This example of crosstalk elucidation through 
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ABA antagonists was also seen in the development of DFPM. 48 was initially characterized as a 

selective ABA antagonist for a small set of ABA responses such as the regulation of stomatal aperture.   

 

 

 

Figure 15: Known antagonists of ABA. Blue boxes highlight portions of the compounds which 

structurally overlap with ABA. 

 

1.3.3: Gibberellic Acid (GA) 

 

Gibberellic acid (GA) is involved in the regulation of diverse aspects of plant growth and development 

at various stages throughout the plant life cycle. Although primarily involved in the promotion of organ 

growth through the stimulation of cell division and elongation, it has also been implicated in other 

transitional processes such as seed germination, shoot growth, sex determination and flowering.82,83 The 

class of Gibberellins contain over a hundred identified GAs, with only a small subset being bioactive 

within plants, namely GA1, GA3, GA4 and GA7 (50-53, Figure 16). These bioactive molecules are 

pentacyclic diterpene isoprenoid phytohormones and share several common structural moieties 

including a lactone bridging C-4 and C-10, a C-6 carboxylic acid and a hydroxyl group at C-3. 
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Figure 16: Structures of bioactive GAs; GA1, GA3, GA4 and GA7 (50-53) displaying common 

functional groups. A. (Red) Gamma-lactones between C-4 and C-10. B. (Blue) Hydroxy group on 

C-3. C. (Green) Carboxylic acid on C-6 

 

1.3.3.1: GA Hormonal Pathway 

 

The GA signalling pathway is comprised of four major components; GA itself, the associated receptors 

(namely GIBBERELLIN INSENSITIVE 1, GID1), DELLA proteins and the F box protein SLEEPY1 

(SLY1). The most important mechanism associated with the GA hormonal pathway is the repression of 

DELLA protein function. DELLA proteins are part of the GRAS superfamily of proteins and act as 

negative regulators of growth through the interaction with transcription factors such as 

PHYTOCHROME INTERACTING FACTOR 3 (PIF3), PIF4 and SCARECROW-LIKE 3 (SCL3), 

inhibiting their function. In the presence of GA, DELLAs undergo rapid degradation via the ubiquitin-

proteasome pathway. GA binding to GID1 promotes conformational changes within the receptor, 

forming the GA-GID1-DELLA complex. The formation of this complex promotes binding of SLY1 (as 

part of the SCFSLY1 complex) to the GRAS domain of the DELLA proteins, triggering 

polyubiquitination and subsequent degradation of the DELLAs by the 26S proteasome. With DELLAs 

acting as negative regulators of growth, degradation leads to the activation of downstream transcription 

factors, resulting in growth. 
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Figure 17: Model of GA hormonal pathway in plants.84  

 

1.3.3.2: GA Receptors 

 

First identified in Oryza sativa, the OsGID1 gene encodes for the GID1 protein that forms a specific 

interaction with GA. The GA receptors in Arabidopsis were identified though map based cloning where 

it was shown that three homologues existed that were similar to OsGID1; AtGID1a, AtGID1b and 

AtGID1c.85 The interaction between the GID1 receptors and GA leads to the degradation of the DELLA 

protein SLENDER RICE1 (SLR1) involving the F-box protein GID2.84  

 

Results of single mutant studies of homologues GID1a, GID1b and GID1c have indicated redundancies 

between the receptors as they do not result in differed phenotypes when compared with wild-type 

individuals. In contrast, studies of double mutants enable the specificity of the receptors to be 

differentiated. Although the gid1a-1, gid1b-1 and gid1b-1, gid1c-1 double mutants show no change in 

phenotype, the gid1a-1 gid1c-1 double mutation results in the observation of a dwarfed phenotype, 

indicating that the GID1b receptor plays a lesser role in stem elongation.86,87 The triple mutant results 

in significant GA-insensitivity leading to severe dwarfism and infertility which cannot be recovered 

through treatment with GA, indicating that the perception of GA by the GID receptors is an important 

step in the GA hormonal pathway.     

 

Ultimately, this hormonal pathway is activated through the interaction between GA and GID1 which 

results in the conformational change of the receptor. The primary sequence of GID1 shows similarity 

to hormone sensitive lipases (HSL), sharing two conserved motifs. Despite the current lack of 
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confirmation from x-ray crystal structures, current models suggest that the GA binding to GID1 is aided 

with a lid which traps the substrate in the binding pocket.88 This conformational change then allows for 

binding to DELLA proteins via the N-terminal motifs, stabilizing the GA-GID1-DELLA complex. 

Despite the similarities in sequence and structure, HSL-enzymatic activity is not observed with GID1, 

primarily due to the substitution of a His residue for Val or Ile in the C-terminus region that is essential 

for HSL function.  

 

  1.3.3.3: DELLA Proteins 

 

There are five DELLA repressor genes that have been identified in Arabidopsis; REPRESSOR OF 

GIBBERELLIC ACID (RGA), GA-INSENSITIVE (GAI), and the RGA-Like Proteins (RGL1), RGL2, 

RGL3. RGA and GAI transcripts are present in all tissues and RGL1-3 are expressed only in 

germinating seeds and flowers, showing the distinct functions between the DELLA genes despite the 

redundant nature of these genes as suppressors of the GA responses. Additional genetic studies have 

shown some of the genes are responsible for varying functions in relation to plant growth. These studies 

were conducted on the GA biosynthesis mutant ga1-3 and the proteins were observed for their ability 

to rescue the phenotypes.84 This loss-of-allele study showed that mutations to RGA, RGA1 and GAI 

were able to rescue height of the plant, mutations to RGL, RGL1 and RGL2 were able to rescue 

flowering and mutations to RGL2, RGA, GAI and RGL3 were able to rescue seed germination89. 

 

As members of the GRAS super family, the DELLAs have a conserved C-terminal GRAS domain. 

However, the N-terminal regional domain is more significant to the function of the DELLAs. These 

areas are Ser and Thr rich acting as the regulatory domain of the protein and contains two highly 

conserved motifs (DELLA and VHYNP). The importance of these DELLA motifs to the protein’s 

interaction with the GID1 receptor has been shown through genetic studies conducted by Sun et al.90 It 

was shown that mutation in this motif through the deletion of Ser/Thr and VHYNP residues inhibits the 

phosphorylation of DELLA proteins. The phosphorylation of DELLA ortholog found in rice (SLR1) is 

a crucial process as GID2 (an F-box subunit) forms a specific interaction with the phosphorylated 

protein, thereby regulating the gibberellin-dependent degradation of DELLAs.91 The result of this 

mutant is a semi-dwarfed phenotype which cannot be reversed with the treatment of GA as the mutation 

interferes with DELLA-GID1 interaction, leading to the inability to regulate the DELLA repressor. In 

addition to the necessity of the conserved N-terminus motifs, the GRAS domain also plays a vital role 

in DELLA function as it is required for SLY1 binding. Although yet to be confirmed by crystal 

structures, current hypotheses suggest that a conformational change of the DELLAs occur upon GA-

GID1 binding thereby allowing SLY1 interaction and subsequent polyubiquitination.92   
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  1.3.3.4: F-Box Proteins 

 

The protein named SLEEPY1 (SLY1) acts as a positive regulator of GA signalling, catalysing the 

polyubiquitylation of and ultimately the degradation of DELLA proteins.93 SLY1 encodes for a protein 

highly homologous to F-box proteins, both functioning as components of a ubiquitin ligase complex, 

recruiting specific proteins for polyubiquitination. As reported by Steber, the unfunctional sly-1-10 

mutant accumulates high concentrations of RGA and GAI proteins resulting in a dwarfed phenotype 

which is unable to be rescued through treatment with GA, indicating the vital role F-box proteins play 

in GA signalling.94 

   

Through Y2H assays, it was observed that SLY1 in the absence of GA interacts weakly with all 

Arabidopsis DELLA proteins indicating the function of GA is that of an enhancer, strengthening the 

SLY1-DELLA interaction. SLY1 binds to the GRAS domain of the DELLA proteins as part of SCFSLY1 

E3 ligase, promoting polyubiquitination and degradation by the 26s proteasome. As DELLAs inhibit 

growth through the inhibition of PHYTOCHROME INHIBITING FACTOR 3 and 4 (PIF3-4), the 

degradation of these negative regulators ultimately results in GA responses.  

 

1.3.3.5: Light Regulation of the GA Pathway 

 

Under light conditions, seedlings undergo photomorphogenesis, resulting in expanded cotyledons and 

short hypocotyls. This is due to the increased activity of phytochrome in light conditions, inhibiting the 

accumulation of GA. The converse result is observed for seedlings grown in dark conditions as they 

undergo skotomorphogensis, resulting in closed cotyledons and longer hypocotyls. Phytochrome 

interacting factors (PIFs) mediate cell elongation and are part of the basic helix-loop-helix (bHLH) 

subset of transcription factors, regulating seedlings when they are etiolated. Under dark conditions, the 

red light photoreceptor phyB and DELLA proteins both negatively regulate PIFs which acts as a 

suppressor of the overall GA hormonal pathway.95 Activation of phyB under light conditions result in 

the destabilization of PIFs whilst the increase in DELLA protein levels lead to the inhibition of the 

DNA-recognition domain of the PIFs, thereby blocking its binding. 
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Figure 18: Illustration of cell elongation mechanism in light and dark conditions. In dark 

conditions, PIF4 mediates cell elongation. Degradation of PIF4 in light by phyB inhibits cell 

elongation.96 

 

When grown in dark conditions, the transcription levels of GA biosynthetic enzymes (GA3ox1 and 

GA20ox1) are high whilst the transcription of GA catabolic enzymes (GA2ox1) are low. The reverse is 

true for hypocotyls grown in light conditions. The low levels of GA catabolic enzymes when plants are 

grown in the dark result in a higher concentration of GA.97 This increases DELLA degradation, leading 

to the promotion of increased hypocotyl growth, illustrating the agonistic relationship between light and 

GA.   

 

1.3.3.6:  Small Molecule GA Antagonists  

 

Unlike with the ABA pathway, chemical genetics have not been used to the same extent in the 

perturbation of the GA pathway. Nevertheless, there are still salient examples of small molecules being 

used in the study of GA crosstalk with other plant hormones and in agriculturally significant 

applications.  

 

One reported antagonist was by Phinney et al. where it was shown that tannins were able to inhibit 

gibberellin-induced growth in pea and cucumber seedlings. Tannins make up a diverse group of 

chemicals but can be loosely defined as phenylpropanoid compounds and their respective condensed 

polymers.98 This study was able to show that chemically defined tannins (Examples 54-56, Figure 19) 

were able to inhibit growth that was caused with the addition of GA3.99 By increasing the concentration 

of GA3 the inhibitory effect of the tannins was reversed, indicating that the two were involved in the 
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same pathway. Although some of the tannins push the boundaries on the classification of “small 

molecules”, the antagonistic role they play lead to the proposal that they act as growth-regulators acting 

along the GA pathway.  

 

 

 

Figure 19: Examples of inhibitory tannins reported by Phinney et al.99 

 

Another reported example of a small molecule GA antagonist is the synthetic cytokinin 6-benzyladenine 

(57). In a report by Li et al. which looked to elucidate the mechanism by which cytokinins promote 

flower bud formation in apple trees, the transcriptomic response to treatment with 57 was conducted. 

The results identified 84 genes that were highly correlated with genes relating to flowering time and it 

was found that there was a significant upregulation of a GA signal repressor.100 This study not only 

identified 57 as an antagonist of GA by downregulating GA signalling pathway related genes, but also 

elucidated part of the crosstalk mechanism between the two hormones, again illustrating the 

effectiveness of small molecules as tools.  

 

 

Figure 20: Structure of 6-benzyladenine (57). 
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Section 1.4: Previous work  

 

1.4.1: Introduction to eW5 

 

In an early report, Kaplan et al. had described a study exploring the effect of two known calmodulin 

inhibitors N-(6-Aminohexyl)-1-naphthalenesulfonamide (W5) and N-(6-Aminohexyl)-5-chloro1-

naphthalenesulfonamide (W7) on the secondary calcium signalling pathway in plants. Calmodulin is a 

positive regulator of calcium pumps which pump Ca2+ against a strong calcium gradient in the main 

body of the cell. Inhibition of calmodulin results in inhibition of the pumps, resulting in the diffusion 

of the ions back along against the concentration gradient, increasing cytosolic [Ca2+].  The introduction 

of these two compounds into seedlings ledd to the identification of touch-responsive genes (TOUCH3) 

and dehydration responsive genes (ERD15) regulated by Ca2+.101  

 

As mentioned in Section 1.2.1, chemical genetics can be a powerful tool in the study of hormonal 

pathways when classical genetic approaches are limited. Unfortunately, 58 and 59 were found to be 

broad spectrum inhibitors targeting all 7 plant calmodulins, the almost 100 calmodulin-like proteins and 

other protein kinases. It was proposed that a small library of analogues (Figure 32) could be synthesized 

for the purpose of identifying compounds that specifically targeted a subset of these proteins. This 

approach would allow for more precise detection of such calcium binding proteins involved in the 

specific pathways. All analogues tested led to an increase in cellular calcium concentrations, supporting 

the hypothesis that they could potentially be CaM antagonists. 

 

 

 

Figure 21: Structures of known calmodulin inhibitors 58 & 59 and novel compound eW5 (1). All 

contain a naphthyl sulfonamide core along with a hydrocarbon tail with a primary amine. 

 

In contrast to the rest of the series which resulted in root growth inhibition, eW5 (1) displayed the 

opposite effect, leading to root growth promotion (Figure 22). The apparent growth promoting effect 

was of interest and a series of genetic and growth assays were undertaken to identify the compound’s 

binding interactions and the mode of action underlying the growth promoting effects of eW5. 
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Figure 22: Root growth analysis of 7-day old seedlings after 5 days of chemical treatment with 

known calmodulin inhibitors W5 (59), W7 (58) and A1/eW5 (1) at 100 µM. Error bars represent 

standard error of 18 seedlings. Asterisks indicate statistically significant differences to DMSO 

(independent t-test, ** P<0.005, *** P<0.001) between DMSO and chemical treatment. 

Replicated from Sukiran.102 

 

1.4.2: eW5 Effect on ABA Pathway 

 

Despite eW5 (1) apparently operating in an inverse fashion to ABA, which inhibits root growth via the 

promotion of ethylene biosynthesis,69 it shares significant structural similarities with the ABA agonist 

pyrabactin. As introduced in Section 1.3.2.4, pyrabactin (41) was essential in the identification of the 

13 PYL receptors and the gate-latch-lock mechanism involved in ABA recognition. Despite pyrabactin 

having yet to display ABA like effects past seed germination, it was hypothesized that its interaction 

with several members of the PYR and PYL family could be mimicked by eW5 (1). Consequently, initial 

studies explored the PYR and PYL family as potential targets of eW5.  

 

 

Figure 23: Structural relationships between pyrabactin (41) and eW5 (1). (Blue) The Sulfonamide 

shared between eW5, pyrabactin and quinabactin. (Green) The naphthyl-sulfonamide moiety 

shared by pyrabactin and quinabactin. (Red) The two carbon atoms between nitrogen atoms. 
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One noticeable structural difference between eW5 (1) and pyrabactin (41) is the presence of the bromine 

substituent in the 4-position. The presence of the bromine is important for the Van Der Waals 

interactions with Leu-Pro-Ala residues at the ligand entry gate.68 With the lack of substituent para to 

the sulfonamide moiety and the ability to display root growth promotion, it was hypothesized that the 

compound had a different interaction with PYL receptors, resulting in a reversal in the expected root 

growth inhibition that arise from ABA responses.  

  

This theory was initially supported through preliminary thermal shift assays and MicroScale 

Themophoresis studies which suggested that eW5 (1) had an ability to interact with PYL1, PYL2, PYL5 

and PYL8. As outlined in section 1.3.2, at low ABA concentrations, the ABA signalling pathway is 

negatively regulated through the inhibition of the SnRK2 kinase protein by PP2Cs. The level of 

phosphatase activity of the PP2C HAB1 was used to explore the possible antagonistic effect of eW5 (1) 

through co-application with ABA (39).   

 

 

 
 

Figure 24: Measurement of the activity of HAB1 on various PYL receptors. Error bars represent 

standard error and asterisks show significant differences (independent t-test, * P<0.05) between 

treatment with ABA and eW5. Replicated from Sukiran.102 

 

However, in contrast to the initial TSA data, co-application of eW5 was unable to restore the activity 

of PP2Cs for any of these receptors contradicting previous data suggesting its role as an antagonist of 

PYR/PYLs. This led to the hypothesis that eW5 was playing an agonistic role. Unfortunately, further 

studies on HAB1 showed no observable difference in phosphatase activity between the control and 

treatment with the compound, suggesting the relationship was not agonistic either (Figure 25). Although 
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there was preliminary data suggesting eW5 interacted with the PYL proteins, subsequent studies 

conducted by Sukiran and additional thermodynamic experiments were unable to support this and 

further investigation into this was not taken further.  

 

 

 

Figure 25: HAB1 activity on various PYL receptors following treatment with eW5. Asterisks 

show significant differences (independent t-test, * P<0.05) between treatment with ABA and 

eW5. Replicated from Sukiran.102 

 

1.4.3 eW5 on GA Pathway 

 

With the failure to identify a link between the ABA signalling pathway and eW5, an alternative 

possibility was considered; that eW5 (1) could be targeting components of GA signalling and 

recognition. The GA pathway is the most implicated pathway in plant growth and as outlined in section 

1.3.3, the fundamental process involved is the proteasomal degradation of the growth repressor DELLA 

proteins which results in various growth processes such as leaf expansion and stem elongation.     

 

To observe the effect of eW5 on DELLA protein stability, an assay developed by Silverstone et al. 

(2001) was employed. In this assay, the degradation of the DELLA protein RGA was observed through 

the loss of fluorescence of an RGA-GFP fusion protein. With GA as a positive control and 

paclobutrazol; a well-documented inhibitor of GA biosynthesis as a negative control, transgenic 

Arabidopsis thaliana seedlings expressing the fusion protein RGA-GFP were treated with eW5 and 

imaged after 2- and 24-hours. The results showed a loss in fluorescence in response to chemical 

treatment with both GA and eW5 (1) indicating the degradation of DELLA proteins whilst application 
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of PAC resulted in increased fluorescence, indicating the stabilisation of DELLA proteins (Figure 26). 

This provided strong evidence supporting the hypothesis that a possible mode of action for eW5 was 

through DELLA mediated activation of the GA signalling pathway. 

 

 
 

Figure 26: Transgenic Arabidopsis expressing RGA-GFP imaged 2- and 24-hours following 

treatment with eW5 and GA (both at 100µM). Seedlings imaged for the negative control were 

treated with Paclobutrazol (PAC) at 100µM for 48-hours. Image replicated from Sukiran.102 

 

Additional studies on the effect of eW5 on DELLA degradation were conducted through hypocotyl 

growth assays. The interplay between GA and DELLA proteins have been well established and using 

GA as a positive control and PAC as a negative control, eW5 was tested for its effect on hypocotyl 

growth. It was observed that treatment with eW5 and GA lead to significantly greater hypocotyl lengths 

whilst treatment of PAC results in significantly dwarfed hypocotyls (Figure 27), supporting the 

hypothesis that the compound promoted growth through the degradation of DELLA proteins. 
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Figure 27: Hypocotyl length of Arabidopsis following treatment with eW5. Error bars represent 

the standard error from 30 individuals and asterisks show significant differences (independent t-

test, ** P<0.005, *** P<0.001) between different treatments. Replicated from Sukiran.102 

 

With results indicating the DELLA dependency of eW5’s ability to promote growth, the compound was 

then tested against a mutant line that was deficient in all DELLA (GAI, RGA, RGL1, RGL2 & RGL3) 

function.  Treatment of the mutants with eW5 resulted in no significant difference in root or hypocotyl 

growth when compared with the control, further supporting the hypothesis that eW5 requires the 

presence of DELLA proteins for its mode of action (Figure 28).  

 

 
 

Figure 28: Hypocotyl growth assay for DELLA quintuple mutant. Error bars represent standard 

error, based on three biological replicates. Asterisks indicate statistically significant differences 

(independent t-test, *** P<0.001) between chemical treatment. Figure replicated from Sukiran.102 
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The significant overlap between the observed effects of eW5 and GA lead to assumption that eW5 was 

operating through the GA hormonal pathway. To test this proposal, an experiment was conducted on 

mutants lacking one or more of the three Arabidopsis GA receptors; GID1a, GID1b and GID1c. The 

double mutant gid1a1c and triple mutant gid1a1b1c both display the phenotype of significantly dwarfed 

stems which cannot be reversed with treatment of GA and were not used in this study. eW5 was unable 

to display its growth promotion effects in gid1a1c, gid1a1b and gid1b1c double mutants, indicating that 

the presence of the GA receptors was required for the growth promoting effects of eW5 to be observed. 

 

 
 

Figure 29: Hypocotyl length of GA double mutants Error bars represent the standard error from 

30 individuals and asterisks show significant differences (independent t-test, ** P<0.005) 

between different treatments. Figure replicated from Sukiran.102 

 

With evidence suggesting the GA receptors were required for the mode of action of eW5, it was then 

hypothesized that the compound might be mimicking GA. This was studied further using ga1-5 mutants, 

which display the dwarfed phenotype due to low GA levels. Treatment with eW5 failed to restore the 

hypocotyl elongation effects seen with GA, indicating that the compound’s mode of action was not 

identical to that of GA and further suggested that endogenous GA was required for its growth promotion 

effects.     

 

With GA being required for the growth promoting effects of eW5 to be observed, it was then proposed 

that the compound was affecting GA sensitivity or upregulating biosynthesis of the hormone. To study 

the possibility of eW5 enhancing GA sensitivity, an additional hypocotyl assay was conducted where 

eW5 was co-applied with varying low concentrations of GA (Figure 30). It was observed that treatment 

of eW5 alongside GA resulted in increased hypocotyl growth for all concentrations tested (1-10 μM), 
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supporting the hypothesis that eW5’s growth promoting effect was additive to the GA hormonal 

pathway.   

 

Figure 30: Hypocotyl growth at varying GA concentrations with and without additional eW5 

treatment. Error bars represent the standard error of at least 30 individuals and asterisks show 

significant differences (independent t-test, * P<0.05, *** P<0.001) between treatment with ABA 

and eW5. Replicated from Sukiran.102 

 

Investigation on the effect of eW5 on the biosynthesis of GA was carried out through the real-time 

quantitative PCR (qPCR) monitoring of the expression of the AtGA20ox1-AtGA20ox5 gene family 

which encode for the GA biosynthetic enzymes. When observed at 1-, 3- and 6- hours after treatment 

of eW5, there was no significant difference in the expression levels of the three GA metabolic enzymes 

GA20ox1, GA20ox2 and GA20ox3. Despite qPCR indicating eW5 had no effect on GA biosynthesis 

through the up- or downregulation of gene expression, the effect of the compound on this pathway 

cannot be entirely ruled out as there remains a possibility that regulation could be occurring at a different 

level, such as on enzyme activity itself. 

 

A phenotypic analysis of the dwarfed GA20ox1, GGA20ox2 and GA20ox1/2 mutants was then carried 

out as a confirmation on whether eW5 can act as a substitute in the absence of biosynthetic GA. 

Application of GA is known to recover the phenotype but application with eW5 failed to result in the 

same effect, supporting initial observations that the compound did not increase expression of GA 

biosynthetic related genes. This was supported by additional real time qualitative PCR measurements 

of the GA20ox3 gene in GA deficient mutants. Unlike GA which unexpectedly showed a low level of 

GA20ox3 expression at 30- and 60-minutes following treatment, eW5 showed greater expression of the 
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gene when compared with the DMSO control, further supporting that eW5 had no effect on GA 

concentration.   

  

  1.4.4: Epigenetic Effect of eW5 

 

In addition to the studies on plants treated with eW5, it was also noted that in seeds treated with the 

compound but grown in control conditions in the absence of eW5, the growth promoting effects were 

retained. This led to the hypothesis that eW5 could have an additional epigenetic effect on the plant’s 

growth mechanism. The perception of environmental signals can involve changes in gene expression 

and results in a variation of phenotype without modification to the DNA sequence.103 The most widely 

studied epigenetic mechanism is through DNA methylation and histone modification which can either 

suppress or enhance gene expression either through the blocking of transcription factors or through the 

attraction of methylcytosine-binding proteins which ultimately results in the compaction of the 

chromatin.    

 

To observe the epigenetic effect of eW5, Methylation Sensitive-Random Amplified Polymorphic Chain 

Reaction (MS-RAPD-PCR) was carried out on the genome of Arabidopsis treated with the compound. 

With DMSO as a control, the methylation-sensitive restriction enzymes Hpall and Mspl were used to 

cleave the specific sequence 5’-CCGG-3' followed by sample amplification through PCR. Following 

separation on an agarose gel, a differentiation between band profiles between DMSO and eW5 was 

observed, indicating that eW5 could potentially have a regulatory effect on the epigenetic mechanism.     

 

 

Figure 31: Agarose gel of PCR products following Random Amplified Polymorphic DNA primer 

amplification. H and M represent Hpall and Mspl respectively, the comparison between the 

methylated or unmethylated site are seen from the bands of the HpaII and MspI products. Figure 

replicated from Sukiran.102 
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Though the methylation study did indicate the possibility of eW5 having an effect through epigenetics, 

further RNA-seq analysis did not give as definitive conclusions on the potential regulatory pathway of 

the compound. Correlation graphs were constructed to observe any effect of eW5 on the expression of 

genes involved in plant growth and development and when compared with W5, eW5 only showed an 

effect in ethylene production. Attempts to measure the transcript level of individual genes that displayed 

the difference between the two compounds showed no significant deviation in expression, suggesting 

the growth promoting effect could be via protein activity as opposed to gene expression. Additional 

epigenetic studies such as bisulfate profiling which looks at conversion of unmethylated cytosine to 

uracil to probe further into the mode of action of eW5’s growth promoting effects was not undertaken.    

 

  1.4.5: Current Structural Activity Relationship  

 

With very little known about binding mode and target of eW5, and with the compound being very 

structurally similar to its parent molecules W5 and W7, a series of simple analogues were synthesized 

with the aim of developing a structural activity relationship (SAR). The initial set of analogues from 

which eW5 was derived can be classed into two distinct series; the A-series which has an identical 

aromatic core to W5, and the AC-series which has a 5-chloro substituent on its naphthalene core like 

W7.  

 

 
Figure 32: Structures of previously synthesized calmodulin inhibitor analogues 60-66. 
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In addition to the original series of calmodulin inhibitor analogues a second series of molecules based 

on the structure of eW5 were synthesized (e-series) by using sulfonyl chloride substituted aromatic 

compounds were as starting materials and a range of primary amines. 67 was synthesized with the aim 

of investigating the functionality of the naphthalene core, 69 was aimed at looking the moving the 

sulphonamide moiety to a benzylic position, 68 & 70 were to investigate the effect of a para-substituent 

in the aromatic core and 71-72 were synthesized to probe the function of the primary amine and 

sulphonamide moieties respectively. These newly synthesized compounds along with the initial set of 

analogues of calmodulin inhibitors help create a preliminary SAR allowing for connections to be made 

between the structure of eW5 and its biological function. 

 

 

Figure 33: Structures of previously synthesized eW5 based analogues 67-72. 

 

The analogues were tested for their effect on new root growth on 7-day old seedlings and measured 

following an additional 5 days of growth.  
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Figure 34: New root growth following treatment with respective compounds W5 (59), W7 (58), 

eW5 (1) and analogues 60-72 with DMSO set as the negative control; Error bars represent the 

standard error of at least 30 individuals. Graph showing relative new root growth of seedlings 

treated with compound against the negative control of DMSO.102 

 

When combining the data for new root growth of all the synthesized analogues, some general 

observations about the SAR of eW5 could be made namely in simplifying the naphthalene core to a 

benzyl ring, moving the sulphonamide moiety to the benzylic position and alkyl substituents in the 4-

position all had no significant difference to the growth promoting effect of these compounds. 

 

Ultimately the major structural difference that could be observed between the original set of growth 

inhibiting calmodulin antagonists and growth promoting e-series analogues was the presence of the 

primary amine, indicating the importance of this motif in the function of eW5 (1). The only exception 

to this was secondary amine 71, which retained the original effects of 1 in both the hypocotyl and root 

growth assays. 71 & 61 only differ by the secondary amide alkyl chain yet display vastly different 

growth promoting effects. 71 showed the greatest root promoting effect out of the e-series of analogues 

and contains a methyl group attached to the diamine moiety whereas 61 has a propyl group. The 

opposite effects of these compounds on root growth could indicate that a longer alkyl chain would be 

inhibitory as 61 acts as an antagonist for root growth. It may be hypothesized that this is similar to the 

effect reported by Hayashi et al. (2008) where it was shown that compounds containing longer alkyl 

chains block the access of Aux/IAA to TRANSPORT INHIBITOR RESPONSE 1 (TIR).104   
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Further investigations of the analogues were conducted through hypocotyl growth assays (Figure 35). 

Although each e-series analogue was able to promote growth in the root growth assays, this did not 

directly correlate with the analogue’s ability to increase hypocotyl growth. An example of this was with 

analogues 69 & 70 as these two compounds displayed new root growth to eW5 (1) but were unable to 

yield the same growth promoting effects in relation to hypocotyl growth. The varying effects that result 

from moving the sulphonamide position to the benzylic position could indicate the possibility of 

polypharmacology. 

 

 
 

Figure 35: Hypocotyl growth assay for e-series of analogues 67-72 with eW5 (1) as a positive control 

at 100µM concentration. Asterisks indicate statistically significant differences (independent t-test, 

P<0.05, ** P<0.005, *** P<0.001) between DMSO and chemical treatment. The error bars represent 

standard error based on three biological replicates. Replicated from Sukiran.102 

 

Although this initial library of analogues gave some initial indications of SAR, additional questions 

need to be asked about the functional groups of eW5 (1) and their relation to its biological activity. In 

particular, further analogues can be synthesized to probe the function of the aromatic core, the length 

of the alkyl chain between the diamine and possibility of substituents on other positions around the 

naphthalene core. 
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1.5: Aims of the Project 

 

As discussed in Section 1.4, although studies along ABA and GA pathway elucidated some aspects of 

the mode of action of eW5, they ultimately failed to definitively identify the target. Thus, the principal 

aim of this project was to elucidate the target(s) of the compound.  

 

Two independent strategies were envisioned. The first approach was to develop the eW5 scaffold into 

a chemical probe. In reviewing the strategies for chemical probes and target identification, it was 

proposed that a photoaffinity probe would be the best approach in situations where binding affinity is 

low or when little is understood of the target of the small molecule. It was also worth taking into 

consideration the possibility that eW5 is targeting a non-proteinaceous entity. These two factors mean 

that the reactive species formed from photo-crosslinking tags would have an advantage over reactive 

electrophilic groups as active nucleophilic residues would be required for covalent capture. 

 

The initial area of interest was to explore structural variation in various parts of the molecule to further 

develop the current SAR. Through the synthesis and biological testing of analogues our aim was to 

better understand the role of the various components of the molecule in relation to its biological effect 

and to identify “hot-spots” on the molecule which could be targeted for photo affinity conjugation 

without being detrimental to the biological activity of eW5. Building on the SAR data developed by 

Sukiran which indicated tolerances for structural variation in the aromatic core, it was decided that the 

naphthalene ring would be examined as an initial site of attachment for a photoaffinity moiety.102  

 

It was proposed to develop a modular approach to our photoprobe design where we aimed to attach 

various photoaffinity components to a core molecule without significant variation in synthetic 

strategies. As previously discussed in section 1.2.5.4 this strategy is similar to photoprobe designs 

employed by Fujii et al.  

 

Although synthetically attractive, this method faces similar issues as encountered by Fujii where the 

steric bulk introduced by the photoaffinity and reporting module could affect the small molecule’s 

interaction with its target, resulting in reduced biological activity and non-specific covalent linkages. 

To address this concern a more hybrid design was envisaged where the size of the probe would be 

reduced by incorporating the photo-active and reporting group into the molecule without the use of a 

linker. This approach has the additional benefit of having the photoaffinity tag closer to the core of the 

molecule, increasing binding efficiency to the target. Again, SAR studies would initially be required to 

inform the designs of this alternate approach in the development of a chemical probe.  
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Figure 36: Proposed eW5-based photo affinity probe 

 

In a complementary approach, a forwards genetics approach was also proposed as a viable method for 

target identification of eW5. This would be similar to the approach used with the ABA agonist 

pyrabactin which selected for mutants which were able to germinate in the presence of the compound 

and led to the identification of the PYR1 gene (Section 1.3.2). Using an EMS mutated Aarabidopsis 

thaliana population, the screen would select for individuals which fail to display enhanced growth in 

the presence of eW5.  These could then be sequenced to identify the mutation(s) involved in eW5 

insensitivity. Although this approach may not definitively yield the protein target of eW5, it could 

elucidate the mechanism of action of the molecule as mutants of downstream factors could be identified, 

allowing for additional insight into the affected pathway.  
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Chapter 2: Developing the SAR of eW5 
  

 2.1: Chapter Introduction 

 

This chapter describes the development of the SAR of eW5 for the purpose of probe development. As 

discussed in section 1.2.5, probes containing a photo-affinity unit need to retain biological activity to 

ensure on-target crosslinking. The relatively small size of eW5 provides no natural locations to which 

a photo-crosslinking group and reporting unit could be covalently attached. With the aim being the 

development of a chemical probe, the SAR of eW5 would need to be developed to enable the 

identification of sites of derivatisation and inform the design and location of the photo-crosslinking 

group and the reporting unit.  

 

The initial approach involved synthesis from commercially available sulfuryl chlorides but was limited 

in terms of further derivatisation. A new strategy to synthesise sulfonamides via the lithiation of 

respective aryl bromides was then established, affording numerous alkoxy-substituted analogues. 

Evaluation of the compounds through a hypocotyl growth assay demonstrated the feasibility of 

monocyclic aromatic cores, various electron withdrawing substituents and simple N- substituents. 

Towards the goal of probe development, the assay also demonstrated the tolerance of alkoxy chains in 

the 2- and 4-position supporting the proposition that linkers could be attached to the aromatic core. 

 

 2.2: Synthesis of eW5 Analogues  

 

As outlined in section 1.4.5, understanding of the SAR of eW5 to this point was relatively limited. 

Analogues that were synthesised (67-72) questioned only fundamental aspects of the compound’s 

structure in relation to its growth promoting effects, namely the effect of monocyclic aromatic cores, 

benzylic sulfonamides, N–H methylation and simple substituents in the 4-position. Despite the small 

number of analogues, one common thread that was identified was the N–aminoethyl sulphonamide 

moiety being present amongst all compounds displaying eW5-like growth promoting properties, leaving 

possible linker attachment sites limited to the sulphonamide N–R and naphthalene core. 

 

Previously synthesized sulfonamide analogues had been generated via the coupling of a commercially 

available sulfonyl chloride with a primary amine and was the approach taken in the synthesis of the 

initial set of eW5 analogues. Although this strategy is well established in the synthesis of sulfonamides, 

purification consistently proved challenging due to the presence of a free amine. This problem was 

bypassed by Boc-protection of the amine, forming carbamate 74 which could then be purified through 
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flash column chromatography. Subsequent Boc-deprotection using 4M HCl in dioxane quantitatively 

yielded desired amine 1 which could then be used without further purification (Scheme 1).  

 

 

 

Scheme 1: Previous preparation of eW5. 

 

With a wide range of commercially available aromatic-sulfonyl chlorides, this synthetic route was 

initially chosen as a method of generating eW5 analogues. The successful synthesis of eW5 (1) 

described above suggested that the direct use of Boc-protected amines would allow easier purification 

and increased yields due to the reduced number of synthetic steps. As an initial proof of concept, eW5 

was synthesized from 1-napthalene sulfonyl chloride and N-Boc ethylene diamine to give carbamate 74 

characterised by a characteristic sharp singlet in the 1H–NMR at δ 1.35 (9H). This was then treated with 

4M HCl in dioxane, giving eW5 (1) in 81% yield over the 2 steps (Scheme 2).   
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Scheme 2: Synthesis of eW5 via Boc-carbamate 74. 

 

Having established an effective synthetic method for the synthesis of eW5, focus then shifted to 

exploring the SAR of the sulfonamide. In the original set of analogues prepared by Sukiran et al, it was 

identified that mono cyclic cores and alkyl substituents in the 4-position did not adversely affect the 

growth promoting properties of the compounds, with analogues 68 and 70 being comparable to eW5.102 

Although these compounds did indicate that modification of these sites would be feasible, alkyl 

substitutions were synthetically challenging as it provides no direct method of attachment of a photo-

affinity module.  

 

The initial set of analogues that were synthesized looked to expand on these findings by exploring the 

effect of various substituents and substitution patterns on monocyclic cores as well as varying alkyl 

substituents in the 4-position. The first area of study was the position of the sulfonamide on the 

naphthalene ring and whether it needed to be in the 1-position. This led to the synthesis of 75 from 2-

naphthalene sulfonyl chloride which was obtained in 64% yield over the two steps. 

 

Simple analogues containing electron-withdrawing substituents were then synthesized with 76, 77, 

containing 2- and 3- fluoro- substituents and a 4-nitro analogue 78 being synthesized in appreciable 

yields. To further investigate the tolerance of substituents in the 4-position, large bulky groups were 

chosen. This would not only give a better understanding of the binding pocket of eW5 but also give a 

good indication on whether or not this space was available for the addition of a photo-crosslinker. As a 

result, tert-butyl analogue 79 and biphenyl analogue 80 were synthesized. Another question regarding 

the naphthalene core was whether it needed to be directly attached to the sulfonamide. Of the e-series 
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analogues (67-72, Figure 33), none of the benzylic sulfonamides were able to promote hypocotyl 

growth. As this was only tested on monocyclic compounds a naphthalene analogue was synthesised 

with an ethyl chain between the aromatic core and the sulfonamide giving analogue 81.  

 

In addition to the study of the aromatic core and its substituents, it was of interest to whether two carbons 

were the optimal length for the diamine tail. From the original series, it was shown that six carbons led 

to root growth inhibition (W5, 59), but other lengths had not been explored. To address this, compound 

82 was synthesised using N-Boc propyl-1,3-diamine.  

 

Additionally, substitution of the primary amine remained an open question. At this point, only mono 

methylation of the primary amine tail had been studied and this showed comparable growth promoting 

effects to eW5. This naturally pointed to the question of a tertiary amine and if a similar effect would 

be observed. To answer this, compound 83 was synthesized directly through the reaction of 1-

naphthalene sulfonyl chloride and N,N dimethyl ethylene diamine.  

 

Finally, remaining on the diamine tail, the role of the amine itself was questioned. It was proposed that 

substitution of the nitrogen to an oxygen atom would be a good initial modification to determine the 

importance of the primary amine. Thus, primary alcohol 84 and ether 85 were synthesised directly 

through the same method as outlined above using ethanolamine and 2-methoxyethan-1-amine.  

 

Other analogues synthesized from this strategy aimed to investigate the role of the aromatic core itself. 

With the ethylene diamine tail seemingly the common feature of all growth promoting analogues, it 

then became of interest to confirm the essentiality of the aromatic ring. This was elucidated through 

equivalent conditions using various alkyl sulfonyl chlorides to afford 86 and 87. 

 

 

Entry R1 NHR2R3 Condition Compound  

1 2-naphthalene 
N-Boc 

ethylenediamine 
A 

 

Condition A:  i. NHR2R3 (1.2 eq), NEt3 (1.5 eq) 

     DCM, rt, 3 hrs 

  ii. 4M HCl, dioxane, rt, 3 hrs 

Condition B:  NHR2R3 (1.2 eq), NEt3 (1.5 eq) 

  DCM, rt, 3 hrs 
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2 2-fluorobenzene 
N-Boc 

ethylenediamine 
A 

 

3 3-fluorobenzene 
N-Boc 

ethylenediamine 
A 

 

4 4-nitrobenzene 
N-Boc 

ethylenediamine 
A 

 

5 4-tBu benzene 
N-Boc 

ethylenediamine 
A 

 

6 1-1’diphenyl 
N-Boc 

ethylenediamine 
A 

 

7 

2-(naphthanlene-1-

yl) ethanesulfonyl 

chloride 

N-Boc 

ethylenediamine 
A 

 

8 1-naphthalene N-Boc propyldiamine A 

 

9 1-naphthalene 
N,N-dimethyl 

ethylenediamine 
B 

 

10 1-naphthalene ethanolamine B 

 

11 1-naphthalene 2-methoxyethlamine B 

 

12* Mesyl chloride 
N-Boc 

ethylenediamine 
A 
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Table 1: Generic synthesis of eW5-analogues 63, 68, 71-72, 75-87 from commercial sulfonyl 

chlorides. Values reported represent overall yields. *Compound prepared by Harry Peachment. 

 

Alongside these novel analogues, 63, 68, 71 & 72 were resynthesized using this synthetic strategy.  

 

Although this strategy was able to generate a diverse range of analogues efficiently, it was limiting in 

terms of the structural diversity of commercially available sulfonyl chlorides. Furthermore, additional 

functionalization of such electron deficient arenes is challenging as it prevents the use of standard 

Friedel Crafts conditions and C–H activation strategies could possibly encounter selectivity issues. 

Consequently, strategies to address these issues were sought and discussed in the next section.  

 

2.3: Synthesis of Sulfonamides from Aryl-Bromides  

 

As discussed above, a strategy to introduce greater diversity of substituents into an aryl sulfonamide 

was required. It was initially proposed that the sulfonyl chloride could be installed via an aryl halide. 

This would allow for a wider range of simple di-substituted aromatic cores to be used as functionalized 

starting material. 

 

A review of the literature revealed a method described by Willis et al. using DABCO-bis(sulfur dioxide) 

(DABSO, 89) (Scheme 3).105 This one pot reaction to synthesize a sulphonamide begins with the 

13 
Cyclohexyl 

sulfonyl chloride 

N-Boc 

ethylenediamine 
A 

 

14 1-naphthalene 
N-(2-Aminoethyl)-

N,N-Boc methyl 
A 

 

15 1-naphthalene 

N-Boc-2-

methylamino-

ethylamine 

A 

 

16 4-n-propylbenzene  
N-Boc 

ethylenediamine 
A 

 

17 
5-chloro, 1-

naphthalene 

N-Boc 

ethylenediamine 
A 
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combination of DABSO (89) and a Grignard reagent to form a sulfonate intermediate which is 

transformed into the sulfonyl chloride with the addition of sulfuryl chloride. The coupling of the amine 

to this intermediate completes the synthesis.  

 

 

Scheme 3: Synthesis of sulfonamide 90 using DABSO (89) as described by Willis et al.  

 

To verify the methodology, a model reaction using phenyl magnesium bromide (91) and diethylamine 

was undertaken to give sulfonamide 92. 

 

Scheme 4: Synthesis of sulfonamide 92 following method described by Willis. 

 

This reaction gave the desired product in an equivalent yield to that reported by Willis as confirmed by 

peaks in the 1HNMR spectrum at δ 7.84, 7.57 and 7.53 integrating to 2, 1 and 2 protons corresponding 

with aromatic protons whilst peaks at δ 3.27 and 1.14 integrate to 4 and 6 hydrogens, corresponding 

with the aliphatic protons. Subsequently this procedure was attempted with the Grignard reagent 

prepared in situ from magnesium and 1-bromonaphthalene. Disappointingly, despite multiple attempts, 

this failed to give the desired product in significant yields or purity. Given the previous success of the 

Willis reaction, the reasons for this were not obvious but were attributed to the quality of the in situ 

generated Grignard. To circumvent this difficulty, efforts then turned to explore alternative 

organometallic reagents.  

 

Towards this goal, an alternative two step synthesis was adopted based on the reported reaction of an 

aryl-lithium with sulfuryl chloride by Ishihara et al.106 This was initially tested on the synthesis of model 

compound 94 by adding n-BuLi to 1-bromonaphthalene (93) and trapping the subsequent aryl-lithium 
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intermediate with sulfuryl chloride. This yielded the sulfuryl chloride intermediate 73 which without 

further purification was coupled with diethylamine forming the aryl sulfonamide 94 in 23% yield, 

characterized by an LC-MS peak at 2.54 mins corresponding to ES+ m/z 352.04 [M+H]+. Despite the 

low yield, the desired product was isolated. Given the ease of synthesis, it was believed that adopting 

this method would allow for the rapid assembly of SAR data from readily available aryl halides.   

 

 

Scheme 5: Synthetic route for model sulfonamide 94 from aryl bromide. 

 

Having established a general procedure for the formation of sulfonamides through the lithiation of aryl-

bromides, the synthesis of eW5 was attempted to validate the entire synthetic route. eW5 (1) was 

prepared using N-Boc ethylene diamine as a coupling partner for the sulfonyl chloride intermediate. 

This afforded the Boc-protected species 74 and treatment of the carbamate with 4M HCl in dioxane 

afforded 1 as an HCl salt in 36% yield over the 3 steps.  

 

 

 
Scheme 6: Synthetic route for lead compound eW5 (1) 

 

 



54 
 

2.4: Heterocyclic Analogues 

 

To this point, there were no heterocyclic analogues of eW5 and the effects of electronics of the aromatic 

core were unknown. It was proposed a simple study of “walking” a nitrogen around the naphthalene 

core would address this question. Using the same method as described above enabled the synthesis of 

quinoline and isoquinoline analogues of eW5. 

 

 

 

Entry Compound Ar Yield* (%) 

1 95 

 

13 

2 96 

 

37 

3 97 

 

28 

4 98 

 

40 

5 99 

 

0 

6 100 

 

60 

 

Table 2: Synthesis of (Iso)quinoline analogues 95-100. *Values represent overall yields. 

 

Although this pathway allowed for the access of (iso)quinoline analogues 95-98 and 100 in good yields, 

attempts to prepare 4-quinoline analogue 99 was not successful and no attempt was made to develop 

alternative routes to this compound.   
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In addition to the (iso)quinoline series of analogues, fluorescent heterocycles were also briefly explored. 

NBD sulfonamides have shown to be fluorescent and given the structural similarities between it and 

eW5 (1), synthesis of an NBD-eW5 hybrid analogue was attempted. This analogue had the additional 

benefit of allowing for localization experiments to be conducted, giving a better understanding of eW5’s 

mode of action.    

 

The synthesis of fluorescent analogue 104 began by treating 4-chloro-7-chlorosulfonyl-2,1,3- 

benzoxadiazole (101) with N-Boc ethylenediamine using the conditions described in Scheme 2. to 

afford compound 102 in 69% yield. The NBD core required a lone pair of electrons feeding into the 

system for it to be fluorescent. As a result, 102 underwent SnAr with methylamine to afford the boc-

protected analogue 103 giving the characteristic singlet at δ 4.15 integrating to 3 protons, corresponding 

to the methylated amine. This was followed by Boc-deprotection using 4M HCl in dioxane to give 

fluorescent analogue 104.  

 

 

Scheme 7: Synthesis of NBD analogue 104. 

 

2.5: Alkoxy-Substituted Analogues 

 

As mentioned previously, although 4-alkyl substituents were shown to be feasible, the scope for further 

variation was synthetically limited. Consequently, it was proposed that an alkoxy substituent would 
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provide greater synthetic scope for the attachment of a diverse linker groups. Commercial availability 

limited alkoxy substitutions on the primary ring but nevertheless this approach was initially undertaken 

due to the trivial nature of phenol alkylation.  

 

Following methylation of the naphthol as the methyl ether, lithiation and reaction with sulfuryl chloride 

and N-Boc ethylenediamine, as before, afforded derived eW5 analogue 110 in 35% yield over 4 steps. 

With an established protocol, it was of further interest to explore the corresponding 2- and 3- substituted 

regioisomers. However, whilst 1-bromonapth-2-ol was also commercially available, the corresponding 

naphth-3-ol was not and required synthesis.  

 

On the basis that more electron deficient aryls are borylated faster, it was suggested that the naphthol 

could be synthesized via sequential Ir catalysed C-H borylation-oxidation of 1-bromonaphthalene. 

Unfortunately, GCMS analysis of the crude mixture following oxidation showed a mixture of 3 

naphthols which were suggested to be the 3-, 6- and 7- substituted (105-107). Although it was suspected 

that the 1,3- substituted naphthol was the major product, attempts to separate the isomers were 

unsuccessful. As a result, synthesis of 3-alkoxy substituted naphthalene sulfonamides was not taken 

further at this stage.   

 

 

 

Scheme 8: Borylation then oxidation of 1-bromonaphthalene (93). 

 

Following protection of 1-bromonaphth-2-ol and 1-bromonaphth-4-ol as the respective methyl esters, 

sulfonamide generation as before gave N-Boc protected methoxy substituted naphthalene sulfonamides 

108 and 110. Having successfully shown methoxy substituted naphthalene sulfonamides could be 

accessed via this synthetic route, attention turned to monocyclic aromatic cores as earlier eW5 

analogues showed the ability of phenyl-based compounds to retain growth promoting properties. 

Consequently 1,2-, 1,3- and 1,4- bromo anisoles were treated in an identical fashion to afford 

sulfonamides 112, 114 and 116 in acceptable yields of 40-52%.  

 

Longer chain alkoxy substituted naphthalene and phenyl analogues were accessed in a similar manner. 

Whilst the coupling of naphthols with iodoalkanes proceeded uneventfully, the use of bromoalkanes 
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required the presence of catalytic TBAI. Each bromoaryl-alkyl ether was then converted to Boc-

protected sulfonamides 109, 111, 113, and 115 following the procedure described in Scheme 5. 

 

 

 

Entry a RX b Analogue* 

1 
1-bromonaphth-2-

ol 
MeI 

108b. 1-bromo, 

2 methoxy 

naphthalene 

93% 
 

2 
1-bromonaphth-2-

ol 
1-iodopentane 

109b. 1-bromo, 

2-pentoxy 

naphthalene 

91% 
 

3 
1-bromonaphth-4-

ol 
MeI 

110b. 1-bromo, 

2-methoxy 

naphthalene 

96% 
 

4 
1-bromonaphth-4-

ol 
1-iodopentane 

111b. 1-bromo, 

2 pentoxy 

naphthalene 

93% 
 

5 2-bromophenol MeI 
112b. 2-bromo 

anisole 95% 

 

6 2-bromophenol 1-bromohexane 

113b. 1-bromo, 

2-hexoxy 

benzene 93% 
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7 4-bromophenol MeI 
114b. 4-bromo 

anisole 96% 

 

8 4-bromophenol 1-bromohexane 

115b. 1-bromo, 

4-hexoxy 

benzene (95)i 

 

9 / / 
116b. 3-bromo 

anisole 

 
 

Table 3: General Procedure for synthesis of alkoxy analogues 108-116. i0.1 mol% TBAI was 

added in addition to standard procedure. *Values reported represent yields over 2 steps. 

 

In a similar fashion, 2-ethoxyethoxy-analogues were prepared using 2-ethoxyethyl methanesulfonate 

(117) as the electrophile. Interestingly, initial attempts to prepare the 4-substituted 2-ethoxyethyl 

compound 122, unexpectedly produced trisubstituted compound 121. This was characterized by an 

observable chlorine isotopic pattern in LC-MS and a singlet at δ 8.22 in HNMR corresponding to 2–H.  

 

 

 
Scheme 9: Synthetic route for compounds 119 and 121 from respective 2-ethoxyethoxy, 

bromonaphthalenes 118 and 120. 
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It was suspected that the 2-ethoxyethoxy- substituent in 120 was acting as direct metalating group, 

resulting in ortho lithiation of the 3-position. Sulfuryl chloride has been shown to be an electrophilic 

source of chlorine and addition of this to the organolithium intermediate resulted in a chlorine 

substitution ortho to the 2-ethoxyethoxy group. To overcome this issue, the reaction was repeated with 

0.95 eq of both n-Buli and sulfuryl chloride which resulted in desired sulfonamide 120, albeit with a 

significantly reduced yield.    

   

Scheme 10: Revised conditions for synthesis of 4-(2’-ethoxyethoxy) sulfonamide 122. 

 

2.6: Hypocotyl Assay of Analogues 

 

Having synthesized a diverse range of analogues, focus shifted to biological evaluation of these 

compounds. As previously discussed in Section 1.4, eW5 results in multiple observable phenotypes, 

including increased root growth, hypocotyl growth, stomatal aperture, and fresh and dry weight. As the 

simplest and most reproducible of these assays in assessing eW5-like properties, hypocotyl growth was 

chosen as the primary metric in the assessment of the biological activity of the analogues. With the 

current hypothesis of the mode of action of eW5 being that it is linked with the GA hormonal pathway, 

the hypocotyl assay had an additional benefit in that it was the most diagnostic for gibberellins. In brief, 

using DMSO as the negative control and eW5 as the positive control, seeds were placed on agar plates 

which had been treated with the respective analogue and allowed to grow for 5 days in reduced light 

conditions. Following this, the plates were imaged, and plant hypocotyl lengths were recorded using 

ImageJ software (for complete table of results, see Appendix B).  

 

  2.6.1: General SAR 

 

Analogues with alterations on the diamine tail were first tested. In order to account for the natural 

variation in absolute hypocotyl lengths between trials, the ratio of the growth relative to the controls 
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was used to compare analogues. As a result, the analogues’ growth promoting effect will be discussed 

in terms of their relative growth compared to DMSO and eW5.  

 

 

Figure 37: Relative hypocotyl growth of Aribidopsis seedlings treated with 71, 72, 82-85 and 94 to 

eW5 (1) and DMSO. Values were calculated from three biological replicates. Error bars represent 

standard error from a population of at least 40 seedlings. Asterisks indicate statistically significant 

differences (independent t-test, ** P<0.05, ***P<0.005) between chemical treatment and eW5. 

 

One of the most notable aspects of these diamine modified analogues was that the majority inhibited 

growth compared to the DMSO control. The only positive growth promoters were 82, 71 and 72. 

Propyldiamine analogue 82 was less effective than eW5, indicating that the ethylene diamine motif is 

the best for growth promotion. This supports the observations made in the synthesis of the original 

calmodulin inhibitors where hexyldiamine (W5, 59) was found to inhibit root growth. N-methyl 
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substituted analogues 71 and 72 showed similar growth promoting effects to eW5, agreeing with 

previously acquired data (Section 1.4.5, Figure 35), indicating that simple N-substitutions are tolerated. 

One common feature shared between inhibiting analogues 83-85, and 94 was that they did not possess 

a nucleophilic amine at the end of the tail, indicating that this feature might be vital for growth 

enhancement. After identifying tolerable modifications on the diamine tail, focus shifted to looking at 

analogues with modified aromatic cores.  

 

 
 

Figure 38: Relative hypocotyl growth of Aribidopsis seedlings treated with analogues varying the 

naphthalene core. Values were calculated from three biological replicates. Error bars represent 

standard error from a population of at least 40 seedlings. Asterisks indicate statistically significant 

differences (independent t-test, ** P<0.05, ***P<0.005) between chemical treatment and eW5. 
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Compounds 76-80 displayed significant hypocotyl growth promoting activity albeit in lower efficacy 

compared to eW5. More noticeably, bulky substituent analogue 79 retained eW5-like effects, supporting 

the proposal of using the 4-position as a site of attachment in the development of a probe. Further 

conclusions that were drawn from these analogues include the importance of the 1-substituted aryl 

sulfonamide motif with 75 and 81 showing negligible growth promoting capabilities when compared to 

DMSO. 

 

Addressing the function of the aromatic ring itself, aliphatic analogues 86 and 87 showed slight growth 

inhibiting effects compared to DMSO, suggesting that an aromatic core is essential to the function of 

eW5. This was further supported by the results observed in NBD-hybrid analogue 104 where a 

significant inhibitory effect was observed, again highlighting the importance of an aromatic core to 

retain growth promoting properties. As with the earlier series, there was little evidence to enhanced 

growth promotion. The most active analogues contained substituents in the 2- and 4-positions, 

supporting proposals for the development of probes through derivatization at these sites.  

 

  2.6.2: (Iso)quinoline Series 

 

Once the structural modifications were evaluated, attention turned to looking at the heteroaromatic 

series to assess if the electronics of the aromatic ring played a role in the compound’s activity.  

 

 

Figure 39: Hypocotyl growth of Aribidopsis seedlings treated with (iso)quinoline analogues 95-98 

and 100. Values were calculated from three biological replicates. Error bars represent standard 

error from a population of at least 40 seedlings. Asterisks indicate statistically significant 

differences (independent t-test, ** P<0.05, ***P<0.005) between chemical treatment and eW5. 
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With the quinoline/isoquinoline series of analogues, there is no defined pattern to explain the observed 

results. 96, 98, and 100 showed increased growth from the control, with 100 showing the most similar 

effects to eW5 (1) and 98 showing slightly greater effects. Although 96 was growth promoting, its 

effects were not as great as eW5 and led to a reduction in growth promotion. 95 and 97, showed reduced 

growth effects when compared with the DMSO control. The effects displayed by 98 were especially 

surprising as the original 5-chlorine substituted series of analogues proved to be inhibitors of growth. 

The growth promotion observed with the substitution of nitrogen for the 5-carbon suggests that the 

effect of the chlorine in the initial series of analogues could be a steric one or that the nitrogen in the 

quinoline core could be acting as a hydrogen bond acceptor. Ultimately, the retention of eW5-like 

properties by several analogues in this series indicates a tolerance for varying aromatic systems. 

However, the varying effects shown by moving the nitrogen around the ring also indicate that the core 

may be involved in a specific binding interaction. 

 

An additional effect of the substitution of the naphthalene to the quinoline/isoquinoline cores was the 

significantly improved aqueous solubility. With a drop in theoretical logP values from 0.97 in lead 

compound eW5 to 0.07 to -0.12 in compounds 95-98, the change in biological activity could also be 

due to the change in solubility.[1] In addition to this, it was predicted that the nitrogen in the aromatic 

system would be protonated in vivo which could affect the absorption of the compound into the cell. 

Ultimately, with the isoquinoline and quinoline series, even though individual analogues yielded 

interesting results, the subtle change to the electronics of the aromatic core was not enough to give 

substantial information regarding the SAR of the lead molecule.  

 

  2.6.3: Alkoxy Substituted Analogues 

 

Having shown that a wide range of structural variation was tolerated, focus shifted to looking at alkoxy-

substituted analogues. These compounds were of particular interest as they explored the feasibility of 

an ether group as strategy for attaching a linker. Simple methoxy substituted analogues 108 and 110 

were assessed first.  

 

 
[1] logP values calculated using www.swissadme.ch 
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Figure 40: Relative hypocotyl growth of Aribidopsis seedlings treated with 108, 110, 112, 114 and 

116. Values were calculated from three biological replicates. Error bars represent standard error 

from a population of at least 40 seedlings. Asterisks indicate statistically significant differences 

(independent t-test, ** P<0.05, ***P<0.005) between chemical treatment and eW5. 

 

Initial results from the hypocotyl assay were encouraging as previous results obtained by Sukiran were 

replicated and eW5 displayed significant growth promoting effects when compared with the control.102 

1,4-substituted monocycle 114 showed comparable growth promoting properties to propyl-substituted 

benzene analogue 68 indicating the change in electronics caused by the substituents was not an area of 

concern as initially thought. Ultimately all four methoxy-substituted analogues retained eW5-like 

effects, indicating that both 1,2- and 1,4- substitution patterns could be further studied as sites of linker 

attachment. It is also worth noting that all five compounds not only retained growth promoting activity 

but this activity was comparable, corroborating previous SAR data that monocyclic derivatives resulted 

in similar hypocotyl growth promotion. Interestingly, the compound which showed the least growth 

promoting effect was 1,3-substituted 116, and as a result, further study into this substitution pattern was 

not undertaken.  

 

Once the feasibility of inserting small substituents in the 2- and 4-position of the aromatic core was 

established, subsequent experiments were conducted with long chain alkoxy analogues 109, 111, 113 

and 115 to further explore these two positions as sites for linker attachment.  
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Figure 41: Hypocotyl growth of Aribidopsis seedlings treated with long chain alkoxy-substituted 

analogues 109, 111, 113 and 115. Values were calculated from three biological replicates. Error 

bars represent standard error from a population of at least 40 seedlings. Asterisks indicate 

statistically significant differences (independent t-test, ***P<0.005) between chemical treatment 

and eW5. 

 

Not only were the long chain variants not able to retain the activity of eW5, the compounds were 

inhibitory to hypocotyl growth when compared with the control. Interestingly, there was no significant 

difference observed in the effect on hypocotyl growth between the benzene and naphthalene core, 

supporting the initial observation made with the methoxy-substituents.   

  

As there had been precedent for 2- and 4- naphthyl-substituents to be tolerated, the lack of effect of the 

long chain alkyl substituents was unexpected. Two competing hypotheses were developed to explain 

the inability of the long chain alkyl- substituted analogues 109, 111, 113 and 115 to display eW5-like 

effects. The initial hypothesis was that the binding pocket of eW5 simply did not tolerate a long alkyl 

chain, but this seemed unlikely as previous analogue 68 containing a propyl substituent para to the 

sulfonamide was able to display eW5 like effects.  

 

The alternative proposal was that this set of analogues were present in higher concentrations within the 

cytoplasm, enhancing the observed inhibition over the expected growth promotion. The theoretical logP 

of long chain alkoxy analogues 109, 111, 113 and 115 range from 2.56 to 2.80, significantly greater 

than 0.97 of eW5 (1), allowing for greater membrane permeability. To test if lipophilicity was a factor 
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in the inhibitory effects of the long chain alkoxy substituted analogues, an ethyl ethoxy substituent was 

investigated with the aim of increasing the overall polarity of the compound.  

 

 
 

Figure 42: Hypocotyl growth of Aribidopsis seedlings treated with ethyl-ethoxy substituted 119 

and 122. Values were calculated from three biological replicates. Error bars represent standard 

error from a population of at least 40 seedlings. Asterisks indicate statistically significant 

differences (independent t-test, ***P<0.005) between chemical treatment and DMSO. 

  

Both compounds 119 and 122 showed comparable hypocotyl growth promoting abilities to eW5 (1). 2- 

and 4- ethyl ethoxy substituents 119 and 122 had theoretical logP values of 1.75 and 1.84 respectively, 

falling between 1 and the long chain alkoxy analogues 109, 111, 113 and 115. The ability of this 

substituent to retain growth promoting properties ultimately supported the hypothesis that the increased 

hydrophobicity of the pentoxy- substituted analogues were a contributing factor to their inhibitory 

effect.  

 

Hypocotyl growth is a combination of multiple signals and with the mechanism of eW5 unknown, the 

possibility of multiple proteins being targeted must be considered. As outlined in Section 1.3.1, plant 

hormones often play more than one role in physiological processes, and it has been well established that 

responses are dictated by both their location and concentration. As a result, to further test the hypothesis 

that the increased membrane permeability and the resulting high cytoplasmic concentration of the long 

hydrocarbon alkoxy-substituents was enhancing one effect over another, the hypocotyl assay was 

conducted again using long chain naphthalene analogues 109 and 111 at varying concentrations. 
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Figure 43: Hypocotyl growth of Arabidopsis treated with 109 and 111 at varying concentrations. 

Values were calculated from three biological replicates. Error bars represent standard error from a 

population of at least 40 seedlings. 

 

At reduced concentrations, growth promoting effects were restored to the point where it became 

comparable to eW5 at 100 μM. This supports the hypothesis that the observed effect of 109 and 111 at 

100 μM was due to increased cytosolic concentrations leading to reversed effects. This ultimately 

supports additional data gathered in this section supporting the tolerance of linker-like substituents in 

the 2- and 4-position of the aromatic core. Given 122 showed the greatest growth promoting effects, 

leading to more hypocotyl growth over eW5, the 4-position on the naphthalene ring would seem to be 

the most suitable for this function.   

 

 2.7: RGA-GFP Assay 

 

As discussed in Section 1.3, DELLA proteins are negative regulators of PIFs, preventing their binding 

to target promoters and inhibiting hypocotyl growth. Thus, the hypocotyl growth assay conducted in 

reduced light is primarily diagnostic for the GA pathway. Although the results discussed above indicate 

that the growth promoting analogues tested operate along the GA pathway, no conclusions can be made 

on the specific mechanism, namely on whether these compounds result in DELLA degradation 

specifically. As such, the fluorescent assay outlined in Section 1.4 using an RGA-GFP transgenic line 

was conducted on representative analogues. Compound 98 was chosen to represent heterocyclic 

analogues, and 114 was chosen as a substituted monocyclic representative.  
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7-day old Arabidopsis thaliana seedlings expressing RGA-GFP were treated with the respective 

compounds for 2-hours and root tips were imaged through confocal microscopy. eW5 (1) and GA 4+7 

(52+53) were used as positive controls and DMSO and paclobutrazol (PAC), a known inhibitor of GA 

synthesis, were used as negative controls. 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 44: Fluorescence in root tips of 7-day old transgenic Arabidopsis seedlings expressing 

RGA-GFP with (right) and without (left) backlight. Seedlings were treated at 100 μM 

concentration for 2-hours. At least 3 root tips were imaged per chemical treatment, images 

shown above are representative of sample.  

 

When compared to the negative controls which show concentrated pockets of fluorescencefrom the 

presence of DELLAs within the nucleus, images of the analogues show a much more diffused GFP- 

“haze” indicating a degree of DELLA degradation had taken place.  The images clearly show the 

analogues result in a decrease in fluorescence, but not to the extent seen with eW5 (1). This suggests 

that although the analogues are also promoting growth via DELLA degradation, there may be a 

difference in the timescale that the compounds are operating on or that their specific mode of action 

differs slightly.   

DMSO PAC 

eW5 (1) GA 4+7  

 (98)  (114) 
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 2.8: SAR Conclusions and Future Work 

 

Ultimately, study of the SAR of eW5 was able to identify six analogues that were able to display slightly 

increased hypocotyl growth promoting abilities. This included methoxy analogues 108 and 110 and 

ethyl ethoxy substituted analogue 122, indicating the feasibility of attaching a photoaffinity tag on the 

aromatic core via an ether linkage.  

 

Additional analogues that investigated other aspects of the molecule were able to demonstrate the 

tolerance for simple substitutions on the sulfonamide and primary amine, various electron-withdrawing 

groups on the aromatic core and even some heterocycles. Substitution of the amine to a primary alcohol 

and the aromatic core for non-aromatic substitutes resulted in inhibitory effects, indicating that both 

these moieties were vital to growth promoting function.  

 

With the assay judging the compounds purely based on the phenotypic response, conclusions on the 

role that the modifications (such as an aromatic nitrogen plays) are limited. Current explanations for 

the growth promoting ability of the compounds in relation to the structure are restricted to solubility 

and loose hypotheses on the binding mode of eW5. It should be noted that the mode of action of these 

compounds may differ from eW5 due to the possibility of multiple targets as certain interactions could 

be enhanced or hindered yet result in the summative effect of growth promotion. To address this, 

additional biological assays were conducted on heterocyclic analogue 98 and substituted monocyclic 

analogue 114 using a transgenic RGA-GFP line. Following 2-hours of chemical treatment, confocal 

microscopy was able to show a decrease in fluorescence, indicating that these analogues were operating 

along the same pathway as eW5, resulting in the degradation of DELLA proteins.  

 

Having synthesized a library of analogues, future work should focus on biological evaluation of these 

analogues to assess if they promote growth along the same pathway as eW5. The GFP assay should be 

repeated using different time-points to assess if the analogues are able to induce complete DELLA 

degradation as observed with eW5. In addition to this, a more qualitative assay can also be conducted 

through rt-PCR. Transcriptomic analysis conducted by Nur Afikah Sukiran has identified 5 candidate 

genes most upregulated in response to eW5. Conducting qPCR on RNA extracted from seedlings treated 

with eW5 at various time points would allow for the experimental confirmation of the upregulation of 

these marker genes. This could be repeated using the analogues, allowing for a quantitative comparison 

against eW5 assessing whether these compounds are acting along the same pathway and to what extent 

they regulate the same genes.   
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Chapter 3: Synthesis of Photoaffinity Probes 

 

 3.1: Chapter Introduction 

 

This chapter outlines the synthetic routes attempted in the synthesis of eW5-based photoaffinity probes. 

Having identified the 4-position as a site for the derivatisation in the previous chapter, efforts were 

focused on the attachment of a photoaffinity and reporting units. Initial attempts employed a highly 

convergent approach where the probe components were synthesised as individual modules and joined 

to the eW5 core via an appendage linker. A parallel approach was also explored where the photoaffinity 

tag was directly conjoined to the naphthalene core, reducing the physical distance between the two.  

 

As a proof of concept for the first approach and to facilitate biological evaluation, model probes were 

first synthesised substituting a tert-butyl group for the diazarine moiety. Hypocotyl growth assays 

demonstrated eW5-based probes with an appendage linker were able to retain significant growth 

promoting effects. Although the respective photoactive probes were not successfully synthesised, this 

chapter discusses the efforts undertaken towards this goal and towards the second approach of attaching 

the photoaffinity tag directly onto the core of eW5. 

 

3.2: Design and of Photoaffinity Probes 

 

Having developed an understanding of the SAR for eW5 as described in the previous chapter, focus 

shifted to the design and synthesis of chemical probes to identify the target of the molecule. The 

structure of eW5 has no obvious reactive moiety and therefore it was proposed that the development of 

a photoaffinity-based probe would be most suitable. With little known about the target protein profile 

and thus the mode of binding of eW5, a range of structurally diverse probes were designed. It was 

advantageous to design a set of probes with photoactive groups at different positions as the structural 

variation could lead to differences in target affinity. 

 

It was shown that analogues 68, 110, 111, 114, 115 and 122 (Figure 45) retained eW5-like properties 

and as a result it was proposed that the 4-position would be most suitable to introduce substituents. It is 

worth noting that although long chain alkoxy analogue 111 initially showed growth inhibiting effects 

at 100 μM, lowering the concentration of the chemical treatment reversed this effect, showing that 

flexible hydrophobic groups were also tolerated at certain concentrations (Section 2.6, Figure 41).  
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Figure 45: Structures of 4-substituted eW5 analogues.  

 

Ethoxy-ethoxy-substituted naphthol 122 showed the greatest growth promoting effects and was selected 

as the lead compound to develop into a probe. There were two initial strategies for the attachment of a 

photoaffinity tag; on a pendant arm (Probe I) or directly attached to the naphthalene core (Probe II). 

These approaches were explored in parallel. 

 

3.3: Probe Design I 

   

With the ethoxy-ethoxy chain effectively acting as a linker, the simplest approach was to attach the 

photoaffinity moiety directly onto the chain. It was proposed that an amide linkage would be the most 

synthetically feasible method of conjoining the two sections. Focus then turned to the attachment of a 

terminal alkyne to facilitate enrichment via click-reaction with a complementary azide. Two sites of 

attachment were envisaged for the design of Probe I. They were either on the amide nitrogen (Probe 

Ia) or meta- to the trifluoromethyl diazirine (Probe Ib).  

 

As outlined in section 1.2.5.4, a report by Fujii et al. was able to demonstrate that extensive 

modifications to the structure of the lead compound including the addition of an appendage linker and 

photoaffinity module significantly affected the on-target binding ability of the probe (Figure 8). To pre-

empt this issue, it was it was hypothesized that a secondary amide would be more favourable than a 
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primary amide as not to introduce a hydrogen bond doner through this linkage connection, reducing 

interactions with non-target proteins.  

 

 

Figure 46: Probe designs Ia and Ib. 

 

3.3.1: Retrosynthesis of Probe Designs Ia and Ib  

 

An advantage of Probe design I was the natural divide into three components: the core of eW5, the 

linker, and the photoaffinity group. Retrosynthetic analysis showed the most natural disconnection of 

the probe design was the amide bond connecting the linker to the photoaffinity module, giving 

secondary amine 123 and acid 124 which could be coupled using standard conditions. This 

disconnection also had the extra advantage of installing the photoaffinity module last, minimizing the 

number of synthetic steps where the diazirine would need to be handled, thus reducing the possibility 

of degradation from sources of UV light. With conditions for the nucleophilic substitution using 

naphthols already established (Section 2.4, Table 3), it was proposed that the linkage between linker 

126 and eW5 portion 125 could be achieved in a similar manner.  
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Scheme 11: Retrosynthetic analysis of Probe design I. 

 

3.3.2: Synthesis of Probe Design I 

 

One possible issue with the addition of the photoaffinity labelling group was the steric size introduced 

to the molecule. To confirm that the probes would still bind to the same proteins as eW5, biological 

validation was required. This itself presented its own challenges as the biological conditions employed 

posed a risk to the stability of the diazirine labelling group. To address this issue, a simple and more 

stable model system was proposed using a tert-butyl group as an isostere for the trifluoromethyl 

diazarine. 

 

3.3.2.1: Synthesis of eW5-naphthol 

 

It was proposed that the synthesis of the eW5 portion of the molecule (125) could be achieved simply 

through the installation of the N-Boc ethylenediamine sulphonamide moiety via lithium-halogen 

exchange, on a protected derivative of 4-bromonaphth-1-ol (108a), a process described in Section 2.4 

(Table 3). Subsequent deprotection to give the naphthol-sulfonamide would then yield the nucleophile 

required to facilitate substitution. Given the previous success in using Boc protected ethylenediamine, 

the initial focus was to determine the corresponding phenol protecting group. Consequently, an initial 

screen of orthogonal protecting groups for their stability under the lithiation conditions was undertaken 

(Table 4).  
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Entry PG Protection Conditions 
Protected 

Naphthol 
Sulfonamide 

1  

MOM-Cl (1.1 eq), NaH (1.1 eq), 

THF, 0 ℃-rt, 90 min 
127a (80) 127 (44) 

2 

 

Bn-Br (1 eq), K2CO3 (4eq), TBAI 

(0.1 eq), THF, rt, 16 h 
128a (89) 128 (0) 

3 

 

TBDMS-Cl (1.1 eq), imidazole (2 

eq), DMF, rt, 16 h 
129a (93) 129 (0) 

4 
 

SEM-Cl (1.1 eq), NaH, (1.1 eq), 

THF, 0 ℃-rt, 90 min 
130a (83) 130 (38) 

 

Table 4: Screen of naphthol protecting groups for their stability under lithiation conditions. 

 

Of the 4 groups tested, MOM and SEM proved to be stable under lithiation conditions and were further 

investigated for their orthogonality to Boc. Although no standard conditions were found for the cleavage 

of MOM in the presence of Boc, it was proposed that a global deprotection followed by a selective 

reprotection of the primary amine could afford the desired product. Treatment of 127 with TFA 

followed by the addition of Boc2O unfortunately gave a mixture of mono and di-protected compounds 

(131 and 132) as shown by the formation of two major products in LCMS 367.205 [M(131)+H]+, 

467.253 [M(132)+H]+. Although carbonate 132 was selectively hydrolysed during workup with 1M 

NaHCO3, subsequent isolation of 131 was not possible.  
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Scheme 12: Attempted selective MOM deprotection of deprotected compound 127. 

 

The SEM protecting group proved to be more viable as standard TBAF deprotection conditions afforded 

desired naphthol 131 from 130 in 78% yield as characterized by LCMS where the distinctive [M–H]– 

ion 365.348 m/z was observed.  

 

 

 

Scheme 13: SEM deprotection of 130 to form naphthol 131. 

 

3.3.2.2: Linker Synthesis 

 

The linkers of model Probe designs Ia and Ib both share an ethoxy-ethoxyamine chain, which prompted 

a search for viable PEG-like chains that were capped with a primary amine and electrophilic group 
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respectively to facilitate nucleophilic substitution with naphthol 131. 2-(2-Aminoethoxy)ethanol (132) 

proved to be a good candidate for the synthesis of both linkers.   

 

As proposed above, it was hypothesised that the most optimal strategy to combine the 3 module 

components of the two variants of Probe design I was to first form the eW5-linker intermediate (133). 

To allow for subsequent amide bond formation between 133 and the respective photoaffinity modules, 

an amine protecting group orthogonal to Boc would have to be used. It was proposed that following the 

formation of the respective secondary amine, Alloc protection would allow for further functionalization 

of the alcohol whilst providing an orthogonal group to Boc.  

 

 

Figure 47: Proposed structure of eW5-linker intermediate with orthogonal amine protecting groups. 

 

3.3.2.2.1: Probe Ia Linker Synthesis   

 

For the linker of Probe design Ia, it was proposed that mono-methylation of the primary amine could 

be achieved by reaction with methyl chloroformate followed by reduction of the carbamate. Treatment 

of the resulting secondary amine 135 with Alloc-Cl gave protected linker 136 in 69% overall yield, as 

characterized by a distinctive multiplet at δ 5.93 integrating to 1 proton, corresponding to the non-

geminal vinylic hydrogen.  
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Scheme 14: Synthesis of Alloc-protected linker 136. 

 

3.3.2.2.2: Linker synthesis of Probe Design Ib 

 

It was hypothesized that the Alloc-protected linker for model Probe design Ib could be synthesized in 

a similar fashion via protection of the secondary amine. To form the desired secondary amine 

intermediate, initial experiments explored reductive amination. 

 

 

 

Scheme 15: Synthetic route to form Probe Ib linker 140. 
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However, purification of the secondary amine proved not to be possible and as result, the crude mixture 

was reacted immediately with Alloc-Cl. This allowed for the isolation of Alloc carbamate 140 in 36% 

yield over the 3 steps.  

 

3.3.2.3: Model Photoaffinity Module Synthesis 

 

As no 1,3,5-substituted benzenes containing tert-butyl and acid substituents were commercially 

available, it was proposed that the basic scaffold of the model photoaffinity module of Probe Ia could 

be obtained through selective C-H activation of meta-substituted methyl benzoate.  

 

To facilitate C-H activation, acid 141 was protected using MeI to give the desired methyl benzoate 142. 

Ir catalysed borylation followed by oxidation of the boronate ester gave phenol 143 in 62% yield as 

characterized by a broad singlet at δ 6.54 corresponding to the phenolic proton. With concerns that 

alkylation of a 4-carbon alkyne would favour elimination to form the conjugated ene-yne, it was 

hypothesized that 1-chloropent-4yne would be a more suitable electrophile. To add the linker to the 

model, phenol 143 was then alkylated using 1-chloro-pent-4-yne following the conditions described in 

Section 2.4 (Table 3). Finally, the resulting ester was hydrolysed to form the deprotected acid 145.  

 

 

 

Scheme 16: Synthetic route for model photoaffinity module of Probe Ib. 

 

With acids 141 and 145 available, attention was turned toward amide bond formation with the N-

terminus of the respective linkers.  



79 
 

3.3.2.4: Synthesis of Model Probes Ia and Ib 

 

It was hypothesized that coupling of naphthol 131 to a linker could be achieved through the activation 

of the primary alcohol to a leaving group. Linker 140 was treated with mesylate chloride to afford 

intermediary mesylate (146) as characterized by a distinctive singlet at 3.05 ppm integrating to 3 

protons. This was then coupled to 131 using the naphthol substitution conditions described in Section 

2.4. Disappointingly, stirring under reflux for 16 hours failed to afford the desired substitution product 

and instead resulted in the elimination product 147 as observed by GCMS (237.31, [M+H]+).  

 

 

 

Scheme 17: Attempted alkylation of naphthol 131 with mesylate 

 

To overcome this issue, it was thought that alteration of the electrophile to a halide would better favour 

formation of the substitution product. To test this, a model experiment was set up using naphthol 131 

and MeI to form 148 (Scheme 18). Surprisingly, not only was substitution observed on the naphthol, 

but also on the sulfonamide, as observed through a single major product on LCMS (395.341, [M+H]+), 

indicating the feasibility of this SN2 when using a halide as the leaving group.  

 

 

 

Scheme 18: Model alkylation of naphthol 131 with methyl iodide. 

 

The original procedure was modified so that previously obtained mesylate 146 was pre-stirred with a 

stochiometric amount of TBAI followed by the addition of naphthol 131. This afforded the desired 

substitution product 149 in 58% yield following column chromatography.  
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Scheme 19: Nucleophilic substitution of mesylate linker 140 to naphthol 131  

 

The final step in the synthesis of model Probe Ia was the cleavage of the Alloc carbamate and coupling 

the resulting secondary amine with 3-tert-butyl benzoic acid (141). Deprotection to form the secondary 

amine was carried out using standard Alloc deprotection conditions and was monitored using TLC. As 

the final photoactive probe was going to be synthesized via the same route, it was of interest to find an 

amide coupling reaction that could be carried out in the presence of a diazirine. It was initially proposed 

that HOBt would be a suitable coupling reagent to form the final Boc-protected compound due to the 

mild conditions employed in the reaction. Unfortunately, no product was observed by LCMS following 

16-hours of stirring. It was hypothesized that this was possibly a result of the steric constraints of 

coupling a secondary amine to a benzoic acid.  

 

A search through the literature found precedent for the formation of an intermediary acid chloride in 

the presence of diazirines using oxalyl chloride which could then be coupled to a secondary amine.40 

This route was employed using 141 and 149 but no formation of desired amide 150 was observed.  

 

 

Scheme 20: Attempted Alloc deprotection and amide coupling of 149 to 141. 
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As synthesis of linkers 136 and 140 have demonstrated that secondary amines readily react with 

chloroformates to give carbamates, it was proposed that the problematic step involved the deprotection 

of the Alloc carbamate of 149. Despite the observation of complete conversion using TLC, the inability 

to observe even trace amounts of the desired amide suggested issues in forming the secondary amine 

intermediate. Having attempted several methods of coupling with no success, an alternative route to the 

formation of model probe 150 were then considered. No further work was conducted to resolve issues 

in this step and synthesis of Probe Ia via this route was also abandoned.  

 

To overcome the issues arising from the final coupling, a different synthetic route was proposed where 

the amide linkage between the linker and the model photoaffinity module would be formed first. 

Although this route would increase the number of steps involving the diazirine moiety if used in the 

formation of the photoactive probe, it was nevertheless undertaken. It was proposed that following the 

formation of the amide bond between the model photoaffinity modules and the respective linkers, the 

resultant primary alcohol could then be converted into an electrophile and connected to naphthol 131 

through nucleophilic substitution using the same procedure as described above (Scheme 19). 

  

Again, due to the commercial availability of the model photoaffinity module 141, synthesis of Probe Ib 

was attempted first. As outlined above in Section 3.3.2.2.2, the initial strategy to form the secondary 

amine intermediate of the linker through reductive amination failed yielded a complex mixture. As the 

secondary amine in the new synthetic route is no longer an intermediate and would be used in an amide 

coupling, a new strategy was needed for the synthesis of the linker. It was hypothesized that this could 

be achieved by first forming an amide between 2-(2-Aminoethoxy)ethanol (132) and 4-pentynoic acid 

(151) followed by a reduction to form the secondary amine (Scheme 21).  

 

 

 

Scheme 21: Alternative synthesis of secondary amide 139. 

 

4-pentynoic acid (151) was first pre-treated with oxalyl chloride and DMF to give the intermediary acid 

chloride which was reacted immediately with 132 to form amide 152 in 73% yield as characterized by 

a triplet at δ 1.98 integrating to 1 proton corresponding to the alkyne proton. 152 was then reduced using 

LiAlH4 to secondary amide 139 as characterized by LCMS (172.424, [M+H]+). 139 was used without 
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further purification in the formation of the amide bond between the linker and model photoaffinity 

module 141.  

 

A modification on the method described by Lehman et al. used in the formation of amide bonds in the 

presence of diazirines was employed in the formation of an amide bond.107 Using DMF as a catalyst, 

benzoic acid 141 was treated with oxalyl chloride to form the acid chloride intermediate which was 

immediately coupled with amine 139 to form amide 153 in appreciable yields.  

 

 

 

Scheme 22: Amide coupling conditions to form photoaffinity-linker module 153. 

 

Once the linker-photoaffinity bond was formed, focus shifted to connecting naphthol 131. Having 

already established a protocol for the nucleophilic substitution of mesylates using TBAI in Scheme 19, 

the same conditions were employed (Scheme 23). Boc deprotection using 4M HCl in dioxane gave the 

final model probe 154, characterized by LCMS where 580.285 m/z was observed, corresponding to 

[M+H]+. 

 

 

 

Scheme 23: Synthesis of final model Probe Ib (154). 

 

Similar conditions were employed in the synthesis of the model of Probe Ia. Linker 135 (formed from 

reduction of carbamate as outlined in Scheme 14) was coupled to model affinity module 145 by first 

preforming the intermediary acid chloride forming primary alcohol 155. Alkylation was carried out 
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using the same conditions as described above in the synthesis of model Probe Ib, yielding Boc protected 

compound 156a following purification by HPLC. Subsequent treatment with HCl gave final probe 

model 156, again characterized by LCMS where 580.285 m/z was observed, corresponding to [M+H]+. 

 

 

 

Scheme 24: Synthetic route for model Probe Ia (156). 

 

3.3.2.5: Biological Evaluation of Model Probes 

 

With model probes in hand, it was necessary to verify that they retained the growth promoting behaviour 

of eW5. To achieve this, biological evaluation of model Probes 154 and 156 were conducted in an 

identical manner as described in Section 2.6 and hypocotyls of Arabidopsis seedlings were imaged after 

5 days of growth in reduced light conditions.  
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 Figure 48: Hypocotyl growth of Arabidopsis treated with model Probes 156 and 154. Values 

were calculated from three biological replicates. Error bars represent standard error from a 

population of at least 40 seedlings. Asterisks indicate statistically significant differences 

(independent t-test, **P<0.05, ***P<0.005) between chemical treatment and DMSO. 

 

Pleasingly, both models showed significant growth promoting effects over the control, supporting the 

hypothesis that the probes would share the same targets as eW5 despite the addition of the model photo-

crosslinking group and the linker. An additional concern with the addition of steric size was the issue of 

membrane permeability. This study also confirmed that these relatively large molecules retain cell 

permeability.  

 

Although both models were found to be growth promoting, neither 154 nor 156 were found to be as 

effective growth promoters as eW5, suggesting the addition of the model components were hindering 

target affinity in some way. N-linked alkyne model Probe Ib (154) displayed significantly greater 

growth promoting effects over model Probe Ia (156). A possible rationalisation for this observation was 

that the di-substituted benzene introduced less bulk concentrated in a single area, leading to more 

efficient binding with its target. Having demonstrated that the model probes show eW5-like effects in 

Arabidopsis seedlings, efforts shifted to the synthesis of the photoactive versions of Probes Ia and Ib. 

 

3.3.2.6: Synthesis of Photo Active Probes Ia and Ib 

 

With the other two components of the molecule; the linker and ew5 core remaining identical, the only 

additional synthesis required was in the formation of photoaffinity modules 157 and 158 for Probe 
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designs Ia and Ib respectively. With the model for Probe design Ib showing greater growth promoting 

effects, the initial focus was placed on the synthesis of disubstituted module 158. 

 

 

 
Figure 49: Active photoaffinity modules of Probe Ia and Ib. 

 

3.3.2.6.1: Synthesis of Disubstituted Photoaffinity Module 158 

 

As discussed above, there are many reports describing the transformation of an aromatic trifluoromethyl 

ketone to an aromatic trifluoromethyl diazarine. A method reported by Rennhack et al.108 describing the 

synthesis of the 1,4-substituted isomer of module 158 was chosen as the reference for the route outlined 

below (Scheme 25). The route started with a standard esterification of 3 formyl benzoic acid (159) using 

DCC, DMAP and methanol to yield ester 160 in 89% yield as characterized by 1H NMR where the 

appearance of a singlet at δ 3.97 (3H, s, –OCH3) was observed. Ruppert’s reagent was then used to form 

an intermediary trifluoromethyl alcohol which was oxidized to afford trifluoromethyl ketone 161 in 

62% yield as characterized by the appearance of a 19FNMR peak at δ –71.58. 

 

 

 

Scheme 25: Synthesis of trifluoromethyl ketone 161. 

 

Having formed the trifluoromethyl ketone, subsequent synthetic steps were focused on conversion of 

an aromatic trifluoromethyl ketone into an aromatic trifluoromethyl diazarine, a transformation which 

has been outlined in numerous literature reports. The majority describe the same synthetic strategy 

which comprises of four distinct steps: the formation of the oxime (163), tosylation of the oxime (164), 
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formation of the diaziridine (165) using condensed ammonia, and oxidation of the diaziridine to form 

the diazarine (166).  

 

 

 

Scheme 26: General synthetic route for synthesis of aromatic trifluoromethyl diazarines 

 

Ketone 161 was stirred with hydroxylamine hydrochloride in pyridine at 70 ℃ to afford oxime 167 in 

96% yield as characterised by two peaks in 19FNMR δ –63.89, –67.64 corresponding to the two oxime 

isomers. 167 was then tosylated and mixed with condensed ammonia for 6-hours to give diaziridine 

169. 169 was isolated in 32% yield as characterised by 1H-NMR where two peaks observed at δ 2.85 

and 2.27 corresponded with the two diaziridine protons. 

 

 

Scheme 27: Formation of diazridine 169 from trifluoromethyl ketone 161 

 

Oxidation of 169 to the desired diazarine was conducted using I2 at room temperature for 4-hours. This 

afforded 170 as characterised by 1HNMR where loss of the two diaziridine proton peaks at δ 2.85 and 

2.27 were observed. 170 was then treated with LiOH, giving the hydrolysis product 158 in 95% yield 

ready for coupling to the linker. 
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Scheme 28: Synthesis of disubstituted photoaffinity module 158. 

 

3.3.2.6.2: Model Photo-Insertion Reaction 

 

Once photoaffinity module 158 was synthesised, a simple model photo-labelling experiment was 

carried out to confirm the generated carbene would be able to perform an insertion. A search through 

the literature found that activation of an aromatic trifluoromethyl diazarine is typically conducted by 

exposing the compound to a UV source (365-315 nm) for 5-10 minutes. It was predicted that a simple 

sp2-containing molecule would best facilitate insertion. Ester 170 was chosen as the model diazarine 

and dissolved in cyclohexene. The solution was exposed to a 365 nm LED lamp for 5 minutes after 

which volatiles were removed and the resulting residue was analysed by 19F NMR.  

 

Figure 49: A. 19F-NMR of diazarine 170. B. 19F-NMR of crude reaction mixture of 170 and 

cyclohexene in the presence of UV light. 

 

Following exposure to a UV light for 5 minutes, 19F–NMR analysis showed the consumption of the 

starting material and the formation of three major products. Having confirmed the formation of the 

carbene through 19F-NMR, LCMS analysis was conducted to confirm whether insertion had occurred. 

Although LCMS showed the model reaction had formed a complex mixture, the insertion product was 

observed (m/z 299.371 [M+H]+), supporting the hypothesis that diazarine 158 was a viable photoaffinity 

tag.  

A. 

B. 
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3.3.2.6.3: Synthesis of Photoactive Probe Design Ib 

 

Having synthesised photoactive probe module 158, work began on synthesising photoaffinity Probe Ib. 

As a route had been established in the synthesis of the models (Section 3.3.2.4), it was proposed that 

similar methodologies could be employed to synthesise the photoactive version. The initial step was the 

formation of the amide bond, connecting module 158 with linker 139. The synthesis was carried out 

using the same conditions described in Scheme 24 where 158 was treated with oxalyl chloride to form 

the intermediary acid chloride which was then added to a solution containing secondary amine 139 and 

triethylamine.  

  

 

 

Scheme 29: Initial attempts at synthesis of amide 171. 

 

Unfortunately, despite numerous reports of diazarines being stable in acid chloride formation and 

subsequent amide coupling conditions, no evidence of the desired compound was observed in LCMS 

or NMR. It was then proposed that direct coupling of amine 139 and acid 158 would be more viable. 

Pybop was selected as a coupling reagent and used to pre-treat acid 158 to which amine 139 and DIPEA 

were added to form amide 171 in 57% yield as characterized by LCMS where m/z 384.565 [M+H]+ was 

observed. 

 

 

 

Scheme 30: Revised synthetic method for synthesis of amide 171 

 

Despite evidence for the formation of the compound, 171 was obtained as a mixture with a by-product 

of the pybop coupling. Given the high polarity of the compound due to the primary alcohol, it was 

proposed that the mixture could be telescoped through subsequent steps. As a result, alcohol 171 was 
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mesylated to form the intermediary mesylate and then underwent nucleophilic substitution with 

naphthol 131 to form the Boc-protected photoactive probe 172.  

 

 

 

Scheme 31: Attempted synthesis of Boc-protected photoactive probe 172 

 

LCMS of the crude reaction gave evidence for formation of the desired diazarine (693.442 [M–N2+H]+, 

732.390 [M–N2+MeCN+H]+. Despite LCMS showing evidence for the formation of the final probe as 

the major product of the nucleophilic substitution, the compound was not able to be isolated through 

normal phase flash chromatography. Time limited further work on this line of synthesis and future work 

should explore HPLC as a viable method of separation following the reaction.  

 

3.3.2.6.1: Synthesis of Trisubstituted Photoaffinity Module 157 

 

With efforts to isolate Probe Ib unsuccessful, focus shifted to the synthesis of Probe Ia. Again, as the 

rest of the molecule is identical with the model probe, only the synthesis of the photo-active module 

was needed to be developed. Retrosynthetic analysis of highly functionalized photoactive module 157 

identified several key areas of concern, namely the order of addition of the various substituents as well 

as the use of orthogonal protecting groups at multiple stages throughout the synthesis.  

 

Working backwards from 157, the aromatic trifluoromethyl diazirine moiety could be accessed via 4 

steps from the respective aromatic trifluoromethyl ketone compound 173 using the steps outlined in 

Scheme 26. This in turn could be installed via lithiation of aromatic halide 174 followed by treatment 

with ethyl trifluoroacetate. Accessing 1,3,5 substituted benzene 174 proved to be a challenge as no 

suitable commercially available compounds were found. It was therefore proposed that this scaffold 

could be achieved through Ir-catalysed C-H activation; the same strategy employed in the formation of 

model photoaffinity module 146 (Scheme 16). As previous work conducted in the group had shown 
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that Ir-catalysed C-H activation in the presence of an aromatic trifluoromethyl ketone leads to the 

reduction of the ketone to the alcohol, it was decided that the substitution pattern had to be set prior to 

installation of the trifluoromethyl ketone. Once the order of addition for the substituents was finalized, 

it was shown that tri substituted phenol 175 could be accessed from commercially available 3-halo 

benzoic acid 176 and its derivatives.   

 

 

  

Figure 49: Retrosynthetic analysis of photoactive module 157. 

 

The initial focus was in finding a suitable acid protecting group that would be stable in the presence of 

nBuLi which was required in the installation of the trifluoromethyl ketone group. It was hypothesized 

that a tert-butyl ester would provide the sufficient bulk required to protect against nucleophilic attack. 

To generate this group, commercially available methyl-3 bromo benzoic acid was first hydrolysed to 

give the free acid and treated with (Boc)2O to give tert-butyl benzoate 178 characterized by a singlet at 

δ 1.59 integrating to 9 protons corresponding to the tert-butyl hydrogens.  

 

Using conditions described in Scheme 16, Ir Catalysed C-H activation of 178 followed by oxidation of 

the boronate ester yielded 1,3,5 substituted phenol 179 in 88% yield, observed by a characteristic singlet 

at δ 6.76 corresponding to the phenolic proton. Following the formation of phenol 179, focus then 

shifted onto the attachment of the reporting alkyne. As subsequent steps involved the use of nBuLi, it 

was proposed that the use of a TMS group would prevent deprotonation of the alkynal proton. 

Nucleophilic substitution with (5-chloropent-1-yn-1-yl)trimethylsilane using TBAI as a nucleophilic 

catalyst gave 180 in 61% yield (Scheme 32). 
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Scheme 32: Synthesis of 1,3,5-trisubstituted benzene 180 

 

Having synthesized trisubstituted benzene 180, the next step was to install the trifluoromethyl ketone 

moiety. A modified procedure described by Dolman et al. was used in which aryl bromide 180 was 

treated with n-BuLi for 30-minutes at –78 ℃.109 The aryl lithium intermediate was then quenched with 

ethyl trifluoroacetate and the mixture was allowed to reach ambient temperature and stirred for a further 

2 hours (Scheme 33). Although it was thought that the tert-butyl ester would be sufficient in protecting 

against nucleophilic attack, LCMS of the crude reaction failed to show any evidence for the formation 

of aromatic trifluoromethyl ketone 181. The reaction had instead yielded a highly complex mixture.  

 

 

 

Scheme 33: Initial attempt at installing trifluoromethyl ketone group on tert-butyl ester 180. 

 

With the tert-butyl ester being unstable in lithiation conditions, it was hypothesized that using the 

carboxylic salt as a temporary protecting group might provide a solution. This required access to the 

respective acid. Unfortunately, treatment of 180 with 1M HCl in a 1:1 mixture of THF and H2O to 

hydrolyse the tert-butyl ester yielded a mixture of two major products as observed by LCMS, (m/z 
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281.348 [180 (79Br)–tBu–TMS]–, 353.281 [180 (79Br)–tBu]–). As 180 failed to hydrolyse into a single 

benzoic acid, no further work was conducted on this synthetic route.  

 

With the feature to generate the desired acid, it was conjectured that the starting methyl ester 177 could 

be used directly without any manipulation of protecting groups. Similar conditions as described in 

Scheme 32 were employed to form 1,3,5 substituted methyl-benzoate 185 (Scheme 34, B). However, 

as the TMS group was shown to be unstable in acidic conditions, a more robust silyl-group was chosen. 

Lithiating 1-chloropent-4-yne (182) with n-BuLi and treating with TIPS-Cl gave the corresponding 

protected alkyne 183 in 82% yield as characterized by a multiplet integrating to 21 protons between δ 

1.16 – 0.92, corresponding to the isopropyl groups (Scheme 34, A).  

 

 

 

Scheme 34: A. Synthesis of TIPS-protected 1-chloro, pent-4-yne 183. B. Synthesis of 1,3,5-

trifunctional benzoic acid 186. 

 



93 
 

Treatment of methyl-benzoate 185 with LiOH yielded the desired free acid characterized by the loss of 

the methoxy singlet at δ 3.91 from the starting ester. Lithiation of 185 using one extra equivalent of 

nBuLi enabled deprotonation of the benzoic acid whilst simultaneously facilitating the lithium-halogen 

exchange. Despite LCMS giving evidence for formation of 186 as the major product (m/z 455.293 [M–

H]–), the poor yield meant that it was not possible to isolate the compound following workup.  

 

 

 
Scheme 35: Initial lithiation attempt on benzoic acid 185 

 

Despite the low yields, the hypothesis that the lithiation would yield the desired trifluoromethyl ketone 

was supported. A search through the literature was conducted to identify methods in which yields of 

lithiation reactions in the presence of benzoic acids could be improved. One possible method was 

described by Kato et al. where they reported the use of dibutylmagnesium as an additive in the 

metalation of aryl bromides containing proton donating groups.110 They proposed initially quenching a 

carboxylic acid using a dialkylmetal to form a metal dibenzoate, allowing for direct lithium halogen 

exchange of the aryl bromide.  

 

 

 
Scheme 36: Example of lithiation of benzoic acid from Kato et al.  

 

Using the procedure established by Kato, aryl bromide 185 was first treated with 0.5 equivalence of 

dibutylmagnesium until the formation of a precipitate. n-BuLi was then added and the resulting aryl 

lithium was quenched with EtOOCCF3. LCMS analysis of the crude mixture revealed that the major 

product formed was trifluoromethyl ketone 186. Attempts at isolation of this compound proved not to 

be possible.  
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Scheme 37: Synthesis of trifluoromethylketone 186 using modified method from Kato et al. 

 

As purification of 186 from the reaction mixture did not prove to be viable, consequently, the 

subsequent steps were telescoped through the following protection and deprotection steps. The mixture 

was first esterified using K2CO3 and MeI and following workup, TBAF was added to remove the silyl 

protecting group to give 187. Despite the significant changes in polarity to the compound, purification 

still proved difficult due to the highly hydrophobic nature of the molecule and a spectroscopically pure 

sample was not obtained.  

 

 

 
Scheme 38: Ester protection and alkyne deprotection of 186. 

 

Finally, treatment of this last mixture with hydroxylamine hydrochloride in pyridine afforded oxime 

188. Flash chromatography enabled the isolation of 188 as a mixture of isomers, characterized by 19F 

NMR where two peaks at -63.82 and -67.65 ppm, in 21% yield over the previous four steps. 

 

 

 

Scheme 39: Synthesis of oxime 188. *Value represents yield over previous 4 steps. 
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Oxime 188 was then tosylated and without further purification was treated with condensed ammonia 

for 5-hours. This yielded 190 in 69% yield as characterized by 1HNMR where the two diaziridine 

protons were observed at δ 2.81 (1H, d, J = 8.8 Hz), 2.24 (d, J = 8.8, Hz). Oxidation of 190 was 

conducted using I2 at room temperature for 4-hours and chromatography gave the desired diazarine 191 

in 81% yield as a colourless oil.  

 

 

 

Scheme 40: Synthesis of diazarine 191. 

 

Despite preliminary NMR data showing the loss of the diaziridine protons, supporting the formation of 

the diazarine, the isolated compound was found to be unstable under high vacuum. Proton NMR after 

being under high vacuum for 3-hours showed the appearance of additional peaks as well as the 

disappearance of the distinct aromatic peaks observed earlier showing a 1,3,5 substituted system. As a 

result of compound degradation and the limited time available no additional work has yet been 

conducted on the synthesis of photoactive Probe Ia.  
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Figure 50: A. 1H-NMR spectra of 191 post-column chromatography. B. 1H-NMR spectra of 191 

after high-vacuum for 3-hours. 

 

3.4: Probe Design II 

 

One potential issue with Probe design I was with regards to target binding as there was a significant 

distance between the trifluoromethyldiazarine group and the core of the molecule. Currently there is no 

model for the binding conformation of eW5 to its target and as such, it is possible that the tolerance for 

4-substituted long chains is due to this group being orientated in solvent exposed space. Consequently, 

to address this concern, in a concurrent approach, another probe design attaching a photo-crosslinking 

group directly onto the naphthalene core was explored. 

 

The SAR developed in Section 2.2 had revealed that analogues 79 and 80 containing bulky groups in 

the 4-position (tBu, Ph) retained eW5-like growth promoting effects. It was therefore proposed that a 

diazirine moiety directly attached to the naphthalene core would also be tolerated, resulting in Probe 

design II. As long alkane substituted analogues 109 and 111 posed issues at the standard concentration 

of 100 μM, it was proposed that an ether linkage between the diazarine and reporting unit would provide 

greater solubility as well as increase the synthetic scope.  

 

 

Figure 51: Structure of Probe design II 

A. 

B. 
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  3.4.1: Retrosynthesis of Probe Design II 

 

Retrosynthetic analysis of Probe II showed that the aromatic diazarine can be obtained through the 

corresponding aromatic carbonyl compound 191 via the steps outlined in previous probe designs 

(Scheme 26). Having established a procedure for the installation of aryl sulfonamides from the 

respective aryl bromide in Section 2.3, it was hypothesized that 191 could be obtained from 192, which 

in turn could be obtained from a nucleophilic substitution of halo-carbonyl 193. The limited availability 

of 1-4 substituted naphthalenes meant that a strategy for the selective substitution in the 4-position 

would need to be developed. Fortunately, a search through the literature found precedent for Friedel-

Crafts acylations of simple acyl chlorides on 1-bromonaphthalene (93) to be selective for the 4-position 

and it was hypothesized that this would allow for the formation of intermediate 193.  

 

 

 

Figure 52: Retrosynthetic analysis for Probe II. 

 

3.4.2: Friedel Crafts Strategies. 

 

Although it was initially hypothesized that Friedel-Crafts conditions would result in a 4-acylated 

product, the presence of the second aromatic ring meant that it was also possible to obtain a 5-subsituted 

naphthalene. To test the specificity of acylation, a model literature procedure described by Dixon et al. 

using a simple acid chloride was attempted.111 1-bromonaphthalene 93 was treated with acetyl chloride 

and AlCl3 for 3 hours at room temperature yielding 4-substituted naphthalene 194 as the major product 
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as determined by 1H-NMR where a characteristic singlet at δ 2.74 integrating to 3 protons was observed 

and a single peak in LCMS [M(79Br)+H]+ 249.166, [M(81)Br)+H]+ 251.143.  

 

 
 

Scheme 41: Model Friedel-Crafts reaction to form 4-substitued naphthalene 194. 

 

Having demonstrated that Friedel-Crafts acylation of 1-bromonaphthalene using acetyl chloride favours 

the 4-substituted product, it was then hypothesised that acylation using chloro-acetyl chloride would 

form a potent electrophile, allowing for the simple formation of the ether linkage to the reporter unit. 

α-chloro ketone 195 was prepared using the same conditions as described in Scheme 41, but despite 

evidence for the formation of the compound from LCMS, purification by column chromatography failed 

to isolate the product.  

 

 
 

Scheme 42: Attempted synthesis of α-chloro ketone 95. 

 

It was hypothesized that α-chloro ketone 195 was unstable and that reacting the compound on crude to 

form the α-alkoxy ketone would then allow for isolation of the compound. As subsequent reactions 

involved the use of n-BuLi, a protected alkyne-ol would be needed to prevent abstraction of the alkyne 

proton. TIPS-protected alkyne 197 was made by treating butyne-ol (196) with two equivalents of nBuLi 

to first form the dianion to which equivalents of TIPS-Cl were subsequently added. Treating the 

intermediate with 1M HCl for 2-hours selectively deprotected the silyl ester to give 197 in 69% yield 

as characterized by 1H-NMR where a peak at δ 1.21 – 0.98 integrating to 21 protons was observed. 
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Scheme 43: Synthesis of TIPS-protected alkyne-ol 197. 

 

Initial attempts to alkylate 195 with 197 used NaH to pre-form the alkoxide but unfortunately no desired 

compound was obtained as determined by LCMS. TLC analysis following stirring for 16-hours at room 

temperature showed presence of the starting alcohol 197 but naphthalene 195 was consumed, leading 

to the belief that it had decomposed. Milder conditions using NaOH were subsequently employed but 

also failed to yield α-alkoxy ketone 198, again with TLC and LCMS indicating starting α-chloro ketone 

195 had decomposed.  

 

 

 
Scheme 44: Attempted alkylation of α-chloro ketone 195. 

 

An extensive search through the literature failed to yield any examples of nucleophilic substitutions 

from aliphatic alcohols to form an α-alkoxy aromatic ketone. One of the common methods to form α-

alkoxy ketones is via the O–H insertion of α-diazoketones which can be catalysed by rhodium or copper 

complexes and dilute acids. Unfortunately, this strategy poses its own issues as esters can be formed as 

a by-product from the competing Wolff rearrangement and as a result, work along this synthetic route 

was halted.112 

 

It was then proposed that a Friedel-Crafts acylation could be performed using an acid chloride with a 

preformed α-alkoxy bond. To form the desired acid chloride, ethyl bromoacetate was alkylated using 

TIPS-protected alcohol 197 giving ester 199. The ester was then hydrolysed and resulting acid 200 was 
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treated with oxalyl chloride to give the desired acid chloride 201. Unfortunately, reaction of 201 with 

1-bromonaphthalene (93) turned black instantaneously upon addition of AlCl3. Despite TLC analysis 

of the mixture after 5-minutes showing complete consumption of the starting acid chloride, LCMS 

revealed a complex mixture where no evidence of the desired compound was detected. This was further 

confirmed by NMR of the crude mixture which showed a highly complicated mixture of peaks in the 

aromatic region.     

 

 

Scheme 45: Attempted Friedel-Crafts reaction with preformed α-alkoxy bond. 

 

To overcome the issue of a complex mixture being formed from Friedel Crafts conditions, it was 

hypothesized that a trimethylsilyl-substituted naphthalene would give greater selectivity to acylation. 

A modification of the scheme outlined by Offner et al. was employed and 1-4 dibromonaphthalene 202 

was monolithiated and treated with TMS–Cl to give aromatic trimethyl silyl compound 203 in 90% 

yield characterised by a characteristic singlet in the 1H-NMR spectra at δ 0.46 integrating to nine 

protons.113 Unfortunately, TLC analysis of the subsequent reaction with AlCl3 and acid chloride 201 

also showed the formation of a highly complex mixture and again, no desired compound was detected 

by LCMS.  
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Scheme 46: Attempted synthesis of α-alkoxy-ketone 198 from aromatic trimethylsilyl 203. 

 

It was hypothesized that the combination of the α-oxygen and the alkyne group were interfering with 

the Friedel Crafts reaction, explaining why the complex acid chlorides failed to yield the desired 4-

subtituted naphthalenes despite test reactions with simple reagents showing promise. With multiple 

strategies involving Fridel Crafts acylating conditions all failing to give the desired 4-substituted 

naphthalene, this approach was abandoned.  

 

3.4.3: Mono-Lithiation Strategies 

 

With Friedel-Crafts acylations of more complex acid chlorides yielding complex mixtures, alternative 

strategies which gave greater regioselective control were considered. It was proposed that mono-

lithiation of 1-4-dibromonaphthalene (202) would generate a suitable nucleophile for the formation of 

the aromatic acyl bond. As the creation of an aromatic ketone would yield a product more reactive than 

the respective starting electrophile, it was proposed that the use of a Weinreb amide would prevent 

nucleophilic substitution into the ketone and the formation of tertiary alcohol by-products.  

 

Acid 200 formed in Scheme 45 was treated with N-O-dimethylamine and DCC as a coupling reagent 

to form Weinreb amide 204.  204 was obtained as a colourless oil in 72% yield characterized by 1H-

NMR where two singlets each integrating to 3 protons 3.23 and 3.72 ppm were observed.  
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Scheme 47: Attempted synthesis of 198 via Weinreb amide 204. 

 

Unfortunately, treatment of the mono-lithiated naphthalene with Weinreb amide 204 at 0℃ failed to 

yield the desired compound. Analysis of the crude proton NMR spectrum showed that the major product 

formed was 1-bromonaphthalene (93), suggesting that although lithiation was possible, the acylation 

step was not efficient.  

 

Having established a protocol for monolithiation of dibromonaphthalene 202, further exploration into 

whether this step was a viable method of accessing the 1-bromo, 4-oxo scaffold required for Probe 

design II was needed. A literature search identified a report by List et al. where such a structure was 

formed via monolithiation of a dibromo aromatic compound. γ-butrylactone 206 was added to 

monolithiate 1,4-dibromobenze 205 to form 4-(4’-Bromophenyl)-4-oxobutanal 207 in 26% yield.114 

 

 

 
Scheme 48: Example of monolithiation to form aryl-oxo compound 207 as described by List et al. 

 

This approach was attractive not only because it controlled the regioselectivity of then substituents, but 

also the primary alcohol generated made for a natural attachment site for an alkyne reporting unit. To 
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form 1-bromo, 4-oxo-naphthalene 208, monolithiation of dibromonaphthalene 202 was performed 

using 0.95 equivalence of n-BuLi. To this mixture, lactone 206 was added which afforded desired 

compound 208 as characterized by LCMS where m/z peaks of 293.329 ([M+H (79Br)]+, 27) and 295.267 

([M+H (81Br)]+, 43) were observed. Unfortunately, this compound was not separable from excess 

lactone 206 and attempts to remove it under high vacuum resulted in polymerization of the primary 

alcohol, seen through the appearance of additional aromatic peaks in 1HNMR. As a result, 208 was 

moved on to the next step without further purification.  

 

 
 

Scheme 49: Monolithiation to form naphthyl-oxo compound 208. 

 

Although the primary alcohol allowed for immediate alkylation to a reporting unit, it was believed the 

aromatic ketone could have interfered with this step. To overcome this potential issue, a series of 

protection and deprotection steps were conducted prior to alkylation of the alcohol. Alcohol 208 was 

first acyl-protected by treating the naphthalene with AcCl to form ester 209 as characterised by a singlet 

in 1H-NMR at δ 2.04 integrating to 3 protons, corresponding to the acyl group. This transformation had 

the additional benefit of allowing for the purification of the desired compound from the telescoped 

mixture of 208, giving the protected alcohol in 33% yield over the two steps. Following the alcohol 

protection, 209 was stirred under reflux with ethylene glycol to protect the ketone as an acetyl. Mixing 

the resulting crude mixture of this reaction with NaOH yielded acetyl 210 as characterised by 1H-NMR 

where a multiplet at δ 4.21 – 3.78 integrating to 4 protons corresponding to the acetyl protons was 

observed.  

 

 

 
Scheme 50: Synthesis of acetyl 210. 
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It was then proposed that TIPS-protected alkyne 197 could be used directly to attach the reporting unit 

onto 210. There was concern that nucleophilic substitution using 197 as the electrophile would result in 

the conjugated ene-yne and thus it was proposed that TIPS-protected alcohol 197 would be better suited 

as a nucleophile. Alcohol 210 was first treated with TsCl to give the intermediary tosylate which was 

then alkylated with 197 using similar conditions as described in Scheme 44, Condition A.  

 

 

 
Scheme 51: Attempted alkylation of 210 with alkyne 197. 

 

Unfortunately, despite ASAP data supporting the formation of the tosylate, no evidence for the alkylated 

product was observed after stirring overnight. Time has prevented further investigation to date but 

future reactions along this route should ensure optimisation of these alkylating conditions and the 

exploration of diazarine formation.  

 

  3.5: Conclusions and Future Work 

 

This chapter has described routes to synthesise model probes 154 and 156 in a highly convergent 

manner, with the eW5-core, linker and photoaffinity model modules being synthesised separately. 

Although there were concerns that the large size of these models would affect cell permeability and 

thus growth promoting activity, this proved not to be the case and biological validation via the hypocotyl 

assay was able to show that both model probes 154 and 156 were significant growth promoters, with 

seedlings treated with 154 showing comparable absolute hypocotyl length values to those treated with 

eW5.  

 

Despite being able to synthesise the various modules of the photoactive probes, synthesis of the entire 

molecule was unsuccessful with the coupling of aryl trifluoromethyl diazarine-linker unit 158 to eW5-

naphthol 131 failing to afford any isolatable probe. With time limiting further progress along this route, 

future work along the synthesis of photo active Probes Ia and Ib should be focused on optimising 

conditions for the alkylation of the naphthol. With Probe II, it was demonstrated that monolithiation 
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of 1,4-dibromonaphthalene (202) proved to be a much more viable strategy of obtaining the desired, 1-

bromo 4-keto scaffold over standard Friedel-Crafts acylations. Again, with time limiting further 

progress along this route, additional work along this synthetic route should be focused on the alkylation 

of primary alcohol 210 with protected alkyne 197. Once afforded, the sulfonamide moiety can be 

installed via lithiation as developed in Section 2.3 and subsequent acetyl deprotection would yield the 

desired aryl ketone scaffold, allowing for transformation into a diazarine (Scheme 52).  

 

 

 
Scheme 52: Proposed future work for synthesis of Probe II. 

 

Following the synthesis of the photoactive probes, biological evaluation can be conducted via the 

hypocotyl assay to assess if the probes retain eW5-like growth promoting abilities. Given the instability 

of diazarines to UV light, optimisation of growth conditions would be first required; namely growth 

under red light conditions to minimise the possibility of the reactive carbene species being formed. 

Once biological activity has been validated, the probes can then be used for target identification. This 

process would require incubation of the probes with Arabidopsis protein lysate followed by exposure 

to UV light to facilitate target protein capture. Following biorthogonal reaction with a biotin reporting 

unit, a protein gel can then be run to identify if a distinctive protein band can be observed. As an 

additional validation of on-target binding, eW5 (1) can be used as a competitive inhibitor as reduction 
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in the fluorescent intensity of a certain band with increasing eW5 concentrations would indicate that 

the probe is being out-competed. Once a distinct band has been identified, identification of the target 

protein can be conducted via mass-spec analysis.   

 

 
 

Figure 53: Workflow for target identification of eW5 following synthesis of photoactive probes 
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Chapter 4: Genetic Mutant Screen 

 

4.1: Chapter Introduction  

 

In a complementary approach to identify the target of eW5, a genetic screen was employed. As it had 

been well established treatment with eW5 results in elongated hypocotyls in Arabidopsis, the aim of this 

screen was to select mutants with displaying the dwarfed hypocotyl phenotype from an EMS-

mutagenized population. Subsequent genome sequencing and mapping of the selected mutants would 

find the mutation responsible for the phenotype of eW5-insensitivity. This chapter briefly reviews the 

literature of forward genetic approaches for gene/protein target identification, outlines the workflow 

employed to identify mutants that displayed the desired phenotypic response and future work that can 

be employed following genome sequencing. This work was conducted alongside Dan Bruce (University 

of Durham, Department of Biosciences) and full data can be found in Appendix C.  

 

4.2: Introduction to Genetic Screening  

 

4.2.1: Chemical Mutagens  

 

As outlined in section 1.2, forward genetics is a widely used approach for the identification of target 

genes or proteins. This method requires the screening of mutagenized populations for individuals 

displaying a desired phenotype. A wide range of mutagens have been used to generate mutant libraries 

including but not limited to x-rays, N-ethyl-N-nitrosourea (215), trimethylpsoralen (216) and UV 

light.115 The most commonly used mutagen in the formation of mutagenized screening populations is 

ethyl methane sulfonate (EMS (214)) due to its ability to promote single-base mutations over 

insertions/deletions, whilst limiting lethality and sterility.116 First reported in 1961 by Brookes et al., 

the alkylating agent has been shown to primarily react with guanine nucleotides, leading to mispairings 

with thymine in DNA replication.117 EMS is able to alkylate two positions on guanine nucleotides; N-

7 and O-6. Although it was initially believed that the N-7 alkylation was responsible for DNA 

mispairing, the ability for weaker chemical mutagens such as dimethyl sulfate (DMS) and methyl 

methane sulfonate (MMS) to also alkylate the N-7 position effectively has led to the current hypothesis 

that mutagenesis correlates with O-6 alkylation.118,119 As EMS is able to react non-selectively, the 

entire genome can be mutagenized resulting in a wide range of mutants including loss- or gain-of 

function mutants.120  
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Figure 54: Structures of selected chemical mutagens. 

 

Prior to the introduction of genome sequence-based methods, the primary technique used for the 

identification of the mutated gene of interest in a mutagenized individual involved the process of 

“chromosome walking”. Using yeast artificial chromosomes (YACs), a physical map had to be built 

with markers being identified individually to link the mutation to a specific location. This is a highly 

labour-intensive process, limiting applications of the methodology.116 Traditionally, identification of 

causal mutations was carried out via recombinant genotyping followed by candidate gene sequencing. 

Nowadays with genome sequencing being relatively routine, causative gene mutations can be easily 

identified. One way in which this can be achieved is through simultaneous mapping and mutation 

identification by deep sequencing (SHOREmap). Through whole-genome resequencing of recombinant 

mutant genomes, the mutation is mapped through identification of the highest frequency mutation, 

allowing for a direct link between a phenotype of interest and the causal mutation to be made.121,122 This 

combined with the introduction of next-generation genome sequencing, a highly parallel approach that 

allows for quick and high-throughput sequencing has made forwards genetics a powerful tool in the 

identification for causative mutations.  

 

  4.2.2 General Procedure to Identify Causative Mutation.  

 

Most genetic screens involving EMS mutants follow the same general protocol. An EMS mutant library 

can be prepared easily by treating WT seeds in EMS solution for 3-12 hours giving the first generation 

of mutants labelled M1. The chemically treated seeds are then self-crossed and the M2 progeny collected. 

This serves 3 major functions; to bulk up the sample, to eliminate lethal mutations or mutations resulting 

in sterility and to create homozygous recessive mutants. The final reason is significant as the random 

mutations will one occur on one allele. With most mutations being recessive and requiring to be 

homozygous to show the phenotype, a self-cross is required to generate mutants which are suitable for 

a phenotypic screen.116,123  
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Once mutant individuals with the desired phenotype are identified, they are crossed with WT 

Arabidopsis. The progeny of this cross generates F1, and this is the generation that will be used for 

identification of the causative mutation. In standard mapping procedures which rely on genetic markers, 

the crosses would involve different ecotypes to ensure a high density of these molecular markers, giving 

better resolution when mapping. The cross between WT ecotypes Col-0 and Ler are the most commonly 

used in genetic mapping due to the presence of divergent sequences in both, naturally resulting denser 

molecular markers in F1 and increased mapping resolution.116,124,125 With SHOREmapping, the causative 

mutation is identified through its frequency rather than through molecular markers and as such, the 

crosses are conducted with the same ecotype.   

 

 

Figure 55: General procedure for identification of causative mutations using EMS libraries. Image 

adopted from Zhang et al.124 

 

There are two fundamental stages in this forward genetics method that are critical to successfully 

identify the target gene; selection of mutants with the desired phenotype and the cross of these mutants 

with a WT Arabidopsis to generate F1. Although multiple target genes are commonly identified, a report 

by Cuperus et al. demonstrate that with a robust phenotypic screen, the mutation can be linked to a 

single gene.126 The introduction of false positives into the F1 population creates noise and can result in 

non-relevant genes being identified as possible candidates.  

 

Assuming the mutated gene of interest is homozygous in individuals displaying the desired phenotype, 

the progeny of WT and M2 will display both the homozygous and heterozygous phenotype.127 F2 plants 

displaying the desired phenotype are selected and then sequenced. In brief, via next-generation 

sequencing, the sequence reads are filtered and computationally processed. Traditional mapping 

methods to identify were advantageous in that they were able to causative identify mutations of all forms 

including insertions and deletions of large DNA fragments but as mentioned above, were limiting in the 
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time took to carry out. SHOREmapping is a whole genome mapping method that significantly by 

simultaneously defining the mapping regions and identifying the genetic variants to identify mutations 

that occur with the greatest frequency.128  As the screening process enriches the causative mutation, the 

mutation that occurs with the greatest frequency can be identified as the mutation of interest.  

 

4.3 Workflow in Identification of eW5-insentitive Mutants 

 

As the phenotype observed with eW5 treatment is growth promotion, mutant screening would select for 

individuals which do not display increased growth. It was proposed that sequencing of eW5-insensitive 

mutants would then allow for identification of the mutated gene of interest and ultimately the protein 

target(s) of eW5. Hypocotyl growth was chosen as the assay for this study due to its combination of 

replicability and ease of scale up, allowing for the high throughput screening of the mutants. Starting 

with EMS mutants obtained from the Farmer group at the Université de Lausanne, this mutant screen 

consisted of 4 generations: M2, M3, F1, and F2. M2 and M3 served as the screen to identify mutants 

displaying the phenotype of interest. M2 serves as the initial screen where mutants displaying the 

dwarfed hypocotyl phenotype are selected and M3 serves as the control where the mutants are grown in 

eW5 and DMSO to confirm if the observed phenotype is a response to eW5 or other to other random 

mutations.  

  

M3 was then crossed with WT (Col0) Arabidopsis to give F1 and to bulk up the product of this backcross, 

F2 was grown to seed, affording F3. A small proportion of each population underwent hygromycin 

selection. This was done to confirm if the crosses between M3 and WT F1 had taken. Hygromycin B is 

an aminoglycosidic antibiotic with broad spectrum activity against both procaryotic and eucaryotic 

cells. Its mode of action is through the inhibition of protein synthesis through the promotion of 

mistranslation and disrupting translocation in the 80S ribosome.129 When grown in plates dosed with 

hygromycin, WT Arabidopsis seedlings will display short hypocotyls and are easily distinguished from 

hygromycin B-resistant seedlings which display long hypocotyls (0.2-0.4 cm against 0.8-1.0 cm 

depending on conditions).130 With the original M1 line of mutants containing a transgene for hygromycin 

B-resistance, F1 populations which are the result of successful crosses should also contain this gene, 

providing a simple method to identify if the crosses had taken. Having confirmed the success of the 

crosses, F2 plants displaying the desired phenotype were then selected and sequenced via next-

generation sequencing.  
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Figure 56: Workflow adopted for the identification of eW5 insensitive mutants and enrichment of 

causative mutation. 

 

  4.3.1. Generation 1 (M2) 

 

Prior to the initial screening for eW5-insensitive individuals in the M2 population, the hypocotyl assay 

was first run on WT Arabidopsis at varying concentrations of eW5. This was to optimise the conditions 

for the initial screening for the desired phenotype ensuring that difference in hypocotyl length observed 

between eW5-insensitive mutants and the expected response was as large as possible.  

 

Figure 57: Hypocotyl growth of Arabidopsis treated with eW5 at varying concentrations. Values 

were calculated from three biological replicates. Error bars represent standard error from a population of 

at least 40 seedlings 
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Although dosing the agar plates at 300 µM eW5 gave the greatest absolute hypocotyl length values, 

hypocotyl growth promotion at this concentration was not significantly different to that observed at 200 

µM. To better facilitate the high-throughput screen, 200 µM was chosen as the concentration of 

chemical treatment for the initial screening of mutants displaying the desired phenotype.  

 

As reported in Lukowitz et al, when identifying a mutation through mapping, as few as 1000 individual 

mutants are required to identify a mutated gene of interest if there is a high density of molecular 

markers.131  As SHOREmapping would be used as the method for the identification of a causative 

mutation, significantly more mutants were required to increase the frequency of the mutation within the 

population. In a study by Mercier et al, it reported that genome sequencing of 897 mutant lines showed 

an average of 696 homozygous mutations per line, of which 195 modified a protein sequence, resulting 

in over 170000 mutations.132 Assuming the genome for Arabidopsis contains 25000 encoding genes, 

this ensures that each gene is being mutated roughly 6-7 times within the population.    

 

Assuming a similar mutation rate, 114 pooled mutant lines (consisting of between 10-15 separate mutant 

lines each), roughly equates to each gene within the population being mutated 10 times. To account for 

the possibility of a lower absolute mutation rate, false-positives and negatives, loss of plant material and 

random variation, it was proposed that roughly 10 individual mutants per line would strike the balance 

between ensuring that the same gene is mutated several times throughout the population and the 

management of time and material resources. A total of 23684 individual seeds were tested. M2 seeds 

were screened via the hypocotyl assay described in Section 2.6 at 200 µM of eW5. Individuals 

displaying the dwarfed hypocotyl phenotype were selected with the aim of not only selecting for the 

mutation responsible for eW5-resistance, but also for mutations that result in an inhibitory effect being 

observed.  

 

Given vast amount of plant material, this screening of M2 seeds was conducted over multiple trials. As 

with the hypocotyl assays in the investigation of the SAR of eW5, variation between the batches of M2 

mutants was observed. To account for this significant difference in the mean absolute hypocotyl lengths 

between various trials, a percentage, rather than an absolute value was chosen as the cut-off point for 

selection. Following imaging and measurement of the hypocotyls, the bottom 1.5% of mutants in each 

trial were selected. This extreme percentage was chosen to ensure that enough mutants were represented 

in the secondary screening for the desired phenotype, whilst again, managing the impact on time and 

human resources. 
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Figure 58: Hypocotyl lengths of 5-day old EMS mutant seedlings grown on agar plates treated 

with 200 μM eW5. Dashed lines represent 1.5th percentile. 
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A total of 317 individual mutants were selected and planted into peat plugs, grown to seed and the 

progeny (M3) harvested. The progeny of 34 individual mutants were not collected due to primarily due 

to sterility issues that most likely arose from other induced mutations.  

 

  4.3.2 Generation 2 (M3) 

 

As hypocotyl growth is an amalgamation of various biological processes, a control would be required 

to determine if the dwarfed hypocotyl phenotype was a result of eW5-insensitivity. Given the population 

consisted of mutants, it was very likely that there would have been a greater portion of individuals 

displaying the dwarfed hypocotyl phenotype due to unrelated mutations, increasing the need for a 

separate screen to eliminate false positives. M3 seeds were grown on two separate agar plates, one dosed 

with 200 µM eW5, and one DMSO control. Again, following the hypocotyl assay, the plates were 

imaged, and the hypocotyls measured. Individual mutants that yielded less than 30 seeds were discarded 

as the low population size complicated the statistical analysis and it was probable that a mutation related 

to fertility was involved.  

 

 

Figure 59: 1st replicate of M3 seed screening. Average hypocotyl lengths of individual mutant 

populations in eW5 (200 μM) and DMSO. Mean was determined by measurement of at least 15 

seedlings. Dark blue points represent mutant populations selected as determined by statistical T-

test; p <0.005. 
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For individual mutants with mutations leading to eW5 insensitivity, it should be expected that there is 

no significant difference in hypocotyl length between chemical treatment with eW5 and the DMSO 

control. The statistical test chosen was the student T-test and the critical value chosen was 0.95, i.e., 

populations with values under this showed no significant difference in hypocotyl growth when treated 

with eW5 and DMSO and were thus selected. To further eliminate false positives from the mutant pool, 

the assay was repeated two more times. Individual mutants that yielded a T-value of under 0.95 over 

the 3 replicates were then selected and transferred to peat plugs. As 5 mutant populations would be 

taken forward for genome sequencing, it was proposed that ~2X this amount should be taken forward 

to account for unsuccessful crosses and loss of plant material. Thus, a total of 12 mutants were selected 

for the next stage of the screen.  

     

 

Figure 60: 2nd and 3rd replicates of M3 seed screening. Average hypocotyl lengths of individual 

mutant populations in eW5 (200 μM) and DMSO. Mean was determined by measurement of at 

least 15 seedlings. Dark blue points represent mutant populations selected as determined by 

statistical T-test; p <0.005. 

 

  4.3.3: Generation 3 (F1) 

 

Having selected eW5-insensitive mutants, the next step of the screen was to backcross the mutants with 

WT Arabidopsis. Budding flowers of WT Arabidopsis were emasculated and pollinated by the 

respective mutants. Successful crosses generated a seed pod which was then harvested to afford F1 seeds. 

F2 seeds were then planted directly into peat plugs and allowed to self-pollinate to generate F2 seeds.  
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  4.3.4 Generation 4 (F2) 

 

Following the harvesting of F2 seeds, the final stage of the screen was to identify mutants for genome 

sequencing. The first step was to confirm the harvested seeds were the product of a backcross between 

the mutants and the WT. This was done via hygromycin selection by growing the mutant seedlings on 

agar plates dosed with hygromycin. Following an initial period of 6 hours of light exposure, the plates 

were wrapped in foil and left for 5 days. The foil was removed, and the mutant seedlings were left to 

grow in standard conditions. Following 5 days of growth, the mutant populations were compared against 

a WT control. Comparison showed that all of the mutant populations grew significantly better than WT 

on hygromycin plates, indicating that the mutant populations were truly hygromycin resistant and that 

the confirming the crosses between the paternal mutants and maternal WT had taken. 

 

As mentioned above, the assumption was that the gene mutations of interest are loss-of-function single-

allele recessive, meaning that 25% of the mutants from the progeny of the backcross would be 

homozygous recessive. As these mutations would result in the phenotype of eW5-insensitivity, 

individuals with the smallest hypocotyls would be selected for genome sequencing. Choosing the lower 

quartile of mutants assumes perfect selection and could result in the selection of false positives. Thus, 

a higher threshold of 10% was chosen as the selection criterion for individual mutants for genome 

sequencing. F2 seeds were grown on agar plates dosed with 200 μM eW5 for 5 days in reduced light, 

the hypocotyls imaged and measured and the bottom 10% of seedlings were selected. This process was 

repeated until roughly 100 seedlings per mutant population were obtained.  

 

Next-generation sequencing was chosen for its ability to sequence genomes rapidly. This is done 

through the parallel sequencing of millions of small fragments of DNA which are then pieced back 

together using bioinformatic analysis. Through SHOREmapping, a combined mixture of genomes from 

one single mutant is sequenced and the mutations mapped according to frequency. By selecting 

seedlings with dwarfed hypocotyls, the causative mutation has been “enriched” for and thus would be 

present at a much higher frequency (close to 100%), assuming the screening process allowed for perfect 

selection of the causative mutation. Next-generation sequencing was conducted by Novagene.  

 

  4.3.5: Conclusions and Future Work 

 

This chapter outlined the methodology undertaken to identify individuals with a phenotype of interest 

from an EMS mutant library. The series of initial set of screens selected for 12 eW5-insensitive mutants 

from a starting pool of over 23,000 seeds. Backcrossing these mutants with WT Arabidopsis was 
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confirmed through hygromycin selection and individuals displaying dwarfed hypocotyls when grown 

in eW5 were selected for genome sequencing.  

 

Following analysis of genomic data and identification of mutated gene(s) of interest, future work could 

include gene knockout experiments. These constructs can be created through various gene editing 

technologies such as CRIPSR/CAS9 and would allow for confirmation that mutation in this gene is 

causative.  
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Chapter 5: Experimental  

 

5.1: Biological Procedures  

 

  5.1.1: Plant Material 

  

Arabidopsis thaliana wild-type seeds were from laboratory lab stocks of the Columbia (Col-0) and 

Landsberg erecta (Ler-0). The A. thaliana line expressing RGA-GFP seeds were obtained from Prof. 

Keith Lindsey (Durham University, UK). 

 

5.1.2: Hypocotyl Assay 

 

Arabidopsis seeds were grown on solid 1 X MS medium agar plates (Murashige and Skoog, 1962). The 

medium was adjusted to pH 5.8 using 0.1M KOH before adding 8 g of plant tissue culture agar (Sigma-

Aldrich, Poole, UK). The medium was then sterilized by autoclaving for 20 minutes at 121 °C, at 105 

Pa pressure. For the chemically dosed plates, 1.2% (w/v) plant agar was used. Addition of the chemicals 

was performed following the cooling of MS media to (50 °C). Arabidopsis seeds were sterilized in 1 

mL 70% ethanol (v/v) by shaking (Labnet Vortex Mixer, Labnet International Inc., Woodbridge, New 

Jersey, USA) for 5 minutes before being transferred to Whatman filter paper (WhatmanTM 

International Ltd, Kent, UK). The seeds were air-dried in a laminar flow hood before being spread onto 

solid MS growth medium. 

 

Sterilised seeds were stratified at 4 ℃ for a minimum of 48 hr to achieve synchronous germination. The 

seeds were then grown vertically wrapped in 4 sheets of A4 paper in a Percival (CU-36L5D, CLF plant 

climatics, Emersacker, Germany) with a photoperiod of 16/8 h at a light intensity of 150 μmol m2 s-1 

and a temperature of 20 ± 1 ℃. Plates were imaged following 5 days of growth using a scanner and 

hypocotyls were measured using ImageJ software.  

 

5.1.3: RGA-GFP Della assay 

 

GFP:RGA seeds were germinated and grown on 1.2% MS vertically. After 7 days, the seedlings were 

incubated in chemical solution (at the final concentration of 100 µM). The seedlings were then imaged 

according to time point of 2h and 24 h. The microscope used was Leica SP5 CLSM FLIM FCCS (Leica 

Microsystems, Wetzlar, Germany). The laser was Argon, excitation 488 nm (blue) and used at 50% 
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intensity. Emission spectra were collected through a 585 nm long pass filter. Images were processed 

using Zen (blue) software. 

 

5.1.4: Hygromycin Selection  

 

Agar medium was prepared in accordance with the procedure outlined in Section 5.1.1. The agar 

medium was left to cool to 55 ℃ before Hygromycin B was added to make up a final concentration of 

40 μg/mL. Seeds were spread onto the solid MS growth medium and stratified in line Section 5.1.1. 

Following 48-hours, the plates were sealed and exposed to light in the Percival (CU-36L5D, CLF plant 

climatics, Emersacker, Germany) for 30-minutes. The plates were wrapped in foil and left at this 

condition for 5d after which the foil was unwrapped. The plates were observed over the following 7- 

days for germination and growth. 

 

5.2: Chemical Procedures 

 

General Procedure A: Sulfonamide synthesis from sulfonyl chlorides 

 

A DCM solution of the starting sulfonyl chloride was added to a solution of triethylamine (1.20 eq) and 

the starting amine (1.20 eq) in DCM. The reaction mixture was stirred for 3 hours at room temperature 

and quenched with 1M NaHCO3 (aq). Extraction was conducted with DCM (3 x 5 mL) and the combined 

organic layers were dried over MgSO4 and concentrated. Purification by flash chromatography using 

the stated solvent system yielded the title compound. 

 

General Procedure B: Boc-deprotection of Boc carbamates 

 

4M HCl in dioxane (1.0 mL) was added to a vial containing the starting Boc-protected compound. The 

reaction was allowed to stir at room temperature for 3 hours after which volatiles were evaporated to 

afford the title compound.  

 

General Procedure C: Phenol alkylation 

 

K2CO3 (4.00 eq) was added in portions to an acetonitrile solution (0.40 M) of the stated 

phenol/naphthol/hydroxyaromatic (1.00 eq). The corresponding alkyl halide (4.00 eq) was then added 

dropwise and the reaction mixture was left to stir under reflux for 16 hours. The reaction mixture was 
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quenched with sat NaHCO3(aq). Separation of layers and extraction of the aqueous fraction afforded the 

crude product which was purified as described.   

 

General Procedure D: Formation of sulphonamides from aromatic bromides 

 

n-BuLi (1.10 eq) was added to a solution of the aryl-bromide (1.00 eq), in dry THF (0.2 M) at –78 ℃ 

under N2. The mixture was stirred for 20 min at -78 ℃ when sulfuryl chloride (1.50 eq) was added. The 

reaction mixture was then stirred for 30 min at 0 ℃ after which it was allowed to reach ambient 

temperature and stirred for a further 1 hour. The reaction was then quenched with ice water, layers 

separated and the aqueous fraction extracted with Et2O. The combined organic layers were then dried 

over MgSO4 and concentrated. The resulting crude sulfonyl chloride intermediate used without further 

purification, dissolved in DCM and added dropwise to a mixture of N-boc ethylene diamine (1.50 eq) 

and triethylamine (1.50 eq) in DCM (0.3 M). The reaction was stirred at room temperature for 3 hours 

before being quenched with sat. NaHCO3(aq), separated and the aqueous fraction extracted with stated 

solvent.  Combined organic layers were dried over MgSO4, concentrated and purified as described. 

 

74. tert-butyl N-[2’-(naphthalene-1-sulfonamido)ethyl]carbamate  

 
Compound was synthesized according to general procedure D using 1-bromonaphthalene 93 (1040 mg, 

5.00 mmol, 1.00 eq)) and N-Boc ethylenediamine (9.50 mL, 6.00 mmol, 1.20 eq). Following separation 

of the layers, the aqueous layer was extracted with DCM (3 x 20 ml), concentrated and purified by 

recrystallization (Hex in CHCl3) to yield the title compound as an off-white solid (537 mg, 1.53 mmol, 

31%). M.p.: 139-145°C.  δH (700 MHz, CDCl3) 8.65 – 8.61 (1H, m, 5–H), 8.24 (1H, dd, J = 7.3, 1.2, 

2–H), 8.07 (1H, dd, J = 8.2, 1.2, 4–H), 7.97 – 7.92 (1H, m, 8–H), 7.68 (1H, ddd, J = 8.5, 6.9, 1.4, 6–H), 

7.60 (1H ddd, J = 8.0, 6.9, 1.1, 7–H), 7.54 (1H, dd, J = 8.2, 7.3, 3–H), 5.31 (1H, s, 2’–NH), 4.70 (1H, 

s, 1’–NH), 3.15 (2H, q, J = 5.7 Hz, 2’–H2), 3.01 (1H, q, J = 5.7 Hz, 1’–H2), 1.38 (9H, s, – (CH3)3).  δC 

(176 MHz, CDCl3) 156.2 (C=O), 135.5 (C–2), 134.3 (C–1), 132.9 (C–4a), 129.6 (C–5), 129.1 (C–4), 

128.5 (C–7), 126.9 (C–8), 124.3 (C–8a), 124.1 (C–6), 123.3 (C–3), 79.8 (–C(CH3)3), 43.8 (C–2’), 40.7 

(C–1’), 28.3 (–(CH3)3). vmax (ATR) 3301 (N–H), 2982, 2928, 2252, 1694 (C=O), 1511, 1316, 1246, 

1160, 900 cm-1. m/z (LC-MS ESI+) 351.44 [M+H]+, 297.47 [M–tBu+2H]+. Data agrees with that as 

reported in Sukiran.102   
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1. N-(2-aminoethyl)naphthalene-1-sulfonamide hydrochloride 

 

Compound was prepared according to general procedure B using tert-butyl N-[2’-(naphthalene-1-

sulfonamido)ethyl]carbamate 74 (50mg, 0.143mmol) to yield the title compound as a white solid 

(39mg, 0.136mmol, 96%). m.p. 178–179 oC. δH (400 MHz, D2O) 8.36 (1H, dq, J = 8.6, 0.9 Hz, 5–H), 

8.04 (2H, m, 2–H, 4–H), 7.90 (1H, dd, J = 8.1, 1.5 Hz , 8–H), 7.62 (1H, ddd, J = 8.6, 6.9, 1.5 Hz, 6–H), 

7.54 (1H, ddd, J = 8.1, 6.9, 0.9 Hz, 7–H), 7.45 (1H, dd, J = 8.3, 7.4 Hz, 3–H), 2.97 (4H, d, J = 1.8 Hz, 

2’–H2, 1’–H2). δC (101 MHz, D2O) 135.2 (C–2), 134.0 (C–1), 131.9 (C–4a), 129.8 (C–5), 129.4 (C–4), 

128.7 (C–7), 127.2 (C–8), 127.0 (C–8a), 124.3 (C–6), 123.2 (C–3), 39.7 (C–2’), 39.1 (C–1’). vmax (ATR) 

3302 (N–H), 3221 (N–H), 2988, 2945, 1595, 1508, 1243, 1129, 1026, 961 cm-1. m/z (LC-MS ESI+) 

251.26 [M+H]+, 501.48 [2M+H]+. Data agrees with that as reported in Sukiran.102   

 

75a. tert-butyl N-[2’-(naphthalene-2-sulfonamido)ethyl]carbamate  

 

Compound was prepared according to general procedure A using naphthlene-2-sulfonyl chloride (50.0 

mg, 0.221 mmol, 1.00 eq) and N-Boc ethylenediamine (0.042 mL, 0.265 mmol, 1.20 eq). Purification 

by column chromatography (EtOAc in Hex 0-50%) yielded the title compound as a white amorphous 

solid (54.9 mg, 0.157 mmol, 71%). δH (400 MHz, CDCl3) 8.45 (1H, d, J = 1.8 Hz, 1–H), 7.98-7.96 (2H, 

m, 5–H, 3–H), 7.94 – 7.89 (1H, m, 4–H), 7.85 (1H, dd, J = 8.7, 1.9 Hz, 8–H), 7.70 – 7.58 (2H, m, 6–H, 

7–H), 5.63 (1H, s, 2’–NH), 4.97 (1H, s, 1’–NH), 3.25 (2H, t, J = 5.8 Hz, 2’–H2), 3.11 (2H. t, J = 5.8 

Hz, 1’–H2), 1.41 (9H, s, –C(CH3)3). δC (101 MHz, CDCl3) 156.6 (C=O), 136.6 (C–2), 134.8 (C–8a), 

132.2 (C–4a), 129.6 (C–1), 129.3 (C–5), 128.8 (C–4), 128.4 (C–3), 127.9 (C–8), 127.6 (C–7), 122.3 

(C–6), 79.9 (–C(CH3)3), 43.9 (C–2’), 40.3 (C–1’), 28.3 (–(CH3)3). vmax (ATR) 3374 (N–H), 3296 (N–

H), 2984, 1680 (C=O), 1513, 1326, 1152, 1087 cm-1. m/z (LC-MS ESI+) 251.257 [M–Boc+H]+, 

295.305 [M–tBu+2H]+, 351.362 [M+H]+.  
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75. N-(2’-aminoethyl)naphthalene-2-sulfonamide hydrochloride  

 

Compound was prepared according to general procedure B, starting with tert-butyl N-[2’-(naphthalene-

2-sulfonamido)ethyl]carbamate 75a (20.0 mg, 0.057 mmol, 1.00 eq) to yield the title compound as a 

white amorphous solid (14.8 mg, 0.052 mmol, 90%). δH (400 MHz, MeOD) 8.49 (1H, d, J = 1.7 Hz, 1–

H), 8.17 – 8.04 (2H, m, 5–H, 3–H), 8.04 – 7.96 (1H, m, 4–H), 7.89 (1H, dd, J = 8.5, 1.7 Hz, 8–H), 7.75 

– 7.59 (2H, m, 6–H, 7–H), 3.12 (4H, m, 2’–H, 1’–H). δC (101 MHz, MeOD) 136.3 (C–2), 135.0 (C–

8a), 132.2 (C–4a), 129.5 (C–1), 128.9 (C–5), 128.7 (C–4), 128.1 (C–3), 127.7 (C–8), 127.5 (C–7), 122.0 

(C–6) 40.1 (C–2’), 39.4 (C–1’). vmax (ATR) 3268 (b, N–H), 3056, 2871, 1584, 1499, 1343, 1149, 1070, 

1020 cm-1. m/z (LC-MS ESI+) 251.257 [M+H]+, 501.437 [2M+H]+. Accurate mass (ES+) found 

[M+H]+ 251.0871, C12H15N2O2S requires M 251.0854. 

 

76a. tert-butyl N-[2’-(2-fluorobenzenesulfonamido)ethyl]carbamate  

 

Compound was prepared according to general procedure A using 2-fluorobenzene-1-sulfonyl chloride 

(50.0 mg, 0.257 mmol, 1.00 eq) and N-Boc ethylenediamine (0.049 mL, 0.308 mmol, 1.20 eq). 

Purification by column chromatography (EtOAc in Hex 0-50%) yielded the title compound as an off 

white amorphous solid (66.7 mg, 0.210 mmol, 82%). δH (400 MHz, CDCl3) 7.91 (1H, td, J = 7.5, 1.8 

Hz, 3–H), 7.65 – 7.53 (1H, m, 6–H), 7.35 – 7.27 (1H, m, 4–H), 7.23 (1H, ddd, J = 10.2, 8.3, 1.8 Hz, 5–

H), 5.42 (1H, s, 2’–NH), 4.88 (1H, s, 2’–NH), 3.28 (2H, t, J = 5.8 Hz, 2’–H2), 3.14 (2H, t, J = 5.8 Hz, 

1’–H2), 1.45 (9H, s, –C(CH3)3). δC (101 MHz, CDCl3) 158.7 (d, J = 253.0 Hz, C–2), 156.4 (C=O), 135.0 

(d, J = 8.9 Hz, C–4), 128.6 (C–5), 127.8 (d, J = 15.1 Hz, C–1), 124.5 (d, J = 4.0 Hz, C–6), 117.0 (d, J 

= 20.3 Hz, C–3), 80.0 (–C(CH3)3), 43.7 (C–2’), 40.4 (C–1’), 28.3 (–(CH3)3). δF (376 MHz, CDCl3) –

110.45. vmax (ATR) 3371 (N–H), 3300 (N–H), 2977, 1691 (C=O), 1524, 1474, 1336, 1266, 1152, cm-1. 

m/z (LC-MS ESI+) 219.256 [M–Boc+H]+, 263.266 [M–tBu+2H]+, 319.418 [M+H]+. Accurate mass 

(ES+) found [M+H]+ 319.1113, C13H20N2O4SF requires M 319.1128. 

https://mbook.mestrelab.com/21399
https://mbook.mestrelab.com/21522
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76. N-(2’-aminoethyl)-2-fluorobenzene-1-sulfonamide hydrochloride  

 

Compound was prepared according to general procedure B, using tert-butyl N-[2’-(2-

fluorobenzenesulfonamido)ethyl]carbamate 76a (20.0 mg, 0.063 mmol, 1.00 eq) to yield the title 

compound as a light yellow amorphous solid (16.0 mg, 0.063 mmol, 100.0%). δH (400 MHz, MeOD) 

7.92 (1H, td, J = 7.6, 1.7 Hz, 3–H), 7.80 – 7.62 (1H m, 6–H), 7.46 – 7.28 (2H, m, 4–H, 5–H), 3.22 (2H, 

t, J = 5.7 Hz, 2’–H2), 3.08 (2H, t, J = 5.7 Hz, 1’–H2). δC (101 MHz, MeOD) 158.9 (d, J = 254.7 Hz, C–

2) 135.4 (d, J = 8.8 Hz, C–4), 130.05 (C–5), 127.4 (d, J = 16.5 Hz, C–1), 124.5 (d, J = 4.0 Hz, C–6), 

116.9 (d, J = 22.6 Hz, C–3), 39.9 (C–2’), 39.5 (C–1’). δF (376 MHz, MeOD) –111.84. vmax (ATR) 3389 

(b, N–H), 3077, 2861, 1598, 1513, 1474, 1336, 1144 cm-1. m/z (LC-MS ESI+) 219.218 [M+H]+, 

437.403 [2M+H]+. Accurate mass (ES+) found [M+H]+ 219.0592, C8H12N2O2SF requires M 219.0604. 

 

77a. tert-butyl N-[2-(3-fluorobenzenesulfonamido)ethyl]carbamate  

 

Compound was prepared according to general procedure A using 3-fluorobenzene-1-sulfonyl chloride 

(50.0 mg, 0.257 mmol, 1.00 eq) and N-Boc ethylenediamine (0.049 mL, 0.308 mmol, 1.20 eq). 

Purification by column chromatography (EtOAc in Hex 0-50%) yielded the title compound as a white 

amorphous solid (45.1 mg, 0.142 mmol, 55%). δH (400 MHz, CDCl3) 7.65 (1H, dt, J = 7.8, 1.7 Hz, 6–

H), 7.56 (1H, ddd, J = 8.2, 2.6, 1.7 Hz, 4–H), 7.50 (1H, td, J = 8.2, 7.8 Hz, 5–H), 7.31 – 7.22 (1H, m, 

2-H), 5.61 (1H, s, 2’–NH), 4.90 (1H, s, 1’–NH), 3.24 (2H, q, J = 5.5 Hz, 2’–H2), 3.08 (2H, q, J = 5.5 

Hz, 1’–H2), 1.42 (9H, s, –C(CH3)3). δC (101 MHz, CDCl3) 162.5 (d, J = 250.5 Hz, C–3), 156.8 (–C=O), 

141.9 (d, J = 6.9 Hz, C–1), 130.0 (d, J = 7.9 Hz, C–5), 122.8, (d, J = 3.8 Hz, C–6) 119.9 (d, J = 22.3 

Hz, C–2), 114.4 (d, J = 24.4 Hz, C–4), 80.2 (–C(CH3)3), 44.03 (C–2’), 40.22 (C–1’), 28.3 (–(CH3)3). δF 

(376 MHz, CDCl3) –109.55. vmax (ATR) 3356 (N–H), 3283 (N–H), 2981, 1688 (C=O), 1524, 1279, 

1219, 1152, 1081 cm-1. m/z (LC-MS ESI+) 219.108 [M–Boc+H]+, 263.266 [M–tBu+2H]+, 319.324 

[M+H]+. Accurate mass (ES+) found [M+H]+ 319.1118, C13H20N2O4SF requires M 319.1128. 

 

https://mbook.mestrelab.com/21384
https://mbook.mestrelab.com/21386
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77. N-(2’-aminoethyl)-3-fluorobenzene-1-sulfonamide hydrochloride  

 

Compound was prepared through general procedure B, using tert-butyl N-[2’-(3-

fluorobenzenesulfonamido)ethyl]carbamate 77a (20.0 mg, 0.063 mmol, 1.00 eq) to yield the title 

compound as an off white amorphous solid  (15.8 mg, 0.062 mmol, 99%). δH (400 MHz, MeOD) 7.82 

– 7.56 (3H, m, 6–H, 4–H, 5–H), 7.44 (1H, m, 2–H), 3.10 (4H, m, 2’–H2, 1’–H2). δC (101 MHz, MeOD) 

162.6 (d, J = 248.1 Hz, C–3), 141.7 (d, J = 6.4 Hz, C–1), 131.4 (d, J = 8.0 Hz, C–5), 122.9 (d, J = 2.8 

Hz, C–6), 119.7 (d, J = 21.3 Hz, C–2), 114.9 (d, J = 24.5 Hz, C–4), 40.23 (C–2’), 39.62 (C–1’). δF (376 

MHz, MeOD) –111.97. vmax (ATR) 3283 (b, N–H), 3066, 2977, 2857, 1591, 1457, 1327, 1149, 1064, 

1025, 966 cm-1. m/z (LC-MS ESI+) 219.218 [M+H]+, 437.441 [2M+H]+. Accurate mass (ES+) found 

[M+H]+ 219.0603, C8H12N2O2SF requires M 219.0604. 

 

78a. tert-butyl N-[2’-(4-nitrobenzenesulfonamido)ethyl]carbamate  

 

Compound was prepared according to general procedure A using 4-nitrobenzene-1-sulfonyl chloride 

(50.0 mg, 0.226 mmol, 1.00 eq) and N-Boc ethylenediamine (0.043 mL, 0.271 mmol, 1.20 eq). 

Purification by column chromatography (EtOAc in Hex 0-50%) yielded the title compound as a white 

amorphous solid (45.1 mg, 0.142 mmol, 55%). δH (400 MHz, CDCl3) 1H NMR (400 MHz, CDCl3) δ 

8.50 – 8.26 (2H, m, 3–H), 8.16 – 8.01 (2H, m, 2–H), 5.83 (1H, s, 2’–NH), 4.85 (1H, m, 1’–NH), 3.27 

(2H, t, J = 6.2 Hz, 2’–H2), 3.20 – 3.07 (2H, t, J = 6.2 Hz, 1’–H2), 1.45 (9H, s, –C(CH3)3). δC (101 MHz, 

CDCl3) 157.1 (C=O), 150.0 (C–4), 145.9 (C–1). 128.3 (C–3), 124.4 (C–2), 80.5 (–C(CH3)3), 44.5 (C–

2’), 40.2 (C–1), 28.8 (–C(CH3)3). vmax (ATR) 3356 (N–H), 3271 (N–H), 2984, 1676 (C=O), 1528, 1336, 

1269, 1155, 1084, cm-1. m/z (LC-MS ESI+) 246.240 [M–Boc+H]+, 290.288 [M–tBu+2H]+, 346.383 

[M+H]+.  

 

 

https://mbook.mestrelab.com/21376
https://mbook.mestrelab.com/19986
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78. N-(2’-aminoethyl)-4-nitrobenzene-1-sulfonamide hydrochloride  

 

Compound was prepared according to general procedure B, starting with tert-butyl N-[2’-(4-

nitrobenzenesulfonamido)ethyl]carbamate 78a (20.0 mg, 0.058 mmol, 1.00 eq) to yield the title 

compound as a light green solid (16.0 mg, 0.057 mmol, 98%). δH (400 MHz, MeOD) 8.44 (2H, d, J = 

8.3 Hz, 3–H), 8.13 (2H, d, J = 8.3 Hz, 2–H), 3.13 (4H, m, 2’–H2, 1’–H2). δC (101 MHz, MeOD) 150.3 

(C–4), 145.3 (C–1), 128.31 (C–3), 124.24 (C–2), 40.12 (C–2’), 39.4 (C–1’). vmax (ATR) 3399 (b, N–H), 

3214, 3044, 2964, 2882, 1606, 1541, 1336, 1152, 1084, 1020, 850 cm-1. m/z (LC-MS ESI+) 246.240 

[M+H]+. Accurate mass (ES+) found [M+H]+ 246.0546, C8H12N3O4S requires M 246.0549. 

 

79a. tert-butyl N-[2-(4-tert-butylbenzenesulfonamido)ethyl]carbamate  

 

Compound was prepared according to general procedure A using 3-fluorobenzene-1-sulfonyl chloride 

(50.0 mg, 0.257 mmol, 1.00 eq) and N-Boc ethylenediamine (0.049 mL, 0.308 mmol, 1.20 eq). 

Purification by column chromatography (EtOAc in Hex 0-50%) yielded the title compound as a white 

amorphous solid (45.1 mg, 0.142 mmol, 55%). δH (400 MHz, CDCl3) 7.86 – 7.72 (2H, m, 2–H2), 7.63 

– 7.43 (2H, m, 3–H2), 5.38 (1H, s, 2’–NH), 4.99 (1H, s, 1’–NH), 3.26 (2H, q, J = 5.8 Hz, 2’–H2), 3.08 

(1H, q, J = 5.8 Hz, 1’–H2), 1.43 (9H, s, –OC(CH3)3), 1.36 (9H, s, –ArC(CH3)3). δC (101 MHz, CDCl3) 

156.5 (C=O), 165.5 (C–1) 136.7 (C–4), 126.9 (C–2), 126.2 (C–3), 79.8 (–OC(CH3)3), 43.6 (C–2’), 40.3 

(C–1’), 35.2 (–ArC(CH3)3), 31.1 (–ArC(CH3)3), 28.4 (–OC(CH3)3). vmax (ATR) 3396 (N–H), 3233 (N–

H), 2959, 1698 (C=O), 1524, 1326, 1247, 1159, 1067, 985 cm-1. m/z (LC-MS ESI+) 257.338 [M–

Boc+H]+, 301.386 [M–tBu+2H]+, 357.405 [M+H]+. Accurate mass (ES+) found [M+H]+ 357.1857, 

C17H29N2O4S requires M 357.1848. 

 

 

https://mbook.mestrelab.com/21393
https://mbook.mestrelab.com/21395
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79. N-(2’-aminoethyl)-4-tert-butylbenzene-1-sulfonamide hydrochloride  

 

Compound was prepared according to general procedure B, using tert-butyl N-[2’-(4-tert-

butylbenzenesulfonamido)ethyl]carbamate 79a (20.0 mg, 0.056 mmol, 1.00 eq) to yield the title 

compound as a light yellow amorphous solid (13.3 mg, 0.045 mmol, 81.0%). δH (400 MHz, MeOD) 

7.83 (2H, d, J = 8.2 Hz, 2–H), 7.66 (2H, d, J = 8.2 Hz, 3–H), 3.17 – 3.02 (4H, m, 2’–H2, 1’–H2), 1.37 

(9H, s, –tBu). δC (101 MHz, MeOD) 156.6 (C–1), 136.5 (C–4), 126.7 (C–2), 126.1 (C–3), 40.0 (C–2’), 

39.4 (C–1’), 34.7 (–C(CH3)3), 30.1 (–C(CH3)3). vmax (ATR) 3041 (b, N–H), 2959, 2864, 1598, 1474, 

1311, 1152, 1092, 1031 cm-1. m/z (LC-MS ESI+) 257.300 [M+H]+, 513.522 [2M+H]+. Accurate mass 

(ES+) found [M+H]+ 257.1329, C12H21N2O2S requires M 257.1324. 

 

80a. tert-butyl N-(2’-{[1,1’’-biphenyl]-4-sulfonamido}ethyl)carbamate  

 

Compound was prepared according to general procedure A using [1,1'-biphenyl]-4-sulfonyl 

chloride (50.0 mg, 0.198 mmol, 1.00 eq) and N-Boc ethylenediamine (0.038 mL, 0.237 mmol, 1.20 eq). 

Purification by column chromatography (EtOAc in Hex 0-60%) yielded the title compound as a white 

amorphous solid (55.1 mg, 0.146 mmol, 74%). δH (400 MHz, CDCl3) 7.96 – 7.92 (2H, m, 2’’–H), 7.74 

– 7.71 (2H, m, 3’’–H), 7.63 – 7.60 (2H, m, 3–H), 7.52 – 7.48 (2H, m, 2–H), 7.47 – 7.42 (2H, m, 4’’–

H2, 3–H2), 5.51 (1H, s, 2’–NH), 4.99 (1H, s, 1’–NH), 3.29 (2H, t, J = 5.8 Hz, 2’–H2), 3.13 (2H, t, J = 

5.8 Hz, 1’–H2), 1.44 (9H, s, –(CH3)3). δC (101 MHz, CDCl3) 13C NMR (101 MHz, CDCl3) 156.6 (C=O), 

145.6 (C–4), 139.3 (C–1’), 138.3 (C–1’’), 129.1 (C–3), 128.5 (C–4’’), 127.8 (C–2), 127.6 (C–2’’), 

127.3 (C–3’’), 80.0 (–C(CH3)3), 43.8 (C–2’), 40.3 (C–1’), 28.4 (–(CH3)3). vmax (ATR) 3361 (N–H), 3279 

(N–H), 2984, 1683 (C=O), 1524, 1322, 1276, 1155, 1097, cm-1. m/z (LC-MS ESI+) 277.328 [M–

https://mbook.mestrelab.com/21397
https://mbook.mestrelab.com/21398
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Boc+H]+, 321.338 [M–tBu+2H]+, 377.357 [M+H]+. Accurate mass (ES+) found [M+H]+ 377.1534, 

C19H25N2O4S requires M 377.1535.  

 

80. N-(2’-aminoethyl)-[1,1'’-biphenyl]-4-sulfonamide hydrochloride  

 

Compound was prepared according to general procedure B, starting with tert-butyl N-(2’-{[1,1’’-

biphenyl]-4-sulfonamido}ethyl)carbamate 80a (20.0 mg, 0.053 mmol, 1.00 eq) to yield the title 

compound as a white amorphous solid (16.5 mg, 0.053 mmol, 99%). δH (400 MHz, MeOD) 8.02 – 7.82 

(4H, m, 2’’–H, 3’’–H), 7.75 – 7.67 (2H, m, 3–H), 7.55 – 7.48 (2H, m, 2–H), 7.47 – 7.40 (1H, m, 4’’–

H), 3.18 – 3.06 (4H, m, 2’–H2, 1’–H2). δC (101 MHz, MeOD) 145.7 (C–4), 139.1 (C–1’), 138.0 (C–1’’), 

128.8 (C–3), 128.3 (C–4’’), 127.5 (C–2), 127.4 (C–2’’), 126.9 (C–3’’), 40.0 (C–2’), 39.3 (C–1’). 

vmax (ATR) 3261 (b, N–H), 3038, 2871, 1584, 1489, 1311, 1152, 1099, 1042, 765 cm-1. m/z (LC-MS 

ESI+) 277.290 [M+H]+, 553.461 [2M+H]+. Accurate mass (ES+) found [M+H]+ 277.1014, 

C14H17N2O2S requires M 277.1011. 

 

81a. tert-butyl N-{2’-[2’’-(naphthalen-1-yl)ethanesulfonamido]ethyl}carbamate  

 

Compound was prepared according to general procedure A using 2’-(naphthalen-1-yl)ethane-1-sulfonyl 

chloride (50.0 mg, 0.196 mmol, 1.00 eq) and N-Boc ethylenediamine (0.037 mL, 0.236 mmol, 1.20 eq). 

Purification by column chromatography (EtOAc in Hex 0-65%) yielded the title compound as a 

colourless oil (47.1 mg, 0.124 mmol, 63%). δH (400 MHz, CDCl3) 8.07 – 7.99 (1H, m, 2–H), 7.90 (1H, 

dd, J = 8.0, 1.5 Hz, 5–H), 7.80 (1H, dd, J = 7.8, 1.8 Hz, 4–H), 7.60 – 7.51 (2H, m, 7–H, 6–H), 7.47 – 

https://mbook.mestrelab.com/21381
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7.37 (2H, m, 8–H, 3–H), 4.99 (2H, m, 2’–NH, 1’–NH), 3.70 – 3.54 (2H, m, 2’–H2), 3.50 – 3.36 (2H, m, 

1’–H2), 3.28 – 3.16 (4H, m, 2’’–H, 1’’–H), 1.42 (9H s, –C(CH3)3). δC  (101 MHz, CDCl3) 156.6 (C=O), 

133.9 (C–1), 133.9 (C–4a), 131.3 (C–8a), 129.1 (C–2), 127.9 (C–5), 126.7 (C–4), 126.6 (C–7), 126.0 

(C–8), 125.6 (C–6), 123.0 (C–3), 80.0 (–C(CH3)3), 53.0 (C–2’’), 43.8 (C–2’), 40.8 (C–1’), 28.3 (–

(CH3)3), 27.3 (C-1’’). vmax (ATR) 3371 (N–H), 3307 (N–H), 2981, 1683 (C=O), 1528, 1322, 1254, 

1152, 1127, 1070, 907 cm-1. m/z (LC-MS ESI+) 279.343 [M–Boc+H]+, 323.353 [M–tBu+2H]+, 379.371 

[M+H]+. Accurate mass (ES+) found [M+H]+ 379.1693, C19H27N2O4S requires M 379.1693. 

 

81. N-(2’-aminoethyl)-2’’-(naphthalen-1-yl)ethane-1’’-sulfonamide hydrochloride  

 

Compound was prepared according to general procedure B, using tert-butyl N-{2-[2-(naphthalen-1-

yl)ethanesulfonamido]ethyl}carbamate 81a (20.0 mg, 0.053 mmol, 1.00 eq) to yield the title compound 

as light brown amorphous solid (15.8 mg, 0.050 mmol, 95.0%). δH (400 MHz, MeOD) 8.08 (1H, dd, J 

= 8.4, 2.1 Hz, 2–H), 7.92 (1H, dd, J = 8.0, 1.4 Hz, 5–H), 7.81 (1H, dd, J = 7.2, 2.1 Hz, 4–H), 7.60 (1H, 

ddd, J = 8.4, 6.8, 1.4 Hz, 7–H), 7.53 (1H, ddd, J = 8.0, 6.8, 1.2 Hz, 6–H), 7.49 – 7.40 (2H, m, 8–H, 3–

H), 3.63 – 3.46 (4H, m, 2’–H2, 1’–H2), 3.40 (2H, t, J = 5.7 Hz, 2’’–H2), 3.10 (2H, t, J = 5.7 Hz, 1’’–H2). 

δC (101 MHz, MeOD) 134.1 (C–1), 134.0 (C–4a), 131.3 (C–8a), 128.7 (C–2), 127.4 (C–5), 126.3 (C–

4), 126.2 (C–7), 125.5 (C–8), 125.3 (C–6), 122.6 (C–3), 51.8 (C–2’’), 40.0 (C–2’), 39.8 (C–1’), 26.5 

(C–1’’). vmax (ATR) 3361 (b, N–H), 3208, 2946, 2403, 1598, 1496, 1439, 1329, 1137, 794 cm-1. m/z 

(LC-MS ESI+) 279.305 [M+H]+, 557.490 [2M+H]+. Accurate mass (ES+) found [M+H]+ 279.1169, 

C14H19N2O2S requires M 279.1169. 

 

82a. tert-butyl N-[3’-(naphthalene-1-sulfonamido)propyl]carbamate 
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Compound was prepared according to general procedure A using 1-naphthalene sulfonyl chloride 

73 (50.0 mg, 0.221 mmol, 1.00 eq) and N-(3-aminopropyl)carbamic acid tert-butyl ester (0.046 mL, 

0.265 mmol, 1.20 eq). Purification by column chromatography (EtOAc in Hex 0-50%) yielded the title 

compound as a colourless oil (68.0 mg, 0.187 mmol, 85%). δH (400 MHz, CDCl3) 8.72 (1H, dd, J = 8.6, 

1.2 Hz, 5–H), 8.25 (1H, dd, J = 7.3, 1.3 Hz,  2–H), 8.06 (1H, dd, J = 8.2, 1.3 Hz, 4–H), 7.95 (1H, dd, J 

= 8.2, 1.5 Hz, 8–H), 7.69 (1H, ddd, J = 8.6, 6.9, 1.5 Hz, 6–H), 7.61 (1H, ddd, J = 8.2, 6.9, 1.2 Hz, 7–

H), 7.54 (1H, dd, J = 8.2, 7.3 Hz, 3–H), 6.04 – 5.88 (1H, m, 3’–NH), 4.59-4.65 (1H, m, 1’–NH), 3.11 

(2H, q, J = 6.3 Hz, 3’–H2), 2.97 (2H, q, J = 6.5 Hz, 1’–H2), 1.61 – 1.46 (2H, m, 2’–H2), 1.34 (9H, s, –

(CH3)3). δC (101 MHz, CDCl3) 156.8 (C=O), 135.3 (C–2), 134.3 (C–1), 134.0 (C–4a), 129.2 (C–5), 

129.0 (C–4), 128.4 (C–7), 128.2 (C–8), 126.8 (C–8a), 124.7 (C–6), 124.1 (C–3), 79.6 (–C(CH3)3), 39.8 

(C–3’), 36.7 (C–1’), 30.6 (C–2’), 28.6 (–(CH3)3). vmax (ATR) 3374 (N–H), 3293 (N–H),  2977, 2885, 

1688,  1513, 1368, 1322, 1254, 1159, 1134 cm-1. m/z (LC-MS ESI+) 265.281 [M–Boc+H]+, 309.329 

[M–tBu+2H]+, 365.348 [M+H]+. Accurate mass (ES+) found [M+H]+ 365.1525, C18H25N2O4S requires 

M 365.1535. 

 

82. N-(3’-aminopropyl)naphthalene-1-sulfonamide hydrochloride  

 

Compound was prepared according to general procedure B, starting with tert-butyl N-[3-(naphthalene-

1-sulfonamido)propyl]carbamate 82a (20.0 mg, 0.055 mmol, 1.00 eq) to yield the title compound off 

white amorphous solid (16.1 mg, 0.054 mmol, 98%). δH (400 MHz, MeOD) 8.33 (1H, dd, J = 8.6, 1.1 

Hz, 5–H), 7.87 (1H. dd, J = 7.3, 1.1 Hz, 2–H), 7.82 (1H, dd, J = 8.3, 1.1 Hz, 4–H), 7.72 – 7.64 (1-H, m, 

8–H), 7.36 (1H, ddd, J = 8.6, 6.9, 1.5 Hz, 6–H), 7.32 – 7.22 (2H, m, 7–H, 3–H), 2.60 (4H, m, 3’–H2, 

1’–H2), 1.51 – 1.39 (2H, m, 2’–H2). δC (101 MHz, MeOD) 136.4 (C–2), 135.9 (C–1), 135.3 (C–4a), 

130.2 (C–5), 130.2 (C–4), 129.3 (C–7), 129.2 (C–8), 128.0 (C–8a), 125.7 (C–6), 125.3 (C–3), 40.8 (C–

3’), 38.3 (C–1’), 29.1 (C–2’). vmax (ATR) 3396 (b, N–H), 2981, 2885, 1382, 1319, 1155, 1134, 1084, 

954 cm-1. m/z (LC-MS ESI+) 265.281 [M+H]+, 529.482 [2M+H]+. Accurate mass (ES+) found [M+H]+ 

265.1021, C13H17N2O2S requires M 265.1011. 
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83. N-[2’-(dimethylamino)ethyl]naphthalene-2-sulfonamide  

 

Compound was prepared according to general procedure A using 1-naphthalene sulfonyl chloride 

73 (0.050 g, 0.221 mmol, 1.00 eq) and N,N dimethyl ethylene diamine (0.029 mL, 0.265 mmol, 1.20 

eq) . Purification was achieved by column chromatography (EtOAc in Hex, 0-100%) to yield the title 

compound as a light brown oil (0.052 g, 0.187 mmol, 85%). δH (400 MHz, CDCl3) 8.69 (1H, d, J = 8.6 

Hz, 5–H), 8.30 (1H, d, J = 7.3 Hz, 2–H), 8.09 (1H, dd, J = 8.3, 1.1 Hz, 4–H), 7.97 (1H dd, J = 8.2, 1.5 

Hz, 8–H), 7.71 (1H, ddd, J = 8.6, 6.9, 1.5 Hz, 6–H), 7.63 (1H, dd, J = 8.2, 6.9 Hz, 7–H), 7.57 (1H, dd, 

J = 8.3, 7.3 Hz, 3–H), 2.97 – 2.82 (2H, m, 1’–H2), 2.29 – 2.06 (2H, m, 2’–H2), 1.90 (6H, s, –N(CH3)2). 

δC (101 MHz, CDCl3) 134.3 (C–2), 134.2 (C–1), 134.1 (C–4a), 129.9 (C–5), 129.1 (C–4), 128.3 (C–7), 

128.2 (C–8), 126.7 (C–8a), 124.5 (C–6), 124.1 (C–3), 56.7 (C–1’), 44.5 (–N(CH3)2), 40.2 (C–2’). 

vmax (ATR) 3276 (N-H), 2952, 2775, 1461, 1322, 1159, 1134, 747 cm-1. m/z (LC-MS ESI+) 279.305 

[M+H]+.Accurate mass (ES+) found [M+H]+ 279.1164, C14H19N2O2S requires M 279.1167. 

 

84. N-(2-hydroxyethyl)naphthalene-1-sulfonamide 

 

Compound was prepared according to general procedure A using 1-naphthalene sulfonyl chloride 73 

(200 mg, 0.882 mmol, 1.00 eq) and ethanolamine (0.080 mL, 1.32 mmol, 1.50 eq). Purified by column 

chromatography (EtOAc in Hexane, 0-70%) to yield the title compound as a white solid (181 mg, 0.720 

mmol, 82%). m.p.: 106-107 ℃.  δH (599 MHz, CD3OD) 7.17 (1H, dd, J = 8.7, 1.1 Hz, 5–H), 6.68 (1H, 

dd, J = 7.3, 1.2 Hz, 2–H), 6.58 (1H, dd, J = 8.3, 1.2 Hz, 4–H),  6.45 (1H, dd, J = 8.1, 1.4 Hz, 8–H), 6.14 

(1H, ddd, J = 8.7, 6.9, 1.4 Hz, 6–H), 6.07 (1H, ddd, J = 8.1, 6.9, 1.1 Hz, 7–H), 6.03 (1H, dd, J = 8.3, 

7.3 Hz, 3–H), 1.94 (2H, t, J = 6.1 Hz, 1’–H), 1.78 (1H, s, 2’–NH), 1.41 (2H, t, J = 6.1 Hz, 2’–H). δC 

(151 MHz, CD3OD) 135.3 (C–2), 134.4 (C–1), 133.7 (C–4a), 128.7 (C–5), 128.7 (C–4), 128.0 (C–7), 

127.6 (C–8), 126.5 (C–8a), 124.4 (C–6), 123.9 (C–3), 60.5 (C–1’), 44.6 (C–2’). vmax (ATR) 3487 (O–

H), 3317 (N–H), 2921, 2872, 1428, 1330, 1314, 1160, 1131, 1057, 977 cm-1. m/z (LC-MS ESI+) 
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252.176 [M+H]+, 503.255 [2M+H]+. Accurate mass (ES+) found [M+H]+ 252.0702, C12H14NO3S 

requires M 252.0694.  

 

85. N-(2-methoxyethyl)naphthalene-2-sulfonamide  

 

Compound was prepared according to general procedure A using 1-naphthalene sulfonyl chloride 73 

(0.050 g, 0.221 mmol, 1.00 eq) and 2-methoxyethan-1-amine (0.023 mL, 0.265 mmol, 1.20 eq). 

Purification by flash chromatography (EtOAc in Hex, 0-50%) yielded the title compound as a white 

amorphous solid (51.0 mg, 0.192 mmol, 87%). δH (400 MHz, CDCl3) 8.66 (1H dd, J = 8.6, 1.2 Hz, 5–

H), 8.29 (1H, dd, J = 7.3, 1.3 Hz, 2–H), 8.10 (1H, dd, J = 8.2, 1.3 Hz, 4–H), 8.01 – 7.94 (1H, m, 8–H), 

7.71 (1H, ddd, J = 8.6, 6.9, 1.5 Hz, 6–H), 7.63 (1H, ddd, J = 8.1, 6.9, 1.2 Hz, 7–H), 7.57 (1H, dd, J = 

8.2, 7.3 Hz, 3–H), 5.15 (1H, d, J = 6.8 Hz, –NH), 3.26 (2H, d, J = 6.8 Hz, 2’–H2), 3.15 – 3.07 (5H, m, 

1’–H2, –OCH3). δC (101 MHz, CDCl3) 134.7 (C–2), 134.3 (C–1), 129.5 (C–4a), 129.1 (C–5), 128.4 (C–

4), 128.2 (C–7), 128.2 (C–8), 126.9 (C–8a), 124.37 (C–6), 124.2 (C–3), 70.34 (–OCH3), 58.58 (C–2’), 

42.9 (C–1’). vmax (ATR) 3296 (N–H), 2984, 2899, 1506, 1322, 1159, 1134, 755 cm-1. m/z (LC-MS ESI+) 

266.269 [M+H]+. Accurate mass (ES+) found [M+H]+ 266.0869, C13H16NO3S requires M 266.0851. 

 

86a. tert-butyl N-(2’-methanesulfonamidoethyl)carbamate  

 

Compound was prepared according to general procedure A using methanesulfonyl chloride (0.072 mL, 

0.001 mol, 1.50 eq) and N-Boc-ethylenediamine (0.099 mL, 0.001 mol, 1.00 eq). Purification by flash 

chromatography (EtOAc in Hex, 0-50%) yielded the title compound as a white amorphous solid (51.0 

mg, 0.192 mmol, 87%). δH (400 MHz, CDCl3) 4.86 (2H, s, 2’–NH , 1’–NH), 3.32 (4H, m, 2’–H2, 1–

H2)   3.00 (3H, s, –CH3), 1.47 (9H, s, –C(CH3)3). δC (101 MHz, CDCl3) 156.7 (C=O), 80.1 (–C(CH3)3), 

43.7 (C–2’), 40.7 (C–1’), 40.4 (–CH3), 28.4 (–C(CH3)3). vmax (ATR) 3363 (N–H), 3286 (N–H), 2994, 

1684 (C=O), 1528, 1450, 1307, 1279, 1140 cm-1
. (GC-MS ESI+) 238.1 [M+H]+. Data agrees with that 

reported in Katsuhito et al.133 
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86. N-(2-aminoethyl)methanesulfonamide  

 

Compound was prepared according to general procedure B, using tert-butyl N-(2’-

methanesulfonamidoethyl)carbamate 86a  (15.0 mg, 0.067 mmol, 1.000 eq) to yield the title compound 

as a colourless oil (10.0 mg, 0.063 mmol, 93.3%). δH (400 MHz, MeOD) 3.37 (2H, t, J = 5.8 Hz, 2’–

H2), 3.10 (2H, t, J = 5.9 Hz, 1’–H2), 3.02 (3H, s, –CH3). δC (101 MHz, MeOD) 40.0 (C–2’), 39.6 (C–

1’), 38.0 (–CH3). vmax (ATR) 3361 (N–H), 3176 (N–H), 2974, 1591, 1326, 1286, 1141, 1084 cm-1. m/z 

(LC-MS ESI+) 139.117 [M+H]+. Data agrees with that reported in Yong et al.134 

 

87a. tert-butyl N-(2’-cyclohexanesulfonamidoethyl)carbamate  

 

Compound was prepared according to general procedure A using cyclohexane-sulfonyl chloride (50.0 

mg, 0.274 mmol, 1.00 eq) and N-Boc ethylenediamine (0.052 mL, 0.328 mmol, 1.20 eq). Purification 

by column chromatography (EtOAc in Hex 0-50%) yielded the title compound as a colourless oil (69.4 

mg, 0.226 mmol, 82%). δH (400 MHz, CDCl3) 4.93 (1H, s, 2’–NH), 4.68 (1H, s, 1’–NH), 3.42 – 3.15 

(4H, m, 2’–H2, 1’–H2), 2.86 –2.92 (1H, m, 1–H), 2.22 – 1.86 (4H, m, 2–H2), 1.82 – 1.12 (15H, m, 3–

H4, –C(CH3)3, 4–H2). δC (101 MHz, CDCl3) 157.1 (C=O), 80.3 (–C(CH3)3), 61.4 (C–1), 44.0 (C–2’), 

41.2 (C–1’), 28.4 (–C(CH3)3), 26.5 (C–5), 25.2 (C–3), 25.1 (C–4). vmax (ATR) 3371 (N–H), 3289 (N–

H), 2931, 1691 (C=O), 1513 1453, 1311, 1144 cm-1. m/z (LC-MS ESI+) 207.284 [M–Boc+H]+, 251.295 

[M–tBu+2H]+, 307.428 [M+H]+.  

 

87. N-(2’-aminoethyl)cyclohexanesulfonamide hydrochloride  
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Compound was prepared according to general procedure B, using tert-butyl N-(2’-

cyclohexanesulfonamidoethyl)carbamate 87a (20.0 mg, 0.065 mmol, 1.00 eq) to yield the title 

compound as a colourless oil (15.5 mg, 0.064 mmol, 98%). δH (400 MHz, MeOD) 3.35 (2H, m, 2’–H2), 

3.09 – 3.00 (3H, m, 1’–H2, 1–H), 2.20 – 1.83 (4H, m, 2–H2)), 1.79 – 1.15 (6H, m, 3–H2, 4–H2). δC (101 

MHz, MeOD) 60.1 (C–1), 40.1 (C–2’), 40.0 (C–1’), 26.2 (C–2), 24.9 (C–4), 24.7 (C–3). vmax (ATR) 

3346 (b, N–H), 2488, 2077, 1116, 971 cm-1. m/z (LC-MS ESI+) 207.284 [M+H]+, 413.498 [2M+H]+. 

Accurate mass (ES+) found [M+H]+ 207.1166, C8H19N2O2S requires M 207.1167. 

 

71a. tert-butyl N-methyl-N-[2’-(naphthalene-1-sulfonamido)ethyl]carbamate  

 

Compound was prepared according to general procedure A using 1-naphthalene sulfonyl chloride 73 

(50.0 mg, 0.221 mmol, 1.00 eq) and N-(2-aminoethyl)-N,N Boc methyl (0.047 mL, 0.265 mmol, 1.20 

eq). Purification by column chromatography (EtOAc in Hex 0-50%) yielded the title compound as a 

light brown oil (55.9 mg, 0.153 mmol, 70%). δH (400 MHz, CDCl3) 8.66 (1H, d, J = 8.6 Hz, 5–H), 8.28 

(1H, dd, J = 7.3, 1.5 Hz, 2–H), 8.10 (1H, dd, J = 8.2, 1.5 Hz, 4–H), 7.97 (1H, dd, J = 8.1, 1.5 Hz, 8–H), 

7.70 (1H, ddd, J = 8.6, 6.8, 1.5 Hz, 6–H), 7.60 (2H, m, 7–H, 3–H), 5.58 (1H, s, 2’–NH), 3.31 (2H, t, J 

= 5.8 Hz, 2’–H2), 3.08 (2H, t, J = 5.8 Hz, 1’–H2), 2.70 (3H, m,–NCH3), 1.45 (9H, s, –(CH3)3). δC (101 

MHz, CDCl3) 157.06 (C=O), 134.3 (C–2), 134.3 (C–1), 130.6 (C–4a),  129.5 (C–5), 129.1 (C–4), 128.5 

(C–7), 128.2 (C–8), 127.3 (C–8a), 124.5 (C–6), 124.1 (C–3), 80.3 (–C(CH3)3), 48.2 (–NCH3), 42.03 

(C–2’), 35.4 (C–1’), 28.4 (–(CH3)3). vmax (ATR) 3261 (N–H), 2974, 1673 (C=O), 1481, 1393, 1322, 

1155, 1131 cm-1. m/z (LC-MS ESI+) 265.319 [M–Boc+H]+, 365.338 [M+H]+. 

 

71. N-[2’-(methylamino)ethyl]naphthalene-1-sulfonamide hydrochloride 

 

Compound was prepared according to general procedure B, starting with tert-butyl N-methyl-N-[2’-

(naphthalene-1-sulfonamido)ethyl]carbamate 71a (20.0 mg, 0.055 mmol, 1.00 eq) to yield the title 

compound as a white amorphous solid (15.8 mg, 0.053 mmol, 96%). δH (400 MHz, MeOD) 8.68 (1H, 
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dd, J = 8.5, 1.0 Hz, 5–H), 8.29 – 8.17 (2H, m, 2–H, 4–H), 8.09 – 8.02 (1H, m, 8–H), 7.73 (1H, ddd, J = 

8.5, 6.9, 1.5 Hz, 6–H), 7.70 – 7.59 (2H, m, 7–H, 3–H), 3.15 – 3.02 (4H, m, 1’–H2, 2’–H2), 2.73 (3H, s, 

–NHCH3). δC (101 MHz, MeOD) 134.6 (C–2), 134.3 (C–1), 134.0 (C–4a), 129.3 (C–5), 128.9 (C–4), 

128.0 (C–7), 127.9 (C–8), 126.8 (C–8a), 124.1 (C–6), 124.0 (C–3’), 48.6 (–NHCH3), 38.6 (C–2’), 32.4 

(C–1’). vmax (ATR) 3353 (b, N–H), 2981, 2485, 2073, 1116, 974 cm-1. m/z (LC-MS ESI+) 265.281 

[M+H]+. Accurate mass (ES+) found [M+H]+ 265.1013, C13H17N2O2S requires M 265.1011. 

 

72a. tert-butyl N-[2’-(N-methylnaphthalene-1-sulfonamido)ethyl]carbamate  

 

Compound was prepared according to general procedure A using 1-naphthalene sulfonyl chloride 73 

(50.0 mg, 0.221 mmol, 1.00 eq) and N-Boc-2-methylamino-ethylamine ethylenediamine (46.1 mg, 0.265 

mmol, 1.20 eq). Purification by column chromatography (EtOAc in Hex 0-50%) yielded the title 

compound as a colourless oil (75.0 mg, 0.206 mmol, 93%). δH (400 MHz, CDCl3) 8.75 – 8.57 (1H, m, 

5–H), 8.16 (1H, dd, J = 7.4, 1.2 Hz, 2–H), 8.07 (1H, dd, J = 8.3, 1.2 Hz, 4–H), 7.93 (1H, d, J = 8.1 Hz, 

8–H), 7.67 (1H, ddd, J = 8.6, 6.9, 1.5 Hz, 6–H), 7.59 (1H, ddd, J = 8.1, 6.9, 1.2 Hz, 7–H), 7.57 – 7.51 

(1H, m, 3–H), 4.82 (1H, s, –NH), 3.30 (4H m, 2’–H2, 1’–H2), 2.89 (3H, s, –NCH3), 1.42 (9H, s, –

(CH3)3). δC (101 MHz, CDCl3) 156.0 (C=O), 134.5 (C–2), 134.4 (C–1), 133.6 (C–4a), 129.9 (C–5), 

129.0 (C–4), 128.8 (C–7), 128.3 (C–8), 127.0 (C–8a), 125.0 (C–6), 124.2 (C–3), 79.6 (–C(CH3)3), 49.2 

(–NCH3), 38.4 (C–2’), 34.8 (C–1’), 28.4 (–(CH3)3). vmax (ATR) 3396 (N–H), 2977, 1701, 1509, 1326, 

1162, 1131, 979 cm-1. m/z (LC-MS ESI+) 265.281 [M–Boc+H]+, 309.291 [M–tBu+2H]+, 365.348 

[M+H]+. Accurate mass (ES+) found [M+H]+ 365.1530, C18H25N2O4S requires M 365.1535. 

 

72. N-(2’-aminoethyl)-N-methylnaphthalene-1-sulfonamide  

 

Compound was prepared according to general procedure B, starting with tert-butyl N-[2’-(N-

methylnaphthalene-1-sulfonamido)ethyl]carbamate 72a (20.0 mg, 0.055 mmol, 1.00 eq) to yield the 

title compound as an off white amorphous solid (15.8 mg, 0.053 mmol, 96%). δH (400 MHz, MeOD) 
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8.81 (1H, dd, J = 8.6, 1.1 Hz, 5–H), 8.24 (1H, dd, J = 8.3, 1.2 Hz, 2–H), 8.18 (1H, dd, J = 7.4, 1.1 Hz, 

4–H), 8.10 – 8.05 (1H, m, 8–H), 7.77 – 7.62 (3H, m, 6–H, 7–H, 3–H), 3.44 (2H, t, J = 5.9 Hz, 2’–H2), 

3.18 (2H, t, J = 5.9 Hz, 1’–H2), 2.98 (3H, s, –NCH3). δC (101 MHz, MeOD) 134.7 (C–2), 134.4 (C–1), 

133.1 (C–4a), 129.2 (C–5), 128.9 (C–4), 128.6 (C–7), 127.9 (C–8), 126.8 (C–8a), 124.6 (C–6), 124.1 

(C–3), 66.7 (–NCH3), 37.0 (C–2’), 34.4 (C–1’). vmax (ATR) 3406 (b, N–H), 2971, 2917, 1595, 1506, 

1322 1155, 1127, 996, 772 cm-1. m/z (LC-MS ESI+) 265.281 [M+H]+, 529.482 [2M+H]+. Accurate 

mass (ES+) found [M+H]+ 265.1010, C13H17N2O2S requires M 265.1011. 

 

68a. tert-butyl N-[2’-(4-propylbenzenesulfonamido)ethyl]carbamate  

 

Compound was prepared according to general procedure A using 4-n-propyl-1-sulfonyl chloride (50.0 

mg, 0.229 mmol, 1.00 eq) and N-Boc ethylenediamine (0.043 mL, 0.274 mmol, 1.20 eq). Purification 

by column chromatography (EtOAc in Hex 0-50%) yielded the title compound as a white amorphous 

solid (48.2 mg, 0.141 mmol, 62%). δH (400 MHz, CDCl3) 7.78 (2H d, J = 8.4 Hz, 2–H2), 7.33 (2H, d, J 

= 8.4 Hz, 3–H2), 5.17 (1H, s, 2’–NH), 4.88 (1H, s, 1’–NH), 3.25 (2H, t, J = 5.7 Hz, 2’–H2), 3.08 (t, J = 

5.7 Hz, 1’–H2), 2.67 (2H, t, J = 8.5, Hz, –ArCH2), 1.76 – 1.61 (2H, m, –CH2CH3), 1.45 (9H, s, –(CH3)3), 

0.97 (3H, t, J = 7.3 Hz, –CH3). δC (101 MHz, CDCl3) 156.6 (C=O), 148.2 (C–1), 137.0 (C–4), 129.2 

(C–2), 127.1 (C–3), 79.9 (–C(CH3)3), 43.7 (C–2’), 40.3 (C–1’), 37.9 (–ArCH2), 28.3 (–(CH3)3), 24.2 (–

CH2CH3), 13.7 (–CH3). vmax (ATR) 3371 (N–H), 3283 (N–H), 2969, 2872, 1687 (C=O), 1527, 1324, 

1269, 1153, 1090 cm-1. m/z (LC-MS ESI+) 243.275 [M–Boc+H]+, 287.362 [M–tBu+2H]+, 343.381 

[M+H]+. Accurate mass (ES+) found [M+H]+ 343.1683, C16H27N2O4S requires M 343.1692. 

 

68. N-(2-aminoethyl)-4-propylbenzene-1-sulfonamide  
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Compound was prepared according to general procedure B, starting with tert-butyl N-[2’-(4-

propylbenzenesulfonamido)ethyl]carbamate 68a (20.0 mg, 0.058 mmol, 1.000 eq) to yield the title 

compound as an off white amorphous solid (16.0 mg, 0.057 mmol, 98%). δH (400 MHz, MeOD) 7.81 

(2H, d, J = 8.2 Hz, 2–H), 7.44 (2H, d, J = 8.2 Hz, 3–H), 3.13 – 2.99 (4H, m, 2’–H2. 1’–H2), 2.71 (2H, 

d, J = 8.5, Hz, Ar–CH2), 1.80 – 1.60 (2H, m, –CH2CH2CH3), 0.98 (3H, t, J = 7.4 Hz, -CH3). δC (101 

MHz, MeOD) 148.4 (C–1), 136.7 (C–4), 129.1 (C–2), 126.8 (C–3), 40.0 (C–2’), 39.3 (C–1’), 37.4 (Ar-

CH2), 24.0 (–CH2CH2CH3), 12.3 (–CH3). vmax (ATR) 3396 (b, N–H), 2964, 2871, 1595, 1326, 1155, 

1092 cm-1. m/z (LC-MS ESI+) 243.314[M+H]+, 485.514 [2M+H]+. Accurate mass (ES+) found [M+H]+ 

243.1166, C11H19N2O2S requires M 243.1167. 

 

63a. tert-butyl N-[2’-(5-chloronaphthalene-1-sulfonamido)ethyl]carbamate  

 

Compound was prepared according to general procedure A using 5-chloro,naphthlene-1-sulfonyl 

chloride (50.0 mg, 0.191 mmol, 1.00 eq) and N-Boc ethylenediamine (0.036 mL, 0.230 mmol, 1.20 eq). 

Purification by column chromatography (EtOAc in Hex 0-50%) yielded the title compound as a white 

amorphous solid (57.2 mg, 0.149 mmol, 78%). δH (400 MHz, CDCl3) 8.64-8.60 (2H, m, 8–H, 4–H), 

8.32 (1H, dd, J = 7.3, 1.2 Hz, 2–H), 7.76 – 7.61 (2H, m, 6–H, 3–H), 7.56 (1H, t, J = 8.1 Hz, 7–H), 5.82 

(1H, s, 2’–NH), 4.86 (1H, s, 1’–NH), 3.20 (2H, t, J = 5.8 Hz, 2’–H2), 3.04 (1H, t, J = 5.7 Hz, 1’–H2), 

1.40 (9H, s, –C(CH3)3). δC (101 MHz, CDCl3) 156.6 (C=O), 135.1 (C–1), 133.1 (C–5), 131.7 (C–4a), 

130.6 (C–4), 130.3 (C–2), 129.4 (C–8a), 128.2 (C–7), 127.4 (C–8), 125.3 (C–6), 123.6 (C–3), 80.0 (–

C(CH3)3), 43.9 (C–2’), 40.3 (C–1’), 28.3 (–(CH3)3). vmax (ATR) 3361 (N–H), 3286 (N–H), 2981, 1680 

(C=O), 1528, 1332, 1162, 1134, 790 cm-1. m/z (LC-MS ESI+) 285.271 [M(35Cl)–Boc+H]+ (100), 

287.286 [M(37Cl)–Boc+H]+ (39), 329.243 [M(35Cl)–tBu+2H]+ (76), 331.258  [M(37Cl)–tBu+2H]+ (27). 

Accurate mass (ES+) found [M+H]+ 385.0991, C17H22N2O4S35Cl requires M 385.0989. 

 

 

 

 

 

https://mbook.mestrelab.com/21535
https://mbook.mestrelab.com/21537
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63. N-(2’-aminoethyl)-5-chloronaphthalene-1-sulfonamide hydrochloride  

 

Compound was prepared according to general procedure B, using tert-butyl N-[2-(5-

chloronaphthalene-1-sulfonamido)ethyl]carbamate 63a (20.0 mg, 0.052 mmol, 1.00 eq) to yield the 

title compound as an amorphous white solid (15.0 mg, 0.047 mmol, 90%). δH (400 MHz, MeOD) 8.70 

(1H, d, J = 8.5 Hz, 8–H), 8.63 (1H, d, J = 8.4 Hz, 4–H), 8.35 (1H, d, J = 7.0 Hz, 2–H), 7.85 – 7.73 (2H, 

m, 6–H, 3–H), 7.69 (1H, t, J = 8.5 Hz, 7–H), 3.07 (4H, m, 2’–H2, 1’–H2). δC (101 MHz, MeOD) 135.2 

(C–1), 132.5 (C–5), 131.5 (C–4a), 130.0 (C–4), 129.9 (C–2), 129.3 (C–8a), 127.9 (C–7), 127.4 (C–8), 

125.4 (C–6), 123.7 (C–3), 33.9 (C–1’), 33.5 (C–2’). vmax (ATR) 3271 (b, N–H), 2988, 2854, 1591, 1563, 

1496, 1319, 1134, 1031 cm-1. m/z (LC-MS ESI+) 285.233 [M(35Cl)+H]+ (100), 287.248 [M(37Cl)+H]+ 

(80). Accurate mass (ES+) found [M+H]+ 285.0467, C12H24N2O2S35Cl requires M 285.0465. 

 

92. N,N-diethylbenzenesulfonamide  

 

PhMgBr 88 (1.3 mL of a 1M solution in THF, 1.25 mmol, 1.00 eq) was added dropwise to a suspension 

of DABSO 89 (0.481 g, 2.00 mmol, 1.60 eq) in THF (15.0 mL) at –40 oC.  The mixture was left stir for 

1 h after which SO2Cl2 (0.169 g, 1.25 mmol, 1.00 eq) was added and the reaction mixture allowed to 

attain ambient temperature. The mixture was transferred dropwise to diethyl amine (1.3 mL, 12.5 mmol, 

10.0 eq) in THF (5 ml) and was allowed to stir at room temperature for 16 hours. The reaction was 

quenched with water (10 ml), the layers separated, and the aqueous layers extracted with chloroform (3 

x 15 ml). The combined organic extracts were dried over MgSO4, concentrated and purified by flash 

chromatography (EtOAc in Hex, 0-45%) to yield the title compound as a clear oil (0.206 g, 0.967 mmol, 

77%). δH (400 MHz, CDCl3) 7.85 – 7.81 (2H, m, 2–H), 7.61 – 7.55 (1H, m, 4–H), 7.55 – 7.49 (2H, m, 

3–H), 3.27 (4H, q, J = 7.2 Hz, –CH2), 1.15 (6H, t, J = 7.2 Hz, –CH3). δC (101 MHz, CDCl3) 140.4 (C–

1), 132.23 (C–2), 129.00 (C–3), 126.97 (C–4), 42.02 (–CH2), 14.1 (–CH3). m/z (LC-MS ESI+) 214.604 

[M+H]+, 427.207 [2M+H]+. Data agrees with that reported in Wei et al.135  

https://mbook.mestrelab.com/21391
https://mbook.mestrelab.com/21392
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94. N,N-diethylnaphthalene-1-sulfonamide  

 

Compound was synthesized according to general procedure B using 1-bromonaphthalene 93 (2.00 g, 

1.4 ml, 5.00 mmol) and diethyl amine (3.66 g, 50.0 mmol, 10.0 eq). Following separation of the layers, 

the aqueous layer was extracted with DCM (3 x 20 ml), concentrated and purified by column 

chromatography (EtOAc in Hex, 0-45%) to yield the title compound as a clear oil (0.297 g, 1.12 mmol. 

23%). δH (599 MHz, CDCl3) 8.64 (1H, dq, J = 8.7, 0.9 Hz, 5–H), 8.19 (1H, dd, J = 7.3, 1.2 Hz, 2–H), 

8.03 (1H, dd, J = 8.2, 1.2 Hz, 4–H), 7.90 (1H ddd, J = 8.1, 1.3, 0.6 Hz, 8–H), 7.63 (1H, ddd, J = 8.7, 

6.9, 0.6 Hz, 6–H), 7.57 (1H, ddd, J = 8.1, 6.9, 0.9 Hz, 7–H), 7.51 (1H, dd, J = 8.2, 7.3 Hz, 3–H) 3.40 

(4H, q, J = 7.1, –CH2), 1.11 (6H, t, J = 7.1, –CH3).  δC (151 MHz, CDCl3) 135.4 (C–2), 134.4 (C–1), 

133.9 (C–4a), 129.4 (C–5), 128.8 (C–4), 128.6 (C–7), 127.9 (C–8), 126.7 (C–8a), 125.1 (C–6), 124.0 

(C–3), 40.8 (–CH2), 13.7 (–CH3). m/z (LC-MS ESI+) 264.25 [M+H]+. Data agrees with that reported 

in Lai et al.136 

 

95. N-(2’-aminoethyl)quinoline-8-sulfonamide  

 

Compound was synthesized according to general procedure C using 8-Bromoquinoline (0.560g, 2.69 

mmol, 1.00 eq) and N-Boc ethylenediamine (0.647 g, 4.037 mmol, 1.50 eq). Following quenching with 

sat. NaHCO3(aq) (15 ml), the aqueous layer was washed with DCM (3 x 15 ml). 3M HCl (10 ml) was 

added to the aqueous fraction and the mixture was allowed to room temperature for 1 hour. The resulting 

free amine was then purified with successive washes of hexane (2 x 20 ml), DCM (2 x 20 ml) and ethyl 

acetate (2 x 20 ml). The aqueous layer was then basified to pH12 using 1M NaOH, extracted with 

EtOAc (3 x 20 ml) and the combined organic layers were washed with brine (3 x 10 ml) and dried over 

MgSO4. The resulting mixture was then dissolved in ice water and filtered. The filtrate was collected 

and dried in vacuo to yield the title compound (84mg, 0.322 mmol, 12.9%) as a yellow oil.  δH (699mHz, 

CDCl3) 9.03 (1H, dd, J = 4.2, 1.8, 2–H), 8.41 (1H, dd, J = 7.3, 1.5, 7–H), 8.26 (1H, dd, J = 8.3, 1.8, 4–

H), 8.04 (1H, dd, J = 8.2, 1.5, 5–H), 7.64 (1H, dd, J = 8.2, 7.3, 6–H), 7.54 (1H, dd, J = 8.3, 4.2 Hz, 3–

H), 3.65 (2H, m, b, –NH2)  2.94 (2H, t, J = 5.7, 1’–H2), 2.83 (2H, t, J = 5.7, 2’–H2). δC (176 MHz, 

CDCl3) 151.4 (C–2), 143.2 (C–8a), 137.0 (C–4), 135.8 (C–4a), 133.3 (C–5), 131.2 (C–7), 128.7 (C–8), 
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125.7 (C–6), 122.3 (C–3), 45.70 (C–1’), 41.28 (C–2’). vmax (ATR) 3370 (N–H), 3257 (N–H), 2933, 

2868, 2256, 1489, 1316, 1143, 905 cm-1.  m/z (LC-MS ESI+) 252.0 [M+H]+. Data agrees with Del Solar 

et al.137 

 

96a. tert-butyl N-[2’-(isoquinoline-8-sulfonamido)ethyl]carbamate  

 

Compound was synthesized according to general procedure C using 8-bromoisoquinoline (490mg, 2.00 

mmol) and N-Boc ethylenediamine (0.566 g, 0.004 mol, 1.50 eq). Following separation of the layers, 

the crude product was isolated by extraction into the aqueous layer with water (3x20ml) basified to pH 

12 using 0.1M NaOH. The aqueous layers were then combined and neutralized to pH 7 using 0.1M HCl 

and extracted with DCM (3x50ml). The combined organic layers were dried over MgSO4, concentrated 

and purified by column chromatography [(EtOAc: (MeOH:DCM, 1:9), 0-100%) to yield the title 

compound as an off-white solid (317 mg, 0.774 mmol, 39%) m.p.: 135-137 °C. δH (700mHz, 

CDCl3) 10.15 (1H, s, 1–H), 8.72 (1H, d, J = 5.6, 3–H), 8.32 (1H, d, J = 7.2, 7–H), 8.05 (1H, d, J = 8.2, 

5–H), 7.80 (1H, d, J = 5.6, 4–H), 7.77 (1H, dd, J = 8.2, 7.2, 6–H), 6.98 (1H, s, 2’–NH), 4.93 (1H, s, 1’–

NH), 3.22 (2H, q, J = 5.7, 2’–H2), 3.07 (2H, q, J = 5.7, 1’–H2), 1.36 (9H, s, –(CH3)3). δC (176 MHz, 

CDCl3) 156.3 (C=O), 149.1 (C–1), 143.7 (C–2), 136.9 (C–4a), 136.2 (C–1), 132.5 (C–5), 130.5 (C–7), 

128.9 (C–6), 123.2 (C–8a), 121.3 (C–4), 79.8 (–C(CH3)3), 43.5 (C–2’), 40.5 (C–1’), 28.3 (–

C(CH3)3).vmax (ATR) 3292 (N–H), 2972, 2917, 2156, 1695 (C=O), 1603, 1510, 1161, 984 cm-1. m/z 

(LC-MS ESI+) 352.03 [M+H]+. Accurate mass (ES+) found [M+H]+ 352.1322, C16H22N3O4S requires 

M 352.1331.  

 

96. N-(2’-aminoethyl)isoquinoline-8-sulfonamide hydrochloride  
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Compound was prepared according to general procedure B, using tert-butyl N-[2’-(isoquinoline-8-

sulfonamido)ethyl]carbamate 96a (61.1 mg, 0.174 mmol) to yield the title compound as a light brown 

amorphous solid (48.0 mg, 0.167 mmol, 96%). δH (700 MHz, D2O) 10.09 (1H, s, 1–H), 8.59 (1H, d, J 

= 6.5 Hz, 3–H), 8.51 – 8.44 (2H, m, 7–H & 5–H), 8.40 (1H, d, J = 6.5 Hz, 4–H), 8.16 (1H, dd, J = 8.4, 

7.4 Hz, 6–H), 3.72 – 3.50 (m (broad), –NH3
+), 3.14 (2H. dd, J = 5.7, 5.1 Hz, 2’–H2), 3.04 (2H, t, J = 5.7 

Hz, 1’–H2).  δC (176 MHz, D2O) 143.4 (C–1), 140.5 (C–2), 136.2 (C–4a), 135.1 (C–1), 133.6 (C–5), 

133.5 (C–6),  132.9 (C–7), 126.9 (C–8a), 122.4 (C–4), 40.0 (C–2’), 39.2 (C–1’). vmax (ATR) 3345 (N–

H), 3260 (N–H), 2980, 2933, 2347, 2112, 1538, 1471, 1382, 1206, 1062, 1019 cm-1. m/z (LC-MS ESI+) 

252.30 [M+H]+. Accurate mass (ES+) found [M+H]+ 252.0810, C11H14N3O2S requires M 252.0813. 

 

97a. tert-butyl N-[2’-(isoquinoline-5-sulfonamido)ethyl]carbamate  

 

Compound was synthesized according to general procedure C using 5-bromoisoquinoline (500 mg, 2.40 

mmol) and N-Boc ethylenediamine (0.578 g, 0.004 mol, 1.50 eq). Following separation of the layers, 

the crude product was isolated by extraction into the aqueous layer with water (3 x 20 ml) basified to 

pH 12 using 0.1M NaOH. The aqueous layers were then combined and neutralized to pH 7 using 0.1M 

HCl and extracted with DCM (3 x 50 ml). The combined organic layers were dried over MgSO4, 

concentrated and purified by column chromatography (EtOAc in Hex, 0-100%) to yield the title 

compound as a light-yellow solid (0.290 mg, 0.825 mmol, 29%). m.p.: 118-120 °C. δH (700mHz, 

CDCl3) 9.02 (1H, d, J = 8.8, 3–H), 9.00 (1H, d, J = 4.2, 1–H), 8.32 (1H, dd, J = 8.4, 1.2, 6–H), 8.26 

(1H, dd, J = 7.4, 1.2, 8–H), 7.76 (1H, dd, J = 8.4, 7.4, 7–H), 7.55 (1H, dd, J = 8.8, 4.2, 4–H), 5.78 (1H, 

s, 2’–NH), 4.81 (1H, s, 1’–NH), 3.19 (2H, q, J = 5.6, 2’–H2), 3.06 (2H, t, J = 5.6, 1’–H2), 1.38 (9H, s, 

– (CH3)3). δC (176 MHz, CDCl3) 156.8 (C=O), 151.1 (C–1), 148.6 (C–3), 135.6 (C–4), 135.1 (C–8a), 

133.0 (C–5), 129.5 (C–8), 127.6 (C–7), 124.0 (C–4a), 122.7 (C–6), 80.2 (–C(CH3)3), 44.2 (C–2’), 40.3 

(C–1’), 28.3 (– (CH3)3). vmax (ATR) 3269 (N-H), 2989, 2934, 2245, 1695 (C=O), 1601, 1502, 1321, 

1156, 1089 cm-1. m/z (LC-MS ESI+) 352.795 [M+H]+. Accurate mass (ES+) found [M+H]+ 352.1337, 

C16H22N3O4S requires M 352.1331. CHN found: C 54.65; H 5.99; N 11.72. C16H21N3O4S requires C 

54.68; H 6.02; N 11.96.  
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97. N-(2’-aminoethyl)isoquinoline-5-sulfonamide hydrochloride  

 

Compound was prepared according to general procedure B, using tert-butyl N-[2’-(isoquinoline-5-

sulfonamido)ethyl]carbamate 97a (86.8mg, 0.247mmol) to yield the title compound as a light brown 

amorphous solid (69.5 mg, 0.242 mmol, 98%). δH (700 MHz, D2O) 9.55 (1H, dd, J = 8.9, 1.3 Hz, 3–H), 

9.13 (1H, d, J = 1.3 Hz, 1–H), 8.41 (1H, dd, J = 7.4, 1.2 Hz, 6–H), 8.37 (1H, dd, J = 8.7, 1.2 Hz, 8–H), 

8.13 – 8.07 (2H, m, 7–H & 4–H), 3.72 – 3.48 (m (broad), –NH3
+), 3.10 (2H, t, J = 5.7 Hz, 2’–H2), 3.02 

(2H t, J = 5.7 Hz, 1’-H2). δC (176 MHz, D2O) 145.6 (C–1), 142.9 (C–3), 139.0 (C–4), 134.9 (C–8a), 

133.3 (C–5), 132.2 (C–8), 127.0 (C–7), 124.3 (C–4a), 123.7 (C–6), 39.9 (C–2’), 39.2 (C–1’). vmax (ATR) 

3359 (N–H), 3273 (N–H), 2983, 2892, 2111, 2003, 1544, 1334, 1230, 1139, 1031, 953 cm-1. m/z (LC-

MS ESI+) 252.248 [M+H]+. Accurate mass (ES+) found [M+H]+ 252.0812, C11H14N3O2S requires 

M 252.0813.  

 

98a. tert-butyl N-[2’-(quinoline-5-sulfonamido)ethyl]carbamate  

 

Compound was synthesized according to general procedure C using 5-bromoquinoline (500mg 

2.40mmol) and N-Boc ethylenediamine (0.202 mL, 2.643 mmol, 1.10 eq). Following separation of the 

layers, the crude product was isolated by extraction into the aqueous layer with water (3 x 20 ml) 

basified to pH 12 using 0.1M NaOH. The aqueous layers were then combined and neutralized to pH 7 

using 0.1M HCl and extracted with DCM (3 x 50 ml). The combined organic layers were dried over 

MgSO4, concentrated and purified by column chromatography (EtOAc in Hex, 0-100%) to yield the 

title compound as a light yellow amorphous solid (348 mg, 0.990 mmol, 41%). δH (700 MHz, CDCl3) 

9.01 (1H, d, J = 8.7, 8–H), 8.99 (1H, dd, J = 4.2, 1.6, 6–H), 8.31 (1H, d, J = 8.5, 2–H), 8.25 (1H, dd, J = 

7.3, 1.6, 4–H), 7.75 (1H, dd, J = 8.5, 7.3, 3–H), 7.53 (1H, dd, J = 8.7, 4.2, 7–H), 5.92 (1H, s, 2’–NH), 

4.85 (1H, s, 1’–NH), 3.18 (2H, q, J = 5.8, 2’–H2), 3.05 (2H, q, J = 5.8, 1’–H2), 1.37 (9H, s, –

C(CH3)3). δC (176 MHz, CDCl3) 156.8 (C=O), 151.1 (C–4), 148.6 (C–5), 135.6 (C–2), 135.1 (C–8a), 

133.0 (C–8), 129.5 (C–4a), 127.6 (C–3), 124.0 (C–6), 122.7 (C–7), 80.1 (–C(CH3)3), 44.1 (C–2’), 40.3 
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(C–1’), 28.3 (– (CH3)3). vmax (ATR) 3269 (N–H), 3119, 2980, 2934, 1690 (C=O), 1618, 1518, 1492, 

1321, 1249, 1161, 1094, 733 cm-1. m/z (LC-MS ESI+) 352.04 [M+H]+. Accurate mass (ES+) found 

[M+H]+ 352.1333, C16H22N3O4S requires M 352.1331.  

    

98. N-(2’-aminoethyl)quinoline-5-sulfonamide hydrochloride 

 

Compound was prepared according to general procedure B, using tert-butyl N-[2’-(quinoline-5-

sulfonamido)ethyl]carbamate (98a) (86.8 mg, 0.247 mmol) to yield the title compound as a light brown 

amorphous solid (69.5 mg, 0.24 2mmol, 98%). δH (700 MHz, D2O) 9.53 (1H, dt, J = 8.9, 1.4 Hz, 8–H), 

9.13 (1H, dd, J = 5.3, 1.4 Hz, 6–H), 8.39 (1H, dd, J = 7.5, 1.1 Hz, 2–H), 8.35 (1H, dt, J = 8.7, 1.1 Hz, 

4–H), 8.12 – 8.07 (2H, m, 3-H & 7–H), 3.10 (2H, dd, J = 5.8, 5.1 Hz, 2’–H2), 3.02 (2H t, J = 5.8 Hz, 

1’–H2). δC (176 MHz, D2O) δ 145.6 (C–4), 142.8 (C–5), 138.9 (C–2), 134.9 (C–8a), 133.3 (C–8), 132.3 

(C–4a), 127.1 (C–3), 124.2 (C–6), 123.7 (C–7), 39.9 (C–2’), 39.2 (C–1’). vmax (ATR) 3317 (N–H), 3222 

(N–H), 2971, 2930, 2350, 2127, 1474, 1375, 1267, 1155, 1015 cm-1. m/z (LC-MS ESI+) 

252.30 [M+H]+. Accurate mass (ES+) found [M+H]+ 252.0812, C11H14N3O2S requires M 252.0813.  

 

100a. tert-butyl N-[2’-(isoquinoline-4-sulfonamido)ethyl]carbamate  

 

Compound was synthesized according to general procedure C using 4-bromo, isoquinoline (500 mg, 

2.40 mmol) and N-Boc ethylenediamine (579.9 mg, 0.004 mol, 1.50 eq). Following separation of the 

layers, the crude product was isolated by extraction into the aqueous layer with water (3 x 20 ml) 

basified to pH 12 using 0.1M NaOH. The aqueous layers were then combined and neutralized to pH 7 

using 0.1M HCl and extracted with DCM (3 x 50 ml). The combined organic layers were dried over 

MgSO4, concentrated and purified by column chromatography (EtOAc in Hex 0-100%) to yield the title 

compound as a light orange solid (516 mg, 1.64 mmol, 61%), m.p. 140-142 oC. δH (599 MHz, CDCl3) 

9.40 (1H, s, 1–H), 9.10 (1H, s, 3–H), 8.65 – 8.52 (1H, m, 5–H), 8.09 (1H, dt, J = 8.2, 1.0 Hz, 8–H), 7.88 

(1H, ddd, J = 8.4, 6.9, 1.0 Hz, 6–H), 7.74 (1H, ddd, J = 8.2, 6.9, 1.2 Hz, 7–H), 5.90 (1H, s, 2’–NH), 
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4.84 (1H, s, 1’–NH), 3.21 (2H, q, J = 5.6 Hz, 1’–H2), 3.10 (2H, q, J = 5.6 Hz, 2’–H2), 1.38 (9H, s, –

(CH3)3). δC (151 MHz, CDCl3) 157.9 (C–1), 156.8 (C=O), 144.6 (C–3), 132.8 (C–6), 130.8 (C–8a), 

129.5 (C–4a), 128.8 (C–8), 128.4 (C–7), 125.7 (C–4) 123.8 (C–5), 80.1 (–C(CH3)3), 44.2 (C–2’), 40.4 

(C–1’), 28.2 (–(CH3)3). vmax (ATR) 3282 (N–H), 2983, 2942, 2255, 1694 (C=O), 1592, 1500, 1369, 

1259, 1159, 1099, 914 cm-1. m/z (LC-MS ESI+) 353.29 [M+H]+, 296.073 [M–tBu+2H]+, 705.47 

[2M+H]+. Accurate mass (ES+) found [M+H]+ 352.1339, C16H22N3O4S requires M 352.1331.  

 

100. N-(2-aminoethyl)isoquinoline-4-sulfonamide hydrochloride 

 

Compound was prepared according to general procedure B, using tert-butyl N-[2’-(isoquinoline-4-

sulfonamido)ethyl]carbamate 100a (60.0 mg, 0.171 mmol) to yield the title compound as a light brown 

solid (48.0 mg, 0.167 mmol, 98%) m.p. 137-139oC. δH (700 MHz, CD3OD) 9.98 (1H, s, 1–H), 9.11 

(1H, s, 3–H), 8.87 (1H, d, J = 8.6 Hz, 5–H), 8.64 (1H, d, J = 8.2 Hz, 8–H), 8.41 – 8.34 (1H, dd, J = 8.6, 

7.5 Hz, 6–H), 8.14 (1H, dt, J = 8.2, 7.5 Hz, 7–H), 3.23 (2H, t, J = 5.8 Hz, 2’–H2), 3.09 (2H, t, J = 5.8 

Hz, 1’–H2). δC (176 MHz, CD3OD) 153.3 (C–1), 137.9 (C–3), 135.1 (C–6), 133.7 (C–8a), 133.1 (C–

4a), 131.8 (C–8), 131.1 (C–7), 128.6 (C–4), 124.3 (C–5), 39.9 (C–2’), 39.4 (C–1’). vmax (ATR) 3301 

(N–H), 3267 (N–H, 2972, 2926, 2846, 1644, 1484, 1384, 1226, 1136, 1089, 1018 cm-1. m/z (LC-MS 

ESI+) 292.31 [M+H]+. Accurate mass (ES+) found [M+H]+ 252.0817, C11H14N3O2S requires 

M 252.0813.     

 

102. tert-butyl N-[2’-(7-chloro-2,1,3-benzoxadiazole-4-sulfonamido)ethyl]carbamate  

 

Compound was prepared according to general procedure A using 4-chloro-7-chlorosulfonyl-2,1,3- 

benzoxadiazole (150 mg, 0.593 mmol, 1.00 eq) and N-Boc ethylenediamine (143 mg, 0.889 mmol, 1.50 

eq). Purification by recrystallization (DCM in Hexane) afforded the title compound as a white 

solid (154 mg, 0.409 mmol, 69%). m.p.: 181-182 ℃.  δH (599 MHz, CDCl3) 7.99 (d, J = 7.3 Hz, 5–H), 

7.54 (d, J = 7.3 Hz, 6–H), 5.81 (1H. s, 2’–NH), 4.78 (1H, s, 1’–NH), 3.42 – 3.15 (4H, m, 2’–H2, 1’–
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H2), 1.40 (9H, s, –C(CH3)3). δC (151 MHz, CDCl3) 156.4 (C=O), 148.9 (C–4), 145.0 (C–7), 133.5 (C–

5), 129.1 (C–6), 128.0 (C–3), 127.8 (C–8), 80.2 (–C(CH3)3), 44.1 (C–2’), 40.3 (C–1’), 28.2 (–C(CH3)3). 

vmax (ATR) 3325 (N–H), 3087, 2997, 1687 (C=O), 1542, 1336, 1279, 1155, 1098, 1045, 945 cm-1. m/z 

(LC-MS ESI+) 321.178 ([M(35Cl)–tBu+2H]+, 100), 323.154 ([M(37Cl)–tBu+2H]+, 36), 399.197 ([M+Na 

(35Cl)]+, 39), 401.163 ([M+Na (37Cl)]+, 14) Accurate mass (ES+) found [M+Na (35Cl)]+ 399.0505, 

NaC13H17N4O5
35ClS requires M 399.0506.  

 

103. tert-butyl N-{2'-[7-(methylamino)-2,1,3-benzoxadiazole-4-sulfonamido]ethyl}carbamate  

 

To a sealed flasks under argon, cesium carbonate (277 mg, 0.849 mmol, 4.00 eq) was added in portions 

to a solution of tert-butyl N-[2-(7-chloro-2,1,3-benzoxadiazole-4-sulfonamido)ethyl]carbamate 102 

(80.0 mg, 0.212 mmol, 1.00 eq) and methyl amine in THF (2.1 mL, 2.00M, 4.25 mmol, 20.0 eq) 

in MeOH (2.0 mL). The reaction was left to stir at room temperature for 5 hours, quenched with water 

(5 ml) concentrated and the resulting aqueous mixture was extracted with DCM (3x10ml). The 

combined organic layers were then washed with sat. Na2CO3 (aq), dried over MgSO4 concentrated and 

purified by column chromatography (EtOAc in Hexane, 0-60%) to yield the title compound as a yellow 

solid (66 mg, 0.178 mmol, 84%). m.p: δH (400 MHz, MeOD) 8.05 (1H, d, J = 7.8 Hz, 5–H), 6.88 (1H, 

d, J = 7.8 Hz, 6–H), 4.15 (3H, s, –NHCH3), 3.03-3.10 (4H, m, 2’–H2, 1’–H2), 1.37 (9H, s, –C(CH3)3). 

δC (101 MHz, MeOD) 156.9 (C=O), 152.6 (C–7), 145.9 (C–3), 144.9 (C–8), 136.7 (C–5), 120.1 (C–4), 

104.7 (C–6), 78.8 (–C(CH3)3), 56.4 (–NHCH3), 42.3 (C–2’), 39.8 (C–1’), 27.2 (–C(CH3)3). vmax (ATR) 

3369 (N–H), 3282 (N–H), 2992, 2955, 2504, 2432, 1683 (C=O),1556, 1534, 1428, 1334, 1165, 1146, 

1093, 976, 886 cm-1. m/z (LC-MS ESI+) 373.297 [M+H]+, 317.238 [M–tBu+2H]+, 273.245 [M–

Boc+2H]+. Accurate mass (ES+) found [M–Boc+2H]+ 273.0653, C9H15N5O3S requires M 273.0658.    

 

104. 7-(methylamino)-N-[2’-(trimethylazaniumyl)ethyl]-2,1,3-benzoxadiazole-4-sulfonamide chloride  
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Compound was prepared according to general procedure B, using tert-butyl N-{2'-[7-(methylamino)-

2,1,3-benzoxadiazole-4-sulfonamido]ethyl}carbamate 103 (38 mg, 0.102 mmol, 1.00 eq) to yield the 

title compound as a bright yellow amorphous solid (31 mg, 0.100 mmol, 98%). δH (700 MHz, CD3OD) 

8.12 (1H, d, J = 7.8 Hz, 5–H), 6.91 (1H, d, J = 7.8 Hz, 6–H), 4.17 (3H, s, –NHCH3), 3.29 (2H, t, J = 

5.9 Hz, 2’–H2), 3.09 (2H, t, J = 5.9 Hz, 1’–H2). δC (176 MHz, CD3OD) 152.9 (C–7), 146.0 (C–3), 145.1 

(C–8), 137.5 (C–5), 119.1 (C–4), 104.8 (C–6), 56.5 (–NHCH3), 40.0 (C–2’), 39.4 (C–1’). m/z (LC-MS 

ESI+) 272.703 [M+H]+, 545.071 [2M+H]+. Accurate mass (ES+) found [M+H]+ 272.0820, C9H14N5O3S 

requires M 272.0817.  

 

108b. 1-bromo, 2-methoxynaphthalene  

 

Compound was synthesized according to general procedure C using 1-bromo, naphtha-2-ol (500 mg, 

2.24 mmol) and iodomethane (0.558 ml, 8.97 mmol).  Following extraction of the aqueous fraction with 

EtO2 (3 x 15 ml), the combined organic layers were purified by successive washes with 0.1 M NaOH 

(3 x 20 ml) and brine (3 x 20 ml). The organic fraction was dried over MgSO4 and concentrated to yield 

the title compound as a light brown solid (493 mg, 2.08 mmol, 93%). m.p.: 82-83 ℃. δH (400MHz, 

CDCl3) 8.24 (1H, dq, J = 8.6, 1.2, 8–H), 7.82 – 7.78 (2H, m, 5–H, 4–H), 7.58 (1H, ddd, J = 8.6, 6.9, 

1.3, 7–H), 7.41 (1H ddd, J = 8.1, 6.9, 1.2, 6–H), 7.26 (1H, d, J = 8.9, 3–H), 4.02 (3H, s, –OCH3). δC (101 

MHz, CDCl3) 153. (C–2), 133.1 (C–8a), 129.8 (C–4a), 129.0 (C–4), 128.1 (C–5), 127.8 (C–7), 126.1 

(C–8), 124.3 (C–6), 113.6 (C–3), 108.6 (C–1), 57.1 (–OCH3). vmax (ATR) 2927, 2837, 1599, 1351, 1275, 

1070, 739 cm-1. m/z (LCMS ES+) 237.2 ([M(79Br)+H]+, 100), 239.1 ([M(81Br)+H]+, 100). Data agrees 

with that reported in Zhao et al.138 

 

108c. tert-butyl N-[2’-(2-methoxynaphthalene-1-sulfonamido)ethyl]carbamate  

 

Compound was synthesized according to general procedure C using 1-bromo, 2-methoxynaphthalene 

108b (486 mg, 2.00 mmol, 1.00 eq) and N-Boc ethylenediamine (0.493 g, 3.08 mmol, 1.50 eq). 

Following separation of the layers and extraction of the aqueous fraction with DCM (3 x 15 ml), the 

combined organic layers were dried over MgSO4, concentrated and purified by column chromatography 
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(EtOAc in Hex 0-55%) to yield the title compound as a brown amorphous solid (274 mg, 0.702 mmol, 

35%). δH (700MHz, CDCl3) 9.20 (1H, dd, J = 8.9, 1.1, 8–H), 8.02 (1H, d, J = 9.0, 4–H), 7.79 (1H, 

dd, J = 8.0, 1.4, 5–H), 7.59 (1H, ddd, J = 8.9, 6.8, 1.4, 7–H), 7.43 (1H, ddd, J = 8.0, 6.8, 1.1, 6–H), 7.33 

(1H, d, J = 9.0, 3–H), 5.90 (1H, t, J = 6.3 Hz, 2’–NH), 4.92 (1H, s, 1’–NH), 4.11 (3H, s, –OCH3), 3.22 

(2H, q, J = 6.0, 1’–H2), 3.04 (2H, q, J = 6.0, 2’–H2), 1.40 (9H, s, –C(CH3)3). δC (176 MHz, CDCl3) 

156.1 (C–2) 156.0 (C=O), 135.6 (C–4), 131.3 (C–8a), 129.3 (C–4a), 128.8 (C–5), 128.6 (C–7), 124.7 

(C–6), 124.30 (C–8), 121.0 (C–1), 113.0 (C–3), 79.6 (–C(CH3)3), 57.7 (–OCH3), 43.5 (C–2’), 40.4 (C–

1’), 21.6 (–C(CH3)3). vmax (ATR) 3337 (N–H), 2979, 2875, 2255, 1623 (C=O), 1507, 1275, 1251, 1151, 

1027 cm-1. m/z (LC-MS ESI+) 381.2 [M+H]+. Accurate mass (ES+) found [M+H]+ 381.1472, 

C18H25N2O5S requires M 381.1472. 

 

108. N-(2’-aminoethyl)-2-methoxynaphthalene-1-sulfonamide hydrochloride  

 

Compound was prepared according to general procedure B, using tert-butyl N-[2’-(2-

methoxynaphthalene-1-sulfonamido)ethyl]carbamate 108c (52.0 mg, 0.137 mmol) to yield the title 

compound as a light brown amorphous solid (0.420 mg, 0.134 mmol, 98%). δH (700 MHz, D2O) 8.66 

(1H, d, J = 7.9, Hz, 8–H), 7.95 (1H, d, J = 9.2 Hz, 4–H), 7.72 (1H, d, J = 8.2 Hz, 5–H), 7.48 (1H, dt, J 

= 7.9, 6.8 Hz, 7–H), 7.36 – 7.25 (2H, m, 3–H & 6–H), 3.94 (3H, s, –OCH3), 3.71 – 3.48 (m (broad), –

NH3
+), 2.99 (4H, s, 2’–H2 & 1’–H2). δC (176 MHz, D2O) 156.8 (C–2), 137.0 (C–4), 130.4 (C–8a), 129.2 

(C–4a), 129.1 (C–5), 128.7 (C–7), 124.6 (C–6), 122.7 (C–8), 116.7 (C–1), 113.1 (C–3), 57.0 (–OCH3), 

39.8 (C–2’), 39.1 (C–1’). vmax (ATR) 3425 (N–H), 3207 (N–H), 2929, 2872, 2466, 1997, 1725, 1602, 

1468, 1430, 1335, 1151, 1024, 986 cm-1. m/z (LC-MS ESI+) 281.664 [M+H]+, 561.428 [2M+H]+. 

Accurate mass (ES+) found [M+H]+ 281.0969, C13H17N2O3S requires M 281.0960. 

 

109b. 1-bromo, 4-pentoxynaphthalene  

 

Compound was synthesized according to general procedure C using 1-bromo, naphtha-2-ol (500 mg, 

2.24 mmol) and 1-iodopentane (1.78 g, 1.2 ml, 8.97 mmol). Following extraction of the aqueous 

fraction with EtO2 (3 x 15 ml), the combined organic layers were purified by successive washes with 
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0.1 M NaOH (3 x 20 ml) and brine (3 x 20 ml). The organic fraction was dried over MgSO4 and 

concentrated to yield the title compound as a colourless oil (599 mg, 2.042 mmol, 91%). δH (700 MHz, 

CDCl3) 8.22 (1H, dd, J = 8.6, 1.1 Hz, 8–H), 7.79 – 7.75 (2H, m, 5–H, 4–H), 7.55 (1H, ddd, J = 8.6, 6.8, 

1.2 Hz, 7–H), 7.38 (1H, ddd, J = 8.0, 6.8, 1.1 Hz, 6–H), 7.26 – 7.23 (1H, m, 3–H), 4.17 (2H, t, J = 6.6 

Hz, 1’–H2), 1.92 – 1.82 (2H, m, 2’–H2), 1.58 – 1.49 (2H, m, 3’–H2), 1.41 (2H, h, J = 7.3 Hz, 4’–H2), 

0.95 (3H, t, J = 7.3 Hz, 5’–H3). δC (176 MHz, CDCl3) 153.4 (C–2), 133.2 (C–8a), 129.8 (C–4a), 128.8 

(C–4), 128.0 (C–5), 127.6 (C–7), 126.2 (C–8), 124.2 (C–6), 115.2 (C–3), 109.5 (C–1), 70.3 (C–1’), 

29.1 (C–2’), 28.2 (C–3’), 22.4 (C–4’), 14.0 (C–5’). vmax (ATR) 2981, 2885, 2260, 1459, 1061, 651 cm-

1. m/z (LC-MS ESI+) 292.3 ([M(79Br)+H]+, 97), 294.2 ([M(81Br)+H]+, 100). Accurate mass (ES+) found 

[M+H]+ 292.0471, C15H17OBr requires M 292.0463.    

 

109c. tert-butyl N-[2’-(2-pentoxynaphthalene-1-sulfonamido)ethyl]carbamate  

 

Compound was synthesized according to general procedure C using 1-bromo, 2-pentoxynaphthalene 

109b (528 mg, 1.80 mmol) and N-Boc ethylenediamine (0.433 g, 2.701 mmol, 1.50 eq). Following 

separation of the layers and extraction of the aqueous fraction with CHCl3 (3 x 15 ml), the combined 

organic layers were dried over MgSO4, concentrated and purified by column chromatography (EtOAc 

in CHCl3, 0-15%) to yield the title compound as an off-white amorphous solid (189 mg, 0.433 mmol, 

24%). δH (700 MHz, CDCl3) 9.22 (1H, d, J = 8.6 Hz, 8–H), 8.01 (1H, d, J = 9.0 Hz, 4–H), 7.81 (1H dd, 

J = 7.9, 1.4 Hz, 5–H), 7.60 (1H, ddd, J = 8.6, 6.8, 1.4 Hz, 7–H), 7.44 (1H, dd, J = 7.9, 6.8 Hz, 6–H), 

7.32 (1H, d, J = 9.0 Hz, 3–H), 5.73 (1H t, J = 6.4 Hz, 2’–NH), 4.82 (1H, s, 1’–NH), 4.29 (2H, t, J = 6.9 

Hz, 1’’–H2), 3.22 (2H, t, J = 6.1 Hz, 1’–H2), 3.05 (2H, t, J = 6.1 Hz, 2’–H2), 1.95 (2H, p, J = 6.9 Hz, 

2’’–H2), 1.51 (2H, ddd, J = 15.1, 8.6, 6.0 Hz, 3’’–H2), 1.46 – 1.43 (2H, m, 4’’–H2), 1.42 (9H, s, –

C(CH3)3), 0.96 (3H, t, J = 7.3 Hz, 5’’–H3). δC (176 MHz, CDCl3) 163.2 (C=O), 155.7 (C–2), 135.5 (C–

4), 131.4 (C–8a), 129.3 (C–4a), 128.8 (C–5), 128.5 (C–7), 125.0 (C–6) 124.7 (C–8), 121.4 (C–1), 114.2 

(C–3), 79.5 (–C(CH3)3), 71.3 (C–1’’), 43.4 (C–2’), 40.4 (C–1’), 29.1 (C–2’’), 28.3 (– (CH3)3), 28.0  (C–

3’’), 22.4 (C–4’’), 14.0 (C–5’’). vmax (ATR) 3465 (N–H), 3319 (N–H), 2981, 2896, 2256, 1707, 1607 

(C=O), 1511, 1339, 1160 cm-1. m/z (LC-MS ESI+) 437.4 [M+H]+, 381.37 [M–tBu+2H]+.  Accurate 

mass (ES+) found [M+H]+ 437.2111, C22H33N2O5S requires M 437.2110.    
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109. N-(2’-aminoethyl)-2-(pentyloxy)naphthalene-1-sulfonamide hydrochloride 

 

Compound was prepared according to general procedure B using tert-butyl N-[2’-(2-

pentoxynaphthalene-1-sulfonamido)ethyl]carbamate 109c (25.0 mg, 0.057 mmol) to yield the title 

compound as a light brown amorphous solid (21.0 mg, 0.056 mmol, 98%). δH (700 MHz, CD3OD) 9.10 

(1H, d, J = 8.9 Hz, 8–H), 8.14 (1H, d, J = 9.1 Hz, 4–H), 7.88 (1H, d, J = 8.2 Hz, 5–H), 7.57 (1H, dd, J 

= 8.9, 6.9 Hz, 7–H), 7.53 (1H, d, J = 9.1 Hz, 3–H), 7.44 (1H, dt, J = 8.2, 6.9 Hz, 6–H), 4.37 (2H, t, J = 

7.3 Hz, 1’’–H2), 3.14 (2H, t, J = 5.8 Hz, 2’–H2), 3.07 (1H, t, J = 5.8 Hz, 1’–H2), 1.93 (2H, p, J = 7.3 

Hz, 2’’–H2), 1.50 (1H, p, J = 7.3 Hz, 3’’–H2), 1.42 (2H, h, J = 7.3 Hz, 4’’–H2), 0.95 (3H, t, J = 7.3 Hz, 

5’’–H3). δC (176 MHz, CD3OD) 156.4 (C–2), 135.9 (C–4), 131.2 (C–8a), 129.3 (C–4a), 128.6 (C–5), 

128.2 (C–7), 124.2 (C–6), 123.5 (C–8), 119.7 (C–1), 114.3 (C–3), 70.5 (C–1’’), 40.1 (C–2’), 39.4 (C–

1’), 28.5 (C–2’’), 27.6 (C–3’’), 22.1 (C–4’’), 12.9 (C–5’’). vmax (ATR) 3339 (N–H), 2943, 2838, 

1607,1511, 1339, 1149 1024 cm-1. m/z (LC-MS ESI+) 337.36 [M+H]+, 673.47 [2M+H]+. Accurate mass 

(ES+) found [M+H]+ 337.1591, C17H25N2O3S requires M 337.1586. 

 

110b. 1-bromo, 4 methoxynaphthalene  

 

Compound was synthesized according to general procedure D using 1-bromo, naphtha-4-ol (500 mg, 

2.24 mmol) and iodomethane (0.558 ml, 8.97 mmol). Following extraction of the aqueous fraction with 

EtO2 (3 x 15 ml), the combined organic layers were purified by successive washes with 0.1 M NaOH 

(3 x 20 ml) and brine (3 x 20 ml). The organic fraction was dried over MgSO4 and concentrated to yield 

the title compound as a light yellow solid (507 mg, 2.13 mmol, 96%). m.p.: 63-66 °C. δH (599 MHz, 

CDCl3) 8.28 (1H, ddd, J = 8.4, 1.3, 0.7 Hz, 5–H), 8.19 – 8.16 (1H, m, 8–H), 7.65 (1H, d, J = 8.2 Hz, 2–

H), 7.63 – 7.50 (2H, m, 6–H & 7–H), 6.66 (1H, d, J = 8.2 Hz, 3–H), 3.97 (3H, s, –OCH3). δC (151 MHz, 

CDCl3) 155.2 (C–4), 132.4 (C–8a), 129.4 (C–2), 127.7 (C–7), 126.8 (C–1), 126.7 (C–8), 125.9 (C–6), 

122.4 (C–5), 113.2 (C–4a), 104.5 (C–3), 55.7 (–OCH3). vmax (ATR) 2931,2846, 2251, 1588, 1456, 1262, 

1089, 651 cm-1. m/z (LC-MS ESI+) 237.0 ([M(79Br)+H]+, 100), 239.0 ([M(81Br)+H]+, 100). Data agrees 

with that reported in Weimar et al.139 
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110c. tert-butyl N-[2’-(4-methoxynaphthalene-1-sulfonamido)ethyl]carbamate  

 

Compound was synthesized according to general procedure C using 1-bromo, 4-methoxynaphthalene 

(482 mg, 2.04 mmol) and N-Boc ethylenediamine (489.3 mg, 3.054 mmol, 1.50 eq). Following 

separation of the layers and extraction of the aqueous fraction with CHCl3 (3x15ml), the combined 

organic layers were dried over MgSO4, concentrated and purified by column chromatography (EtOAc 

in Hex 0-45%) to yield the title compound as a light-yellow amorphous solid (280 mg, 0.736 mmol, 

36%). δH (599 MHz, CDCl3) 9.20 (1H, d, J = 9.0 Hz, 5–H), 8.02 (1H, d, J = 9.1 Hz, 2–H), 7.79 (1H, 

d, J = 8.1 Hz, 8–H), 7.59 (1H, dd, J = 9.0, 6.8 Hz, 6–H), 7.43 (1H, dd, J = 8.1, 6.8 Hz, 7–H), 7.33 (1H, 

d, J = 8.1 Hz, 3–H), 5.87 (1H, t, J = 6.4 2’–NH), 4.90 (1H, s, 1’–NH), 4.11 (3H, s, –OCH3), 3.21 (2H, 

t, J = 6.0 Hz, 1’–H2), 3.04 (2H, q, J = 6.4 Hz, 2’–H2), 1.40 (9H, s, –C(CH3)3). δC (151 MHz, CDCl3), 

157.8 (C=O) 156.0 (C–4), 135.6 (C–2), 131.3 (C–1), 129.4 (C–6), 128.8 (C–8a), 128.6 (C–7), 124.8 

(C–4a), 124.3 (C–5), 121.0 (C–8), 113.0 (C–3), 79.6 (–C(CH3)3), 57.7 (–OCH3), 43.5 (C–2’), 40.4 (C–

1’), 28.3 (–(CH3)3). vmax (ATR) 3370 (N–H), 2990, 2852, 2260, 1604 (C=O), 1511, 1339, 1254, 1155, 

1067 cm-1. m/z (LC-MS ESI+) 381.4 [M+H]+. Accurate mass (ES+) found [M+H]+ 381.1468, 

C18H25N2O5S requires M 381.1484.    

 

110. N-(2’-aminoethyl)-4-methoxynaphthalene-1-sulfonamide hydrochloride  

 

Compound was prepared according to general procedure B, using tert-butyl N-[2’-(4-

methoxynaphthalene-1-sulfonamido)ethyl]carbamate 110c (57.1 mg, 0.150 mmol) to yield the title 

compound as a light brown amorphous solid (47.3 mg, 0.149 mmol, 99%). δH (700 MHz, D2O) 8.69 

(1H, d, J = 8.9 Hz, 5–H), 7.99 (1H, d, J = 9.2 Hz, 2–H), 7.77 – 7.72 (1H, dd, J = 8.1, 1.5  8–H), 7.50 

(ddd, J = 8.9, 6.8, 1.5 Hz, 6–H), 7.37 – 7.30 (2H, m, 7–H & 3–H), 3.96 (3H, s, –OCH3), 3.71 – 3.47 (m 

(broad), –NH3
+), 3.04 – 2.95 (4H, m, 2’–H2 & 1’–H2). δC (176 MHz, D2O) 156.8 (C–4), 137.1 (C–2), 

130.4 (C–1), 129.2 (C–6), 129.1 (C–8a), 128.7 (C–7), 124.6 (C–4a), 122.7 (C–5), 116.8 (C–8), 113.1 

(C–3), 57.0 (–OCH3), 39.8 (C–2’), 39.1 (C–1’). vmax (ATR) 3403 (N–H), 3277 (N–H), 2962, 2857, 
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2618, 2514, 1716, 1602, 1511, 1335, 1256, 1030 cm-1. m/z (LC-MS ESI+) 281.694 [M+H]+, 561.428 

[2M+H]+. Accurate mass (ES+) found [M+H]+ 281.0974, C13H17N2O3S requires M 281.0960. 

 

111b. 1-bromo, 4-pentoxynaphthalene  

 

Compound was synthesized according to general procedure D using 4-bromo, naphtha-1-ol (500 mg, 

2.24 mmol) and 1-iodopentane (1.78g, 1.2 ml, 8.97 mmol). Following extraction of the aqueous fraction 

with EtO2 (3 x 15 ml), the combined organic layers were purified by successive washes with 0.1 M 

NaOH (3 x 20 ml) and brine (3 x 20 ml). The organic fraction was dried over MgSO4 and concentrated 

to yield the title compound as a light brown oil (608 mg, 2.08 mmol, 93%). δH (700 MHz, CDCl3) 8.30 

(1H, dd, J = 8.4, 1.4, Hz, 5–H), 8.15 (1H, dd, J = 8.4, 1.2, Hz, 8–H), 7.63 (1H, d, J = 8.2 Hz, 2–H), 7.60 

(1H. ddd, J = 8.4, 6.8, 1.4 Hz, 7–H), 7.52 (1H, ddd, J = 8.4, 6.8, 1.2 Hz, 6–H), 6.66 (1H, d, J = 8.2 Hz, 

3–H), 4.10 (2H, t, J = 6.4 Hz, 1’–H2), 1.98 – 1.85 (2-H, m, 2’–H2), 1.54 (2H, m, 3’–H2), 1.44 (2H, dt, J 

= 14.8, 7.3 Hz, 4’–H2), 0.96 (3H, t, J = 7.3 Hz, 5’–H3). δC (176 MHz, CDCl3) 154.7 (C–4), 132.5 (C–

8a), 129.5 (C–2), 127.7 (C–7), 127.0 (C–1), 126.8 (C–8), 125.8 (C–6), 122.5 (C–5), 112.9 (C–4a), 105.2 

(C–3), 68.4 (C–1’), 28.9 (C–2’), 28.4 (C–3’), 22.5 (C–4’), 14.0 (C–5’). vmax (ATR) 2981, 2256, 1590, 

1375, 1264, 1086, 659 (C-Br) cm-1. m/z (LC-MS ESI+) 292.3 ([M(79Br)+H]+ 100), 

294.2 ([M(81Br)+H]+, 100). Accurate mass (ES+) found [M+H]+ 292.0470, C15H17OBr requires 

M 292.0463. 

 

111c. tert-butyl N-[2’-(4-pentoxynaphthalene-1-sulfonamido)ethyl]carbamate  

 

Compound was synthesized according to general procedure C using 1-bromo, 4-methoxynaphthalene 

111b (530mg, 1.808mmol) and N-Boc ethylenediamine (434.4 mg, 2.711 mmol, 1.50 eq). Following 

separation of the layers and extraction of the aqueous fraction with CHCl3 (3 x 15 ml), the combined 

organic layers were dried over MgSO4, concentrated and purified by column chromatography (EtOAc 

in Hex, 0-20%) to yield the title compound as a light brown oil (307mg, 0.703mmol, 39%). δH (599 
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MHz, CDCl3) 8.54 (1H, dd, J = 8.6, 1.1 Hz, 5–H), 8.37 (1H, dd, J = 8.5, 1.4 Hz, 8-H), 8.17 (1H, d, J = 

8.3 Hz, 2–H), 7.66 – 7.59 (1H, m, 6–H), 7.54 (1H, ddd, J = 8.5, 6.8, 1.1 Hz, 7–H), 6.76 (1H, d, J = 8.3 

Hz, 3–H), 5.47 (1H, s, 2’–NH), 4.83 (1H, s, 1’–NH), 4.17 (2H, t, J = 6.4 Hz, 1’’–H2), 3.11 (2H, t, J = 

5.6 Hz, 2’–H2), 2.95 (2H, t, J = 5.6 Hz, 1’–H2), 1.99 – 1.88 (2H, m, 2’’–H2), 1.54 (2H, tt, J = 14.6, 6.2 

Hz, 3’’–H2), 1.43 (2H, dq,  J = 14.6, 7.3 Hz, 4’’–H2), 1.34 (9H, s, –C(CH3)3), 0.95 (4-H, t, J = 7.3 Hz, 

5’’–H3). δC (151 MHz, CDCl3) 159.3 (C–4), 156.3 (C=O), 131.9 (C–2), 129.3 (C–1), 128.8 (C–6), 126.3 

(C–8a), 126.0 (C–7), 125.2 (C–4a), 124.0 (C–5), 123.2 (C–8), 102.4 (C–3), 79.6 (–C(CH3)3) 68.7 (C–

1’’), 43.4 (C–2’), 40.2 (C–1’), 28.7 (C–2’’), 28.3 (C–3’’), 28.3 (– (CH3)3), 22.4 (C–4’’), 14.0 (C–5’’). 

vmax (ATR) 3444 (N–H), 2976, 2261, 1728, 1606 (C=O), 1507, 1409, 1311, 1224, 1155, 1084, 917 cm-

1. m/z (LC-MS ESI+) 437.2123 [M+H]+, 381.3630 [M–tBu+2H]+. Accurate mass (ES+) found 

[M+H]+ 437.2122, [M-Boc]+ 337.1604, C22H33N2O5S requires M 437.2110.   

 

111. N-(2’-aminoethyl)-4-(pentyloxy)naphthalene-1-sulfonamide hydrochloride 

 

Compound was prepared according to general procedure B, using tert-butyl N-[2’-(4-

pentoxynaphthalene-1-sulfonamido)ethyl]carbamate 111c (65.0 mg, 0.149 mmol) to yield the title 

compound as a light brown amorphous solid (54.0 mg, 0.145 mmol, 97%). δH  (700 MHz, D2O) 8.20 

(1H, d, J = 8.6 Hz, 5–H), 7.86 – 7.76 (2H, m, 2–H & 8–H), 7.31 (1H, dt, J = 8.6, 7.6 Hz, 6–H), 7.03 

(1H, t, J = 7.6 Hz, 7–H), 6.30 (d, J = 8.3 Hz, 3–H), 3.51 (2H, t, J = 7.2 Hz, 1’’–H2), 2.96 (2H, t, J = 5.7 

Hz, 2’–H2), 2.89 (2H, t, J = 5.7 Hz, 1’–H2), 1.34 (2H, d, J = 7.2 Hz, 2’’–H2), 1.06 – 0.91 (m, 4H, 3’’–

H2, 4’’–H2), 0.57 (3H, t, J = 7.2 Hz, 5’’–H3). δC (176 MHz, D2O) 158.8 (C–4), 132.0 (C–2), 128.7 (C–

1), 128.5 (C–6), 125.8 (C–8a), 125.5 (C–7), 123.5 (C–4a), 122.3 (C–5), 109.6 (C–8), 102.8 (C–3), 68.4 

(C–1’’), 39.7 (C–2’), 39.1 (C–1’), 28.0 (C–2’’), 27.8 (C–3’’), 21.9 (C–4’’), 13.4 (C–5’’). vmax (ATR) 

3314 (N–H) 3267 (N–H), 2977, 2885, 1578, 1330, 1263, 1153, 1091, 819 cm-1. m/z (LC-MS ESI+) 

337.03 [M+H]+, 673.50 [2M+H]+. Accurate mass (ES+) found [M+H]+ 337.1593, C17H25N2O3S 

requires M 337.1586.    
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112b. 2-bromoanisole  

 

Compound was synthesized according to general procedure D using 2-bromophenol (0.335 ml, 2.89 

mmol) and iodomethane (0.720 ml, 11.6 mmol). Following extraction of the aqueous fraction with EtO2 

(3 x 15 ml), the combined organic layers were purified by successive washes with 0.1 M NaOH (3 x 20 

ml) and brine (3 x 20 ml). The organic fraction was dried over MgSO4 and concentrated to yield the 

title compound as a colourless oil (511mg, 2.73mmol, 95%). δH (400 MHz, CDCl3) 7.56 (1H, dd, J = 

7.8, 1.7 Hz, 3–H), 7.30 (1H, ddd, J = 8.2, 7.4, 1.7 Hz, 5–H), 6.93 (1H, ddd, J = 8.2, 7.8, 1.4 Hz, 4–H), 

6.86 (1H, dd, J = 7.4, 1.4 Hz, 6–H), 3.92 (3H, s, –OCH3). δC (101 MHz, CDCl3) 155.9 (C–2), 133.4 (C–

3), 128.5 (C–5), 121.8 (C–4), 112.0 (C–6), 111.7 (C–1), 56.2 (–OCH3). Vmax (ATR) 2929, 2258, 1489, 

1254, 1057, 907, 652 cm-1. m/z (GC-MS ES+) 186.0 ([M(79Br)+H]+, 100), 188.0 ([M(81Br)+H]+, 98). 

Data agrees with that as reported in Wang et al.140 

 

112c. tert-butyl N-[2’-(2-methoxybenzenesulfonamido)ethyl]carbamate 

 

Compound was synthesized according to general procedure C using 2-bromoanisole 112b (518 mg, 

2.77 mmol) and N-Boc ethylenediamine (0.666 g, 4.15 mmol, 1.50 eq). Following separation of the 

layers and extraction of the aqueous fraction with CHCl3 (3 x 15 ml), the combined organic layers were 

dried over MgSO4, concentrated and purified by column chromatography (EtOAc in CHCl3 0-50%) to 

yield the title compound as a colourless oil (506 mg, 1.53 mmol, 55%). δH (700 MHz,CDCl3) 7.88 (1H, 

dd, J = 7.8, 1.8 Hz, 6–H), 7.53 (1H, ddd, J = 8.3, 7.4, 1.8 Hz, 4–H), 7.05 (1H, ddd, J = 7.8, 7.4, 1.0 Hz, 

5–H), 7.02 (1H, dd, J = 8.3, 1.0 Hz, 3–H), 5.34 (1H d, J = 6.8 Hz, 2’–NH), 4.89 (1H, s, 1’–NH), 3.97 

(3H, s, –OCH3), 3.20 (2H, q, J = 5.9 Hz, 1’–H2), 2.98 (2H, q, J = 5.9 Hz, 2’–H2), 1.40 (9H, s, –C(CH3)). 

δC (176 MHz, CDCl3) 156.1 (C–2), 156.0 (C=O), 134.6 (C–4), 130.4 (C–6), 127.7 (C–1), 120.7 (C–5), 

112.1 (C–3), 79.6 (–C(CH3)3), 56.4 (–OCH3), 43.3 (C–2’), 40.4 (C–1’), 28.3 (–C(CH3)3. Vmax (ATR) 

3394 (N–H), 2986, 2253, 1678 (C=O), 1596, 1486, 1162, 1072 cm-1. m/z (LC-MS ES+) 276.22 [M–

tBu+2H]+. Accurate mass (ES+) found [M+H]+ 331.1336, C14H23N2O5S requires M 381.1328.    
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112. N-(2’-aminoethyl)-2-methoxybenzene-1-sulfonamide hydrochloride  

 

Compound was prepared according to general procedure B, using tert-butyl N-[2’-(2-

methoybenzenesulfonamido)ethyl]carbamate 112c (56.0 mg, 0.166 mmol) to yield the title compound 

as a light brown amorphous solid (42.0 mg, 0.157 mmol, 95%). δH (700 MHz, D2O) 7.84 (1H, dd, J = 

7.9, 1.7 Hz, 6–H), 7.71 (1H, ddd, J = 8.5, 7.7, 1.7 Hz, 4–H), 7.26 (1H, ddd, J = 8.5, 7.9, 0.9 Hz, 5–H), 

7.15 (1H, td, J = 7.7, 0.9 Hz, 3–H), 3.99 (3H, s, –OCH3), 3.20 – 3.16 (4H, m, 2’–H2 & 1’–H2). δC  (176 

MHz, D2O) 156.4 (C–2), 136.2 (C–4), 130.1 (C–6), 124.1 (C–1), 120.6 (C–5), 112.9 (C–3), 56.1 (–

OCH3), 39.8 (C–2’), 39.2 (C–1’). Vmax (ATR) 3369 (N–H), 3257 (N–H), 2124, 1487, 1322, 1288, 1162, 

1015 cm-1. m/z (LC-MS ESI+) 231.28 [M+H]+, 461.35 [2M+H]+. Accurate mass (ES+) found 

[M+H]+ 231.0809, C9H15N2O3S requires M 231.0803.   

 

113b. 1-bromo, 2-hexoxybenxene  

 

Compound was synthesized according to general procedure D using 2-bromophenol (650 mg, 3.76 

mmol, 1.00 eq), 1-bromohexane (2.48 g, 2.1 mL, 15.0 mmol, 4.00 eq) and TBAI (14.0 mg, 0.038 mmol, 

0.01 eq). Following extraction of the aqueous fraction with EtO2 (3 x 25 ml), the combined organic 

layers were purified by successive washes with 0.1 M NaOH (3 x 30 ml) and brine (3 x 30 ml). The 

organic fraction was dried over MgSO4 and concentrated to yield the title compound as a colourless oil 

(833 mg, 3.43 mmol, 91%). δH (400 MHz, CDCl3) 7.53 (1H, dd, J = 7.9, 1.6 Hz, 6–H), 7.23 (1H, ddd, 

J = 8.2, 7.6, 1.6, 4–H), 6.88 (1H, ddd, J = 8.2, 7.9, 1.4 Hz, 5–H), 6.81 (td, J = 7.6, 1.4 Hz, 3–H), 4.02 

(2H, t, J = 6.5 Hz, 1’–H2), 1.84 (2H, ddt, J = 9.1, 7.9, 6.5 Hz, 2’–H2), 1.56 – 1.44 (2H, m, 3’–H2), 1.39 

– 1.29 (4-H, m, 4’–H2, 5’–H2), 0.95 – 0.85 (3H, m, 6’–H3).  δC (101 MHz, CDCl3) 155.5 (C–2), 133.3 

(C–4), 128.4 (C–5), 121.6 (C–6), 113.2 (C–3), 112.3 (C–1), 69.1 (C–1’), 31.5 (C–2’), 29.1 (C–3’), 25.7 

(C–4’), 22.6 (C–5’), 14.1 (C–6’). Vmax (ATR) 2938, 2866, 2253, 1592, 1472, 1249 1032, 903, 728 cm-

1. m/z (LC-MS ESI+) 292.2 ([M(79Br)+H]+, 100), 294.1 ([M(81Br)+H]+, 100). Data Agrees with that 

obtained in Hwang et al.141 
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113c. tert-butyl N-[2’-(2-hexoxybenzenesulfonamido)ethyl]carbamate  

 

Compound was synthesized according to general procedure C using 1-bromo, 2-hexoxybenzene 113b 

(600 mg, 2.47 mmol) and N-Boc ethylenediamine (0.593 g, 3.70 mmol, 1.50 eq). Following separation 

of the layers and extraction of the aqueous fraction with CHCl3 (3 x 15 ml), the combined organic layers 

were dried over MgSO4, concentrated and purified by column chromatography (EtOAc in Hex, 0-30%) 

to yield the title compound as an white amorphous solid (0.397 g, 0.992mmol, 40%). δH (700 MHz, 

CDCl3) 7.85 (1H, dd, J = 7.8, 1.7 Hz, 6–H), 7.49 (1H, ddd, J = 8.4, 7.4, 1.7 Hz, 4–H), 7.02 (1H, ddd, J 

= 7.8, 7.4, 1.0 Hz, 5–H), 6.99 (1H, dd, J = 8.4, 1.0 Hz, 3–H), 5.15 (1H, d, J = 6.4 Hz, 2’–NH), 4.88 (1H, 

s, 1’–NH), 4.11 (2H, t, J = 6.8 Hz, 1’’–H2), 3.19 (2H, q, J = 6.0 Hz, 1’–H2), 2.97 (2H, q, J = 6.0 Hz, 2’–

H2), 1.86 (2H, p, J = 6.8 Hz, 2’’–H2), 1.51 – 1.43 (2H, m, 3’’–H2), 1.40 (9H, s, – (CH3)3), 1.37-1.28 

(4H, m, 4’’–H2, 5’’–H2), 0.88 (3H, t, J = 7.1 Hz, 6’’–H2). δC (176 MHz, CDCl3) 156.0 (C=O), 155.6 

(C–2), 134.5 (C–4), 130.3 (C–6), 127.1 (C–1), 120.5 (C–5), 113.0 (C–3), 79.5 (–C(CH3)3), 69.5 (C–

1’’), 43.3 (C–2’), 40.4 (C–1’), 31.4 (C–2’’), 29.0 (C–3’’), 28.3 (–(CH3)3), 25.6 (C–4’’), 22.5 (C–5’’), 

14.0 (C–6’’). Vmax (ATR) 3462 (N–H), 3159 (N–H), 2940, 2877, 2261, 1610 (C=O), 1514, 1334, 1252 

1166 cm-1. m/z (LC-MS ESI+) 401.4 [M+H]+, 345.3 [M–tBu+2H]+. Accurate mass (ES+) found 

[M+H]+ 401.2104, C19H33N2O5S requires M 401.2110.  

 

113. N-(2’-aminoethyl)-2-(hexyloxy)benzene-1-sulfonamide hydrochloride 

 

Compound was prepared according to general procedure B, using tert-butyl N-[2’-(2-

hexoxybenzenesulfonamido)ethyl]carbamate 113c (40.0 mg, 0.100 mmol) to yield the title compound 

as a light brown oil (31.0 mg, 0.0920 mmol, 92%). δH (700 MHz, D2O) 7.67 (1H, dt, J = 7.9, 1.1 Hz, 

6–H), 7.46 (1H, ddt, J = 8.4, 7.2, 1.1 Hz, 4–H), 7.00 (1H, dd, J = 8.4, 7.9 Hz, 5–H), 6.94 (1H, d, J = 7.2 

, 3–H), 4.02 (t, J = 6.7 Hz, 1’’–H2), 3.05 (2H, t, J = 5.8 Hz, 2’–H2), 3.01 (2H, t, J = 5.8 Hz, 1’–H2), 1.62 

(2H, p, J = 6.7 Hz, 2’’–H2), 1.23 (2H, p, J = 6.7 Hz, 3’’–H2), 1.13 – 1.04 (4H, m, 4’’–H2, 5’’–H2), 0.70 

– 0.62 (3H, m, 6’’–H3). δC (176 MHz, D2O) 155.8 (C–2), 135.9 (C–4), 130.1 (C–6), 124.6 (C–1), 120.4 
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(C–5), 113.7 (C–3), 69.2 (C–1’’), 40.0 (C–2’), 39.3 (C–1’), 30.7 (C–2’’), 28.0 (C–3’’), 24.8 (C–4’’), 

22.0 (C–5’’), 13.3 (C–6’’). vmax (ATR) 3364 (N–H), 3254 (N–H), 2940, 2872, 1590, 1473, 1328, 1288, 

1154, 1026 cm-1. m/z (LC-MS ES+) 302.34 [M+H]+, 602.47 [2M+H]+. Accurate mass (ES+) found 

[M+H]+ 301.1600, C14H25N2O3S requires M 301.1586.    

 

114b. 4-bromoanisole  

 

Compound was synthesized according to general procedure D using 4-bromophenol (500 mg, 2.89 

mmol) and iodomethane (0.720 ml, 11.6 mmol). Following extraction of the aqueous fraction with EtO2 

(3 x 15 ml), the combined organic layers were purified by successive washes with 0.1 M NaOH (3 x 20 

ml) and brine (3 x 20 ml). The organic fraction was dried over MgSO4 and concentrated to yield the 

title compound as a colourless oil (518 mg, 2.77 mmol, 96%). δH (400 MHz, CDCl3) 7.45 – 7.36 (1H, 

m, 3–H), 6.84 – 6.75 (1H, m, 2–H), 3.81 (3H, s, –OCH3). δC (101 MHz, CDCl3) 158.7 (C–4), 132.3 (C–

2), 115.7 (C–3), 112.8 (C–1), 55.5 (–OCH3). Vmax (ATR) 2981, 2258, 1494, 1250, 1073, 907, 726, 648 

cm-1. m/z (GC-MS ES+) 186.0 ([M(79Br)+H]+, 100), 188.0 ([M(81Br)+H]+, 100). Data agrees with that 

reported in Waterford et al.142 

 

114c. tert-butyl N-[2’-(4-methoxybenzenesulfonamido)ethyl]carbamate  

 

Compound was synthesized according to general procedure C using 4-bromoanisole 114b (518 mg, 

2.77 mmol) and N-Boc ethylenediamine (0.642 g, 4.01 mmol, 1.50 eq). Following separation of the 

layers and extraction of the aqueous fraction with DCM (3 x 15 ml), the combined organic layers were 

dried over MgSO4, concentrated and purified by column chromatography (EtOAc in Hex 0-35%) 

followed by recrystallization (CHCl3:Hex) to yield the title compound as a white solid (388 mg, 117 

mmol, 44%). δH (599 MHz, CDCl3) 7.86 – 7.69 (2H, m, 2–H2), 7.05 – 6.85 (2H, m, 3–H2), 5.08 (1H, s, 

2’–NH), 4.83 (1H, s, 1’–NH), 3.86 (3H, s, –OCH3), 3.21 (2H, t, J = 5.7 Hz, 1’–H2), 3.03 (2H, t, J = 5.7 

Hz, 2’–H2), 1.41 (9H, s, –C(CH3)3). δC (151 MHz, CDCl3) 162.9 (C–4), 156.4 (C=O), 131.3 (C–1), 

129.2 (C–2), 114.3 (C–3), 79.9 (–C(CH3)3, 55.6 (–OCH3), 43.6 (C–2’), 40.3 (C–1’), 28.3 (–(CH3)3). 
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vmax (ATR) 3375 (N–H), 3292 (N–H), 2987, 1682 (C=O), 1601, 1526, 1328, 1264, 1155, 1102, 841 cm-

1. m/z (LC-MS ESI+) 331.3 [M+H]+, 275.3 [M–tBu+H]+, 661.5 [2M+H]+. Accurate mass (ES+) found 

[M+H]+ 331.1333, C14H23N2O5S requires M 331.1334.    

 

114. N-(2’-aminoethyl)-4-methoxybenzene-1-sulfonamide hydrochloride  

 

Compound was prepared according to general procedure B, using tert-butyl N-[2’-(4-

methoxybenzenesulfonamido)ethyl]carbamate 114c (60.0 mg, 0.182 mmol) to yield  the title compound 

as an off-white amorphous solid (44.0 mg, 0.165 mmol, 91%). δH (700 MHz, D2O) 7.67 – 7.64 (2H, m, 

2–H2), 6.98 – 6.95 (2H, m, 3–H2), 3.74 (3H, s, –OCH3), 3.19 – 3.15 (4H, m, 2’–H2 & 1’–H2). δC (176 

MHz, D2O) 163.1 (C–4), 129.1 (C–1, C–2), 114.8 (C–3), 55.7 (–OCH3), 39.8 (C–2’), 39.1 (C–1’). 

vmax (ATR) 3353 (N–H), 3296 (N-H), 2953, 2848, 1611, 1507, 1328, 1250 1148, 1021 cm-1. m/z (LC-

MS ESI+) 231.27 [M+H]+, 461.33 [2M+H]+. Accurate mass (ES+) found [M+H]+ 231.0807, 

C9H15N2O3S requires M 231.0803.    

 

 115b. 1-bromo, 4-hexoxybenzene  

 

Compound was synthesized according to general procedure D using 4-bromophenol 4-

bromophenol (650 mg, 3.76 mmol, 1.00 eq), 1-bromohexane (2.48 g, 2.1 mL, 15.0 mmol, 4.00 eq) and 

TBAI (14.0 mg, 0.038 mmol, 0.01 eq). Following extraction of the aqueous fraction with EtO2 (3 x 25 

ml), the combined organic layers were purified by successive washes with 0.1 M NaOH (3 x 30 ml) and 

brine (3 x 30 ml). The organic fraction was dried over MgSO4 and concentrated to yield the title 

compound as a colourless oil (867mg, 3.57 mmol, 95%). δH (400 MHz, CDCl3) 7.44 – 7.32 (2H, m, 2–

H2), 6.84 – 6.74 (2H, m, 3–H2), 3.94 (2H, t, J = 6.6 Hz, 1’–H2), 1.79 (2H dq, J = 8.0, 6.6 Hz, 2’–H2), 

1.54 – 1.40 (2H, m, 3’–H2), 1.35 (4H, m, 4’–H2, 5’–H2), 0.98 – 0.85 (3H, m, 6’–H3). δC (101 MHz, 

CDCl3) 158.3 (C–4), 132.2 (C–2), 116.3 (C–1), 112.5 (C–3), 68.3 (C–1’), 31.6 (C–2’), 29.2 (C–3’), 

25.7 (C–4’), 22.6 (C–5’), 14.1 (C–6’). Vmax (ATR) 2941, 2870, 2258, 1494, 1241, 907, 726 cm-1. m/z 



157 
 

(LC-MS ESI+) 256.0 ([M(79Br)+H]+, 100), 258.1 ([M(81Br)+H]+, 100). Data agrees with that reported 

in Shellaiah et al.143 

 

115c. tert-butyl N-[2’-(4-hexoxybenzenesulfonamido)ethyl]carbamate 

 

Compound was synthesized according to general procedure C using 1-bromo, 4-hexoxybenzene 115b 

(500 mg, 1.94 mmol) and N-Boc ethylenediamine (259.6 mg, 1.620 mmol). Following separation of the 

layers and extraction of the aqueous fraction with CHCl3 (3 x 15 ml), the combined organic layers were 

dried over MgSO4, concentrated and purified by column chromatography (EtOAc in Hex, 0-20%) to 

yield the title compound as an off-white amorphous solid (366 mg, 0.914 mmol, 47%). δH (700 MHz, 

CDCl3) 7.83 – 7.67 (2H, m, 2–H), 6.97 – 6.90 (2H, m, 3–H), 5.16 (1H, s, 2’–NH), 4.87 (1H, s, 1’–NH), 

3.99 (2H, t, J = 6.5 Hz, 1’’–H2), 3.20 (2H, t, J = 6.1 Hz, 1’–H2), 3.05 – 2.95 (2H, t, J = 6.1 Hz, 2’–H2), 

1.78 (2H, ddt, J = 9.4, 7.9, 6.5 Hz, 2’’–H2), 1.43 (2H, s, 3’’–H2), 1.41 (9H, s, –C(CH3)3), 1.37 – 1.29 

(4H, m, 4’’–H2, 5’’–H2), 0.93 – 0.85 (3H, m, 6’’–H2). δC (176 MHz, CDCl3) 162.5 (C–4), 156.5 (C=O), 

131.0 (C–1), 129.1 (C–2), 114.7 (C–3), 79.8 (–C(CH3)3), 68.4 (C–1’’), 43.6 (C–2’), 40.2 (C–1’), 31.5 

(C–2’’), 29.0 (C–3’’), 28.3 (– (CH3)3), 25.6 (C–4’’), 22.5 (C–5’’), 14.0 (C–6’’). Vmax (ATR) 3362 (N–

H), 2976, 2344, 1639 (C=O), 1375, 1155, 904 cm-1. m/z (LC-MS ESI+) 401.5 [M+H]+, 301.3 [M–Boc]+, 

435.4 [M–tBu+2H]+, 701.8 [2M+H]+. Accurate mass (ES+) found [M+H]+ 401.2110, C19H33N2O5S 

requires M 401.2110.    

 

115. N-(2’-aminoethyl)-4-(hexyloxy)benzene-1-sulfonamide hydrochloride 

 

Compound was prepared according to general procedure B, using tert-butyl N-[2’-(4-

hexoxybenzenesulfonamido)ethyl]carbamate 115c (50.0 mg, 0.125 mmol) to yield the title compound 

as a light brown amorphous solid (41mg, 0.122mmol, 97%). δH (700 MHz, D2O) 7.61 (2H, d, J = 8.8 



158 
 

Hz, 2–H), 6.83 (2H, d, J = 8.8 Hz, 3–H), 3.81 (2H, t, J = 6.5 Hz, 1’’–H2), 3.05 – 2.95 (4H, m, 2’–H2 & 

1’–H2), 1.56 – 1.49 (2H, m, 2’’–H2), 1.25 – 1.17 (2H, m, 3’’–H2), 1.11 (4H, m, 4’’–H2, 5’’–H2), 0.73 – 

0.64 (3H, m, 6’’–H2). δC (176 MHz, D2O) 162.4 (C–4), 129.3 (C–1), 129.1 (C–2), 115.0 (C–3), 68.6 

(C–1’’), 39.8 (C–2’), 39.1 (C–1’), 31.0 (C–2’’), 28.4 (C–3’’), 25.1 (C–4’’), 22.1 (C–5’’), 13.4 (C–6’’). 

Vmax (ATR) 3309 (N–H), 3266 (N–H), 2940, 2848, 1601, 1502, 1328, 1241, 1166, 1096 cm-1. m/z (LC-

MS ESI+) 302.3 [M+H]+, 601.5 [2M+H]+. Accurate mass (ES+) found [M+H]+ 301.1596, C14H25N2O3S 

requires M 301.1586.    

 

116. N-(2’-aminoethyl)-3-methoxybenzene-1-sulfonamide hydrochloride  

 

Compound was prepared through general procedure B, starting with tert-butyl N-[2’-(3-

methoxybenzenesulfonamido)ethyl]carbamate 116c (20.0 mg, 0.061 mmol, 1.00 eq) to yield the title 

compound as a white amorphous solid (15.4 mg, 0.058 mmol, 95%). δH (400 MHz, MeOD) 7.51 (1H, 

t, J = 7.9 Hz, 5–H), 7.47 – 7.42 (1H, m, 6–H), 7.40 (1H dd, J = 2.6, 1.6 Hz, 2–H), 7.21 (1H, ddd, J = 

8.2, 2.6, 1.1 Hz, 4–H), 3.87 (3H, s, –OCH3), 3.07 (4H m, 2’–H, 1’–H). δC (101 MHz, MeOD) 160.3 (C–

3), 140.6 (C–1), 130.2 (C–6), 118.7 (C–2), 118.4 (C–5), 111.8 (C–4), 54.8 (–OCH3), 40.0 (C–2’), 39.3 

(C–1’). vmax (ATR) 3378 (b, N-H), 2502, 1638, 1598, 1481, 1436, 1319, 1247, 1155 cm-1. m/z (LC-MS 

ESI+) 231.266 [M+H]+, 461.458 [2M+H]+. Accurate mass (ES+) found [M+H]+ 231.0811, C9H15N2O3S 

requires M 231.0803 

 

117. 2-ethoxyethyl methanesulfonate  

 

Methanesulfonyl chloride (1.0 mL, 13.3 mmol, 1.20 eq) was added dropwise to a solution of ethoxy-

ethanol (1.00 g, 11.1 mmol, 1.00 eq) and triethylamine (1.8 mL, 13.3 mmol, 1.00 eq) in anhydrous 

dichloromethane (20.0 mL) at 0 ℃.  The reaction was stirred for 1 hour at 0 ℃, and then allowed to 

warm to room temperature with stirring for 16 hours. The reaction was quenched with water, separated 

and the organic layer successively washed with 1M HCl (3 x 10 ml), sat. NaHCO3 (aq) (3 x 10 ml) and 

brine (3 x 10 ml). The organic layer was then dried over MgSO4 and concentrated to yield the title 

compound as a colourless oil (1.75 g, 10.4 mmol, 94%).  δH (400 MHz, CDCl3) 4.45 – 4.30 (2H, m, 1–

H2), 3.75 – 3.65 (2H, m, 2–H2), 3.55 (2H, q, J = 7.0 Hz, 1’–H2), 3.06 (3H, s, –SCH3) 1.21 (1H. t, J = 

https://mbook.mestrelab.com/21529
https://mbook.mestrelab.com/21522
https://mbook.mestrelab.com/21522


159 
 

7.0 Hz, 2’–H3). δC (101 MHz, CDCl3) 69.3 (C–1), 68.2 (C–2), 66.8 (C–1’), 37.7 (–SCH3), 15.1 (C–2’). 

vmax (ATR) 3034, 2985, 2877, 1353, 1225, 1180, 1127, 1019, 970, 921, 802 cm-1. m/z (GC-MS ES+) 

169.1 [M+H]+. Data agrees with that reported in Ohta et al.144 

 

118. 1-bromo-2-(2’-ethoxyethoxy)naphthalene  

 

K2CO3 (1.58 g, 11.4 mmol, 4.00 eq) was added in portions to a solution of 4-bromonaphth-1-ol (0.700 

g, 3.14 mmol, 1.10 eq) in MeCN (10.0 mL). The solution was cooled to 0 ℃ and ethoxy-ethylmesolate 

117 (0.480 g, 2.85 mmol, 1.00 eq) was added dropwise over a period of 10 minutes. The reaction was 

the stirred and heated reflux for 16 h. The reaction was quenched with water and then concentrated to 

give a aqueous slurry which was extracted with CHCl3 (3 x 20 ml). The combined organic layers were 

washed with 0.1M NaOH (2 x 25 ml), dried over MgSO4, concentrated and purified by column 

chromatography (CHCl3 in Hex, 0-55%) to yield the title compound as an off white amorphous 

solid (0.48 g, 1.63 mmol, 57%). δH (700 MHz, CDCl3) 8.24 (1H, dd, J = 8.4, 1.1 Hz, 8–H), 7.80 – 7.76 

(2H, m, 5–H, 4–H), 7.57 (1H, ddd, J = 8.4, 6.8, 1.3 Hz, 7–H), 7.41 (1H, ddd, J = 8.1, 6.8, 1.1 Hz, 6–H), 

7.29 (1H, d, J = 8.9 Hz, 3–H), 4.40 – 4.22 (2H, m, 1’–H), 3.95 – 3.80 (2H, m, 2’–H), 3.68 (2H, q, J = 

7.0 Hz, 1’’–H), 1.26 (3H, t, J = 7.0 Hz, 2’’–H). δc (176 MHz, CDCl3) 153.4 (C–2), 133.2 (C–8a), 130.1 

(C–4a), 128.8 (C–4), 128.0 (C–5), 127.6 (C–7), 126.3 (C–8), 124.5 (C–6), 115.9 (C–3), 110.0 (C–1), 

70.2 (C–1’), 69.0 (C–2’), 67.1 (C–1’’), 15.3 (C–2’’). vmax (ATR) 2988, 2939, 2880, 1595, 1378, 1259, 

1123, 1091, 805 cm-1. m/z (LC-MS, ESI+) found 295.181 ([M(79Br)+H]+, 70), 297.198 ([M(81Br)+H]+, 

71). Accurate mass (ES+) found [M+H]+ 295.0339, C14H16O2
79Br requires M, 295.0334 

 

119a. tert-butyl N-{2'-[2-(2''-ethoxyethoxy)naphthalene-1-sulfonamido]ethyl}carbamate  

 

Compound was synthesized according to general procedure B using 1-bromo-2-(2’-

ethoxyethoxy)naphthalene 118 (500 mg, 1.69 mmol, 1.00 eq). Following separation of the layers and 

extraction of the aqueous fraction with CHCl3 (3 x 20ml), the combined organic layers were dried over 

MgSO4, concentrated and purified by column chromatography (EtOAc in Hex, 0-40%) to yield the title 
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compound as a light brown oil (293 mg, 0.699 mmol, 39%). δH (599 MHz, CDCl3) 9.23 (1H, d, J = 9.0 

Hz, 8–H), 8.00 (1H, d, J = 9.0 Hz, 4–H), 7.79 (1H, dd, J = 8.2, 1.5 Hz, 5–H), 7.60 (1H, ddd, J = 9.0, 

6.9, 1.5 Hz, 7–H), 7.44 (1H, dd, J = 8.2, 6.9 Hz, 6–H), 7.30 – 7.23 (1H, d, J = 9.0 Hz, 3–H), 6.89 (1H, 

s, 2’–NH), 5.17 (1H, s, 1’–NH), 4.39 (2H, t, J = 4.2 Hz, 1’’–H), 3.93 (2H, t, J = 4.2 Hz, 2’’–H), 3.71 

(2H, q, J = 7.1 Hz, 1’’’–H), 3.15 – 3.17 (2H, m, 2’–H), 2.97 – 2.99 (2H, m, 1’–H), 1.50 – 1.24 (12H, 

m, –C(CH3)3, 2’’’–H3). δc (151 MHz, CDCl3) 155.7 (C=O), 154.8 (C–2), 135.4 (C–4), 131.5 (C–8a), 

129.5 (C–4a), 128.8 (C–5), 128.5 (C–7), 124.8 (C–6), 124.5 (C–8), 121.6 (C–1), 113.3 (C–3), 79.2 (–

C(CH3)3), 69.4 (C–1’’), 68.3 (C–2’’), 67.3 (C–1’’’), 43.5 (C–1’), 40.1 (C–2’), 28.4 (–C(CH3)3), 15.7 

(C–2’’’). vmax (ATR) 3368 (N–H), 3278 (N–H), 2981, 2930, 2881, 1711 (C=O), 1597, 1513, 1334, 1280 

1245, 1151, 1116 1072 cm-1. m/z (LC-MS, ESI+) 439.327 [M+H]+, 383.273 [M–tBu+2H]+. Accurate 

mass (ES+) found [M+H]+ 439.1886; C21H30N2O6S requires M, 439.1863.     

 

119. N-(2’-aminolethyl)-2-(2’’-ethoxyethoxy)naphthalene-1-sulfonamide hydrogenchloride  

 

Compound was prepared according to general procedure B, using tert-butyl N-{2'-[2-(2''-

ethoxyethoxy)naphthalene-1-sulfonamido]ethyl}carbamate 119a (43.1 mg, 0.098 mmol, 1.00 eq) to 

yield the title compound as a light brown amorphous solid (36.2 mg, 0.097 mmol, 98%). δH (700 MHz, 

CD3OD) 8.76 (1H, dd, J = 8.9, 0.9 Hz, 8–H), 7.84 (1H, d, J = 9.1 Hz, 4–H), 7.58 (1H, dd, J = 8.0, 1.4 

Hz  5–H), 7.26 (1H, ddd, J = 8.9, 6.8, 1.4 Hz, 7–H), 7.21 (1H, d, J = 9.1 Hz, 3–H), 7.13 (1H, ddd, J = 

8.0, 6.8, 0.9 Hz, 6–H), 4.18 – 4.07 (2H, m, 1’’–H2), 3.65 – 3.54 (2H, m, 2’’–H2), 3.38 (q, J = 7.0 Hz, 

2H), 2.96 (2H, m, 1’–NH2), 2.70 – 2.73 (4H, m, 2’–H2, 1’–H2), 0.97 (3H, t, J = 7.0 Hz, 2’’’–H2). δc (176 

MHz, CD3OD) 155.5 (C–2), 136.0 (C–4), 131.2 (C–8a), 129.6 (C–4a), 128.6 (C–5), 128.3 (C–7), 124.5 

(C–6), 123.6 (C–8), 119.6 (C–1), 114.2 (C–3), 70.2 (C–1’’), 68.1 (C–2’’), 66.7 (C–1’’’), 41.1 (C–2’), 

38.8 (C–1’), 14.1 (C–2’’’). m/z (LC-MS, ESI+) 339.618 [M+H]+, 677.298 [2M+H]+. Accurate mass 

(ES+) found [M+H]+ 339.1382, C16H23N2O4S requires M 339.1379. 
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120. 1-bromo-4-(2’-ethoxyethoxy)naphthalene  

 

K2CO3 (1.57 g, 11.4 mmol, 4.00 eq) was added in portions to a solution of 4-bromonaphth-1-ol (0.700 

g, 3.14 mmol, 1.10 eq) in MeCN (10.0 mL). The solution was cooled to 0 ℃ and ethoxy-ethylmesolate 

117 (0.480 g, 2.85 mmol, 1.00 eq) was added dropwise over a period of 10 minutes. The reaction was 

then left to stir heated under reflux for 16 hrs. The reaction was quenched with water (15 ml), 

concentrated, and the resulting aqueous slurry extracted with CHCl3 (3 x 10 ml). The combined organic 

layers were washed with 0.1M NaOH (2 x 20 ml), dried over MgSO4 and purified by through flash 

chromatography (CHCl3 in Hex, 0-55%) to yield the title compound as a clear oil (557.0 mg, 1.887 

mmol, 66%). δH (700 MHz, CDCl3) 8.34 (1H, dd, J = 8.4, 1.4 Hz, 5–H), 8.18 (1H, dt, J = 8.4, 1.2 Hz, 

8–H), 7.64 (1H, d, J = 8.2 Hz, 2–H), 7.61 (1H, ddd, J = 8.4, 6.8, 1.4 Hz, 7–H), 7.54 (1H, ddd, J = 8.4, 

6.8, 1.2 Hz, 6–H), 6.66 (1H, d, J = 8.2 Hz, 3–H), 4.28 – 4.19 (2H, m, 1’–H2), 3.98 – 3.84 (2H, m, 2’–

H2), 3.67 (2H, q, J = 7.0 Hz, 1’’–H2), 1.29 (3H, t, J = 7.1 Hz, 2’’–H2). δc (176 MHz, CDCl3) 154.5 (C–

4), 132.5 (C–8a), 129.4 (C–2), 127.8 (C–7), 127.0 (C–1), 126.8 (C–8), 125.9 (C–6), 122.7 (C–5), 113.4 

(C–4a), 105.6 (C–3), 68.9 (C–1’), 68.1 (C–2’), 67.0 (C–1’’), 15.3 (C–2’’). vmax (ATR) 2985, 2873, 1374, 

1265, 1129, 809, 647 cm-1.  m/z (LC-MS, ESI+) found 295.184 ([M(79Br)+H]+, 91), 

297.160 ([M(81Br)+H]+, 100), Accurate mass (ES+) found [M+H (79Br)]+ 295.0346, C14H16O2
79Br 

requires M, 295.0334 

 

121a. bis(tert-butylN-{2’-[3-chloro-4-(2’’-ethoxyethoxy)naphthalene-1-sulfonamido]ethyl}carbamate)  

 

Compound was synthesized according to general procedure C using 1-bromo, 4-ethoxy-ethane 120 (560 

mg, 1.90 mmol, 1.00 eq). Following separation of the layers and extraction of the aqueous fraction with 

CHCl3 (3 x 15 ml), the combined organic layers were dried over MgSO4, concentrated and purified by 

column chromatography (EtOAc in Hex 0-30%) to yield the title compound as a to yield the title 

compound as a brown oil (285 mg, 0.665 mmol, 35%).  δH (599 MHz, CDCl3) 8.59 – 8.53 (1H, m, 5–

H), 8.42 (1H, dd, J = 8.2, 1.7 Hz, 8–H), 8.22 (1H, s, 2–H), 7.67 – 7.60 (2H, m, 6–H, 7–H), 5.80 (1H, s, 
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2’–NH), 4.89 (1H, s, 1’–NH), 4.40 – 4.33 (2H, m, 1’’’–H2), 3.92 – 3.83 (2H, m, 2’’’–H2), 3.61 (2H, q, 

J = 7.0 Hz, 1’’’–H2), 3.19 (1H, t, J = 5.6 Hz, 2’–H2), 3.04 (2H, t, J = 5.6 Hz, 1’–H2), 1.38 (9H, s, –

C(CH3)3), 1.25 (3H, t, J = 7.0 Hz, 2’’’–H3). δC (151 MHz, CDCl3) 156.6 (C=O), 155.4 (C–4), 131.6 (C–

2), 131.3 (C–1), 130.4 (C–3), 128.7 (C–6), 128.1 (C–8a), 127.5 (C–7), 124.5 (C–5), 123.6 (C–8), 121.3 

(C–4a), 79.9 (–C(CH3)3), 73.6 (C–1’’), 69.4 (C–2’’), 66.7 (C–1’’’), 43.9 (C–2’), 40.3 (C–1’), 28.3 (–

C(CH3)3), 15.2 (C–2’’’). vmax (ATR) 3303 (N–H), 3211 (N–H), 3018, 2978, 2877, 1691 (C=O), 1505, 

1349, 1220, 1168, 1143, 1075, 966, 866 cm-1. m/z (LC-MS ESI+) 473.292 ([M+H (35Cl)]+, 9), 475.249 

([M+H (37Cl)]+, 3), 417.221 ([M(35Cl)–tBu+2H]+, 100), 419.186 ([M(37Cl)–tBu+2H]+, 39). Accurate 

mass (ES+) found [M+H]+ 473.1507, C21H30N2O6
35ClS requires M 473.1513. 

 

121. N-(2-aminoethyl)-3-chloro-4-(2-ethoxyethoxy)naphthalene-1-sulfonamide hydrogen chloride  

 

Compound was prepared according to general procedure B using bis(tert-butyl N-{2’-[3-chloro-4-(2’’-

ethoxyethoxy)naphthalene-1-sulfonamido]ethyl}carbamate) 121a (101 mg, 0.214 mmol, 1.00 eq) to 

yield the title compound as a light brown oil (84.3 mg, 0.206 mmol, 96%).  δH (700 MHz, CD3OD) 8.30 

(1H, dd, J = 8.5, 1.2 Hz, 5–H), 8.13 (ddd, J = 8.1, 1.4 Hz, 8–H), 7.88 (1H, s, 2-H), 7.41 (1H, ddd, J = 

8.5, 6.8, 1.4 Hz, 6–H), 7.37 (1H, ddd, J = 8.1, 6.8, 1.2 Hz, 7–H), 4.07 – 4.02 (2H, m, 1’’–H2), 3.54 – 

3.49 (2H, m, 2’’–H2), 3.24 (2H, q, J = 7.0 Hz, 1’’’–H2), 2.97 (m, –NH3), 2.75 – 2.72 (2H, m, 1’–H2), 

2.69 – 2.71 (2H, m, 2’–H2), 0.86 (3H, t, J = 7.0 Hz, 2’’’–H3). δC (176 MHz, CD3OD) 155.4 (C–4), 131.2 

(C–2), 131.1 (C–1), 130.3 (C–3), 128.5 (C–6), 128.1 (C–8a), 127.4 (C–7), 124.5 (C–5), 123.3 (C–8), 

120.8 (C–4a), 73.6 (C–1’’), 69.3 (C–2’’), 66.7 (C–1’’’), 39.7 (C–1’), 39.3 (C–2’), 14.6 (C–2’’’). m/z 

(LC-MS ESI+) 373.121 ([M+H (35Cl)]+, 20), 375.146 ([M+H (37Cl)]+, 7), 745.147 ([2M+H (35Cl)]+, 35), 

767.110 ([2M+H (37Cl)]+, 10). Accurate mass (ES+) found [M+H]+ 373.0990, C16H22N2O4
35ClS 

requires M 373.0989    
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122a. tert-butyl N-{2'-[4-(2''-ethoxyethoxy)naphthalene-1-sulfonamido]ethyl}carbamate  

 

n-BuLi (0.27 mL, 0.68 mmol, 0.95 eq) was added dropwise to a to a solution of the 1-bromo, 4-ethoxy-

ethane 120 (210 mg, 0.71 mmol, 1.00 eq) in THF (4.7 mL) at –78 ℃ under argon. The mixture was 

allowed to stir for 30 mins to which SO2Cl2 (0.055 mL, 0.68 mmol, 0.95 eq) was added. The mixture 

was allowed to stir for a further 90 minutes from –78 ℃ to room temperature. The reaction was then 

quenched over ice, separated and the aqueous layer extracted with Et2O (3 x 15 ml). The crude sulfonyl-

chloride intermediate was used without further purification and added dropwise to a solution of 

triethylamine and N-Boc ethylenediamine (0.169 mL, 1.07 mmol, 1.50 eq) in DCM (10.0 ml). The 

reaction mixture was allowed to stir at room temperature for 3 hours and quenched with water, separated 

and the aqueous layer extracted with DCM (3 x 15 ml). The combined organic layers were washed with 

NaHCO3 (3 x 10 ml), dried over MgSO4 and purified by column chromatography (EtOAc in hexane 0-

30%) to yield the title compound as a brown amorphous solid (48.2 mg, 0.110 mmol, 15%). δH (700 

MHz, CDCl3) 8.55 (1H, dd, J = 8.7, 1.3 Hz, 5–H), 8.41 (1H, d, J = 8.4 Hz, 8-H), 8.19 (1H, d, J = 8.3, 

Hz, 2-H), 7.66 (1H, ddd, J = 8.7, 6.9 Hz, 6-H), 7.57 (1H, ddd, J = 8.2, 6.9, 1.3 Hz, 7–H), 6.82 (1H, d, J 

= 8.3 Hz, 3–H), 5.30 (1H, s, 2’–NH), 4.74 (1H, s, 1’–NH), 4.36 (1H, t, J = 4.8 Hz, 1’’–H), 3.95 (2H, t, 

J = 4.8 Hz, 2’’–H), 3.67 (2H, q, J = 7.0 Hz, 1’’’–H), 3.12 (2H, t, J = 7.0 Hz, 2’–H), 2.96 (2H, t, J = 7.0 

Hz, 1’–H), 1.27 (3H, t, J = 7.0 Hz, 2’’’–H). δC (176 MHz, CDCl3) 159.1 (C–4), 156.3 (C=O), 132.1 (C–

2), 129.3 (C–1), 128.9 (C–6), 126.2 (C–8a), 126.1 (C–7), 125.7 (C–4a), 124.0 (C–5), 123.3 (C–8), 102.6 

(C–3), 79.7 (–C(CH3)3), 69.2 (C–1’’), 68.3 (C–2’’), 67.0 (C–1’’’), 43.5 (C–1’), 40.2 (C–2’), 28.3 (–

C(CH3)3), 15.2 (C–2’’’). vmax (ATR) 3304 (N–H), 3011, 2974, 2933, 2877, 1694 (C=O), 1573, 1509, 

1368, 1324, 1252, 1155, 1094, 966 cm-1.  m/z (LC-MS, ESI+) found 439.131 [M+H]+, 383.161 [M–

tBu+2H]+, 877.306 [2M+H]+. Accurate mass (ES+) found [M+H]+ 439.1889; C21H30N2O6S requires M, 

439.1863. 
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122. N-(2’-aminoethyl)-4-(2’’-ethoxyethoxy)naphthalene-1-sulfonamide hydrogen chloride  

 

Compound was prepared according to general procedure B, using tert-butyl N-{2'-[4-(2''-

ethoxyethoxy)naphthalene-1-sulfonamido]ethyl}carbamate 122a (11.5 mg, 0.026 mmol, 1.00 eq) to 

yield the title compound as a brown amorphous solid. (9.4 mg, 0.025 mmol, 95%). δH (700 MHz, 

CD3OD) 8.59 (1H, dd, J = 8.6, 0.9 Hz, 5–H), 8.43 (1H, d, J = 8.3 Hz, 2–H), 8.20 (1H, dd, J = 8.3, 1.4 

Hz, 8–H), 7.72 (1H, ddd, J = 8.6, 6.8, 1.4 Hz, 6–H), 7.63 (1H, ddd, J = 8.3, 6.8, 0.9 Hz, 7–H), 7.04 (1H, 

d, J = 8.3 Hz, 3–H), 4.46 – 4.35 (2H, m, 1’’–H), 4.02 – 3.95 (2H, m, 2’’–H), 3.68 (2H, q, J = 7.0 Hz, 

1’’’–H), 3.00 (4H, s, 1’–H, 2’–H), 1.25 (3H, t, J = 7.0 Hz, 2’’’–H). δC (176 MHz, CD3OD) 159.1 (C–

4), 131.5 (C–2), 129.1 (C–1), 128.3 (C–6), 126.1 (C–8a), 125.9 (C–7), 125.4 (C–4a), 123.9 (C–5), 122.7 

(C–8), 102.6 (C–3), 68.5 (C–1’’), 68.3 (C–2’’), 66.5 (C–1’’’), 39.7 (C–1’), 39.3 (C–2’), 14.0 (C–2’’’). 

m/z (LC-MS, ESI+) 339.158 [M+H]+, 677.243 [2M+H]+. Accurate mass (ES+) found [M+H]+ 339.1385, 

C16H23N2O4S requires M 339.1379. 

 

127a. 1-bromo-4-(methoxy methoxy)naphthalene  

 

Sodium hydride (49 mg, 1.23 mmol, 1.10 eq) was placed in a round bottom flask under Ar and washed 

with dry hexane (3 x 10 ml). A suspension was then created with dry THF (8.0 mL) and cooled to 0 ℃. 

To the suspension, a solution of 4-bromonaphth-1-ol (250 mg, 1.12 mmol, 1.00 eq) in THF (2.0 ml) was 

added dropwise and following the emission of H2, the mixture was allowed to reach ambient 

temperature and stirred for 30 min. MOM-Cl (0.01 mL, 1.23 mmol, 1.10 eq) was then added and the 

mixture was allowed to stir at room temperature for 1 h. The reaction mixture was quenched with sat. 

NH4Cl(aq) and the aqueous fraction was extracted with EtOAc (3 x 10  ml). The combined organic layers 

were then washed with 1M NaOH (3 x 10 ml), dried over MgSO4 and purified by column 

chromatography (Hex: EtOAc, 0-20%) to yield the title compound as a colourless oil (244 mg, 0.91 

mmol, 80%).  δH (400 MHz, CDCl3) 8.30 (1H, dd, J = 8.3, 0.9 Hz, 5–H), 8.21 – 8.14 (1H, m, 8–H), 
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7.69 – 7.59 (2H, m, 2–H, 7–H), 7.55 (1H, ddd, J = 8.3, 6.8, 1.3 Hz, 6–H), 6.99 (1H, d, J = 8.3 Hz, 3–

H), 5.39 (2H, s, –OCH2), 3.54 (3H. s, –OCH3). δC (101 MHz, CDCl3) 152.7 (C-4), 132.6 (C–8a), 129.6 

(C–2), 127.7 (C–7), 127.2 (C–1), 127.0 (C–8), 126.2 (C–6), 122.4 (C–5), 114.6 (C–4a), 108.5 (C–3), 

94.8 (–OCH2), 56.4 (–OCH3). m/z (LC-MS, ESI+) 234.930 ([M–OMe (79Br)]+, 63), 236.941 ([M–OMe 

(81Br)]+, 64). Data agrees with that reported in Hoye et al.145 

 

127. tert-butyl N-{2’-[4-(methoxymethoxy)naphthalene-1-sulfonamido]ethyl}carbamate  

 

Compound was synthesized according to general procedure C using 1-bromo-4-(methoxy 

methoxy)naphthalene bromonaphthalene (127a) (0.250 g, 0.936 mmol, 1.00 eq) and N-Boc 

ethylenediamine (0.222 mL, 1.404 mmol, 1.50 eq). Following separation of the layers and extraction of 

the aqueous fraction with CHCl3 (3x15ml), the combined organic layers were dried over MgSO4, 

concentrated and purified by column chromatography (EtOAc in Hex 0-25%) to yield the desired 

compound as a light brown oil (0.170 g, 0.414 mmol, 44%). δH (700 MHz, CDCl3) 8.58 (1H, dd, J = 

8.6, 0.9 Hz, 5–H), 8.38 (1H, dd, J = 8.1, 1.4 HZ, 8–H), 8.18 (1H, d, J = 8.3 Hz, 2–H), 7.67 (1H, ddd, J 

= 8.6, 6.8, 1.4 Hz, 6–H), 7.58 (1H, ddd, J = 8.1, 6.8, 0.9 Hz, 7–H), 7.09 (1H, d, J = 8.3 Hz, 3–H), 5.45 

(3H, s, –OCH2, 2’–NH), 4.82 – 4.86 (1H, m, 1’–NH), 3.55 (3H, s, –OCH3), 3.15 (2H, t, J = 6.7 Hz, 2’–

H2), 2.97 (2H, t , J = 6.7 Hz, 1’–H2), 1.37 (9H, s, –C(CH3)3). δC (176 MHz, CDCl3) 157.2 (C–4), 156.4 

(C=O), 131.5 (C–2), 129.4 (C–1), 128.8 (C–6), 126.7 (C–8a), 126.4 (C–7), 126.3 (C–4a), 124.2 (C–5), 

123.0 (C–8), 105.2 (C–3), 94.6 (–OCH2), 80.4 (–C(CH3)3), 56.64 (–OCH3), 43.5 (C–2’), 40.2 (C–1’), 

28.3 (–C(CH3)3). m/z (LC-MS, ESI+) 411.206 [M+H]+, 355.121 [M–tBu+2H]+, 311.196 [M–Boc+2H]+, 

821.310 [2M+H]+, 721.296 [2M–Boc+2H]+.  

 

 

 

 

 

 

https://durham-mbook.mestrelab.com/12949
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128a. 1-(benzyloxy)-4-bromonaphthalene  

 

Compound was prepared according to general procedure D using 1-bromonaphth-4-ol (0.586 g, 2.63 

mmol, 1.05 eq) and benzyl bromide (0.297 mL, 2.50 mmol, 1.00 eq). TBAI (34.1 mg, 0.250 mmol, 0.10 

eq) was added as a nucleophilic catalyst. The reaction was monitored by TLC (EtOAc in Hex, 0-30%) 

and upon complete consumption of the starting naphthol, the mixture was concentrated and the resulting 

residue dissolved in EtO2 (20 ml). The organic solution was washed with water (3 x 25 ml) and brine (3 

x 25 ml), dried over MgSO4, concentrated and purified by column chromatography (EtOAc in Hex, 0-

15%) to yield the title compound as colourless amorphous solid (0.698 g, 2.20 mmol, 89%).  δH (700 

MHz, CDCl3) 8.37 (1H, d, J = 8.4 Hz, 8–H), 8.18 (1H, d, J = 8.6 Hz 5–H), 7.67 – 7.60 (2H, m, 3–H, 6–

H), 7.54 –7.51 (3H, m, 2’–H, 7–H), 7.44 – 7.36 (43, m, 3’–H, 4’–H), 6.77 (1H, d, J = 8.2 Hz, 2–H) 5.25 

(2H, s, –OCH2). δC (176 MHz, CDCl3) 154.3(C-1), 136.7 (C–4’), 132.5 (C–4a), 129.4 (C–3), 128.6 (C–

2’), 128.1 (C–1’), 127.8 (C–6), 127.4 (C–3’), 127.0 (C–4), 126.9 (C–5), 126.0 (C–7), 122.6 (C–8), 

113.5 (C–8a), 105.9 (C–2), 70.7 (–OCH2). vmax (ATR) 2977, 2880, 2186, 1427, 1340, 1162, 1140, 805 

cm-1. m/z (LC-MS, ESI+) 313.197 ([M+H (79Br)]+, 36), 315.287 ([M+H (81Br)]+, 34). Data agrees with 

that as reported in Lowe et al.146   

 

129a. [(4-bromonaphthalen-1-yl)oxy](tert-butyl)dimethylsilane  

 

1-bromonaphtha-4-ol (800 mg, 3.59 mmol, 1.00 eq), TBDMS-Cl (610 mg, 3.95 mmol, 1.10 

eq) and imidazole (488 mg, 7.18 mmol, 2.00 eq) were dissolved in DMF (35 mL) and the reaction 

mixture was allowed to stir at room temperature for 16 hours. The reaction was monitored by TLC 

(EtOAc in Hex, 1:9) and upon completion consumption of the starting naphthol, the mixture was 

concentrated, and the resulting residue dissolved in EtO2 (30 ml). Purification was achieved by 
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successive washes of the organic solution with water (3 x 20 ml), 0.1M NaOH (3 x 20 ml) and brine (3 

x 20 ml). The organic layer was dried over MgSO4, concentrated and dried in vacuo to yield the desired 

product as an off white amorphous solid (1140 mg, 3.23 mmol, 93%). δH (700 MHz, CDCl3) 8.20 (1H, 

ddd, J = 8.2, 1.3 Hz, 8–H), 8.17 (1H, dd, J = 8.4, 1.0 Hz, 5–H), 7.64 – 7.57 (2H, m, 3–H, 6–H), 7.52 

(1H, ddd, J = 8.2, 6.8, 1.0 Hz, 7–H), 6.74 (1H, d, J = 8.1 Hz, 2–H), 1.10 (9H, s, –C(CH3)3), 0.29 (6H, 

s, –Si(CH3)2). δC (176 MHz, CDCl3) 151.6 (C–1), 132.9 (C–4a), 129.6 (C–3), 129.2 (C–6), 127.5 (C–

4), 127.0 (C–5), 125.9 (C–7), 123.1 (C–8), 113.8 (C–8a), 113.1 (C–2), 25.8 (–C(CH3)3), 18.4 (–

C(CH3)3), -4.3 (–Si(CH3)2). vmax (ATR) 2961, 2930, 2856, 1592, 1453, 1384, 1254, 1066, 1021, 838 cm-

1. m/z (LC-MS, ESI+) 336.226 ([M+H (79Br)]+, 29), 338.203 ([M+H (81Br)]+, 26).  

 

130a. (2’-{[(4-bromonaphthalen-1-yl)oxy]methoxy}ethyl)trimethylsilane  

 

Sodium hydride (29.6 mg, 1.23 mmol, 1.10 eq) was placed in a round bottom flask under argon and 

washed 3 times with dry hexane. A suspension was then created with dry THF (8.0 mL) and the reaction 

mixture was cooled to 0 ℃. To the suspension, a solution of 4-bromonaphth-1-ol (250 mg, 1.12 mmol, 

1.00 eq) in THF (2.0 ml) was added dropwise and following the emission of hydrogen gas, the mixture 

was allowed to stir at this temperature for 30 min. SEM-Cl (205 mg, 0.218 mL, 1.23 mmol, 1.10 eq) was 

then added and the mixture was allowed to reach ambient temperature and stir 1 h. The reaction was 

quenched with 1M NH4Cl (aq) and extraction of the solution was conducted with Et2O (3 x 10 ml). The 

combined organic layers were washed with 1M NaOH (3 x 10 ml) and brine (3 x 15 ml), dried over 

MgSO4, concentrated and purified by column chromatography (EtOAc in Hex, 0-5%) to yield the title 

compound as a colourless oil (329 mg, 0.931 mmol, 83%). δH (400 MHz, CDCl3) 8.31 – 8.26 (1H, dd, 

J = 8.2, 1.4 Hz, 8–H), 8.19 (1H, dd, J = 8.4, 1.1 Hz, 5–H), 7.67 (1H, d, J = 8.3 Hz, 3–H), 7.62 (1H, ddd, 

J = 8.4, 6.8, 1.4 Hz, 6–H), 7.54 (1H, ddd, J = 8.2, 6.8, 1.1 Hz, 7–H), 7.01 (1H, d, J = 8.3 Hz, 2–H), 5.43 

(2H, s, –OCH2O), 3.92 – 3.75 (2H, m, 2’–H), 1.02 – 0.96 (1H, m, 1’–H), 0.01 (9H, s, –Si(CH3)3). δC 

(101 MHz, CDCl3) 153.0 (C–1), 132.6 (C–4a), 129.6 (C–3), 127.7 (C–6), 127.2 (C–4), 127.0 (C–5), 

126.0 (C–7), 122.5 (C–8), 114.3 (C–8a), 108.5 (C–2), 93.4 (–OCH2O), 66.7 (C–2’), 18.1 (C–1’), -1.4 

(–Si(CH3)3). vmax (ATR) 2990, 1590, 1337, 1252, 1220, 749, 673 cm-1. LCMS (ESI+) 336.008 ([M–CH3 

(79Br)]+, 7), 338.022 ([M–CH3 (81Br)]+, 6). Accurate mass (ES+) found 353.0587, C16H22
79BrO2Si 

requires M 353.0572.   
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130. tert-butyl N-[2’-(4-{[2’’-(trimethylsilyl)ethoxy]methoxy}naphthalene-1-sulfonamido) ethyl] 

carbamate  

 

Compound was prepared according to general procedure C using (2’-{[(4-bromonaphthalen-1-

yl)oxy]methoxy}ethyl)trimethylsilane (130a) (1.70 g, 4.81 mmol, 1.00 eq) and N-Boc 

ethylenediamine (1.1 mL, 7.22 mmol, 1.50 eq). Following separation of the layers, extraction was 

conducted with Et2O (3 x 20 ml) and the combined organic extracts were dried over MgSO4 and 

concentrated. Purification was achieved by flash chromatography (EtOAc in Hex, 0-30%) to yield the 

title compound as a light orange oil (1.12 g, 2.245mmol, 47%). δH (400 MHz, CDCl3) 8.59 (1H, dt, J = 

8.6, 1.0 Hz, 5–H), 8.41 (1H, dd, J = 8.3, 1.4, Hz, 8–H), 8.22 (1H, d, J = 8.4 Hz, 2–H), 7.70 (1H, ddd, J 

= 8.6, 6.9, 1.4 Hz, 6–H), 7.61 (1H, ddd, J = 8.3, 6.9, 1.0 Hz, 7–H), 7.14 (1H, d, J = 8.4 Hz, 3–H), 5.52 

(2H, s, –OCH2O), 5.29 (1H, s, 2’–NH), 4.78 (1H, s, 1’–NH), 3.97 – 3.76 (2H, m, 2’’–H), 3.18 (2H, q, 

J = 5.7 Hz, 2’–H), 3.00 (2H, q, J = 5.7 Hz, 1’–H), 1.41 (9H, s, –C(CH3)3), 1.07 – 0.96 (2H, m, 1’’–H), 

0.02 (9H, s, –Si(CH3)3). δC (101 MHz, CDCl3) 157.6 (C–4), 156.5 (C=O), 131.7 (C–2), 129.4 (C–1), 

128.8 (C–6), 126.4 (C–8a), 126.3 (C–7), 126.3 (C–4a), 124.1 (C–5), 123.2 (C–8), 105.3 (C–3), 93.2 (–

OCH2O), 79.8 (–C(CH3)3), 67.2 (C–2’’), 43.6 (C–2’), 40.3 (C–1’), 28.3 (C–1’’), 18.1 (–C(CH3)3), -1.4 

(–Si(CH3)3). vmax (ATR) 2949, 1691 (C=O), 1513, 1368, 1251, 1155, 1056, 974 cm-1. m/z (LC-MS ESI+) 

397.385 [M–Boc+H]+, 441.396 [M–tBu+2H]+, 497.447 [M+H]+. Accurate mass (ES+) found 497.2134, 

C23H37N2O6SSi requires M 497.2142.   

 

131. tert-butyl N-[2’-(4-hydroxynaphthalene-1-sulfonamido)ethyl]carbamate  

 

Et3N (2.8 mL, 21.14 mmol, 15.0 eq) was added dropwise to a solution of tert-butyl N-[2’-(4-{[2’’-

(trimethylsilyl)ethoxy]methoxy}naphthalene-1-sulfonamido) ethyl] carbamate (130) (0.70 g, 1.41 

mmol, 1.00 eq) in THF (7.0 mL), followed by tetrabutylammonium fluoride (21.1 mL, 21.14 mmol, 

15.0 eq) added dropwise. The reaction mixture was refluxed at 65 ℃ for 4 hours. The reaction mixture 
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was quenched with water and concentrated under reduced pressure. The resulting mixture was dissolved 

in EtOAc (25ml), washed with sat. NaHCO3 (3 x 20 ml), dried over MgSO4, concentrated and purified 

by column chromatography (EtOAc in Hex 0-70%) to yield the title compound as a light orange 

amorphous solid (0.40 g, 1.09 mmol, 78%). δH (599 MHz, MeOD) 8.54 (1H, dt, J = 8.6, 1.1 Hz, 8–H), 

8.39 – 8.27 (1H, m, 5–H), 8.04 (1H, d, J = 8.2 Hz, 2–H), 7.64 (1H, ddd, J = 8.6, 6.8, 1.4 Hz, 6–H), 7.54 

(1H, ddd, J = 8.2, 6.8, 1.1 Hz, 7–H), 6.84 (1H, d, J = 8.2 Hz, 3–H), 3.00 (2H, t, J = 6.4 Hz, 2’–H), 2.82 

(2H, t, J = 6.4 Hz, 1’–H), 1.33 (9H, s, –C(CH3)3). δC (151 MHz, MeOD) 158.6 (C–4), 156.9 (C=O), 

131.4 (C–2), 129.8 (C–8a), 127.9 (C–7), 125.5 (C–5a), 125.1 (C–6), 124.4 (C–1), 124.0 (C–8), 122.9 

(C–5), 105.3 (C–3), 78.8 (–C(CH3)3), 42.1 (C–2’), 39.8 (C–1’), 27.2 (–C(CH3)3). vmax (ATR) 3463 (b, 

O–H), 3381 (N–H), 3293 (N–H), 2971, 1691 (C=O), 1524, 1364, 1149, 1017 cm-1. m/z (LC-MS ESI+) 

267.228 [M–Boc+H]+, 311.274 [M–tBu+2H]+, 367.324 [M+H]+. Accurate mass (ES+) found 367.1339, 

C17H23N2O5S requires M 367.1328.   

 

134. methyl N-[2-(2'-hydroxyethoxy)ethyl]carbamate  

 

A solution of methyl chloroformate (0.772 mL, 0.011 mol, 1.05 eq) in THF (5 ml) was added dropwise 

to a sealed flask containing 2-(2-aminoethoxy)ethan-1-ol (132) (1.00 g, 0.010 mol, 1.00 eq) in THF/1M 

NaHCO3 (1:1, 20 ml) at 0 ℃. The mixture was the allowed to reach ambient temperature and stirred 

for an additional 16 h. Progress was monitored using TLC and upon complete consumption of the 

starting material, the reaction was quenched with sat. NaHCO3(aq), and the aqueous fraction was 

extracted with EtOAc (3 x 10 ml). The combined organic layers were dried over MgSO4, concentrated 

and the residue purified by column chromatography (EtOAc in Hex 0-60%) to yield the title compound 

as a colourless oil (1.46 g, 0.009 mol, 94%). δH (700 MHz, CDCl3) 5.26 (1H, s, –OH), 3.74 – 3.69 (2H, 

m, 2’–H2), 3.65 (3H, s, –OCH3), 3.57-3.53 (4H, m, 1’–H2, 2–H2), 3.38-3.36 (2H, m, 1–H2), 2.44 (1H, 

s, –NH). δC (176 MHz, CDCl3) 158.7 (C=O), 72.2 (C–1’), 70.5 (C–2), 61.7 (C–2’), 52.1 (–OCH3), 40.4 

(C–1). vmax (ATR) 3334 (b, O–H), 2948, 2877, 1699 (C=O), 1536, 1388, 1261, 1119, 1061 cm-1. m/z 

(GC-MS, EI+) 164.2 [M+H]+, 133.1 [M–OMe]+. Accurate mass (ES+) found [M+H]+ 164.0919, 

C6H14NO4 requires M 164.0923. 

 

135. 2-[2'-(methylamino)ethoxy]ethan-1-ol  

 

A solution of methyl N-[2-(2'-hydroxyethoxy)ethyl]carbamate (134) (0.900 g, 5.51 mmol, 1.00 eq) in 

THF (10 ml) was added dropwise to a stirred suspension of LiAlH4 (0.281 g, 8.27 mmol, 1.50 
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eq) in THF (30 mL) maintained at 0 ℃. On completion of the addition, the reaction was stirred and 

heated under reflux for 16 h. The reaction was then cooled to 0 ℃ and quenched with sequential 

additions of water (1.0 eq), NaOH (1M, 2.0 eq) and water (3.0 eq). A saturated solution of Rochelle salt 

(15 ml) was added and the resulting mixture was stirred for 15 minutes until all solids had dissolved 

and the mixture became clear. The layers were separated and the aqueous fraction was extracted with 

EtOAc (3 x 15 ml). The combined organic layers were dried over MgSO4 and concentrated in vacuo to 

yield the title compound as a light yellow oil (0.626 g, 5.25 mmol, 95%). δH (700 MHz, CDCl3) 3.72 – 

3.70 (2H, m, 1–H2), 3.62 – 3.60 (2H, m, 1’–H2), 3.59 – 3.57 (2H, m, 2–H2), 2.79 – 2.76 (2H, m, 2’–H2), 

2.68 (1H, s, –OH), 2.44 (3H, s, –NCH3). δC (176 MHz, CDCl3) 72.5 (C–2), 69.8 (C–1’), 61.8 (C–1), 

51.3 (C–2’), 36.1 (–NCH3). vmax (ATR) 3300 (b, O–H), 2933 2870, 1552, 1478, 1386, 1128, 1072 cm-

1. m/z (LC-MS, ESI+) 120.217 [M+H]+, Accurate mass (ES+) found [M+H]+ 120.1025, C5H14NO2 

requires M 120.1025.  

 

136. prop-2-en-1-yl N-[2'-(2''-hydroxyethoxy)ethyl]-N-methylcarbamate 

 

A solution of allyl chloroformate (0.441 g, 4.41 mmol, 1.05 eq) was added dropwise to a solution of 2-

[2'-(methylamino)ethoxy]ethan-1-ol (135) (0.500 g, 4.20 mmol, 1.00 eq) in THF/1M NaHCO3 (1:1, 15 

ml), at 0 ℃ under N2. Upon completion of the addition, the reaction mixture was allowed to reach 

ambient temperature and stirred for an additional 16 hours. The reaction was quenched with sat. 

NaHCO3(aq) (10 ml), the layers separated and the aqueous layer extracted with EtOAc (3 x 10 ml). The 

combined organic layers were dried over MgSO4, concentrated and the crude product purified 

by column chromatography (EtOAc in Hexane 0-90%) to yield the title compound as a light yellow 

oil (0.655 g, 3.22 mmol, 77%). δH (700 MHz, CDCl3) 5.94 (1H, ddt, J = 17.2, 11.5, 5.5 Hz, 2–H), 5.30 

(1H, dd, J = 17.2, 3.4 Hz, 3–HZ), 5.20 (1H, dd, J = 11.5, 3.4 Hz, 3–HE), 4.59 (2H, d, J = 5.5, 1–H2), 

3.71 (2H, t, J = 4.5 Hz, 2’’–H2), 3.68 – 3.56 (4H, m, 1’’-H2, 2’–H2), 3.48 (2H, d, J = 7.5 Hz, 1’–H2), 

2.98 (3H, s, –NCH3), 2.19 – 1.98 (1H, s, –OH). δC (176 MHz, CDCl3) 156.3 (C=O), 133.1 (C–2), 117.2 

(C–3), 72.2 (C–1’’), 69.3 – 69.0 (C–2’), 66.0 (C–1), 61.8 (C–2’’), 48.8 – 48.4 (C–1’), 35.7 – 35.0 (–

NCH3). vmax (ATR) 3425 (b, O–H), 3086, 2940, 2873, 1686 (C=O), 1478, 1462, 1399, 1169, 1127, 

1060, 771 cm-1. m/z (LC-MS, ESI+) 226.325 [M+Na]+, 204.195 [M+H]+. Accurate mass (ES+) found 

[M+H]+ 204.1242, C9H18NO4 requires M 204.1236.  
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140. prop-2-en-1-yl N-(pent-4’-yn-1’-yl)-N-[2’’-(2’’’-hydroxyethoxy)ethyl]carbamate  

 

DMSO (4.8 mL, 67.5 mmol, 2.50 eq) in 10 mL CH2Cl2 was added dropwise over 10 minutes to a stirred 

solution of oxalyl chloride (2.5 mL, 30.0 mol, 1.10 eq) in 50 mL DCM under argon at –78 °C. After 

stirring for a further 30 min, a solution of 4-pentyn-1-ol (137) (2.5 mL, 27.0 mmol, 1.00 eq) in DCM 

(20 mL) was added dropwise and stirred at –78 °C for a further 1 h. Et3N (20ml) was then added and 

the mixture was maintained at –78 °C for 1.5 h after which it was allowed to warm to ambient 

temperature and stirred for a further 3 h. The reaction mixture was then diluted with DCM (30 ml) and 

washed with water (3 x 30 ml), NaHCO3 (3 x 30 ml) and brine (3 x 30 ml). The organic layer was then 

dried over MgSO4 and concentrated using a rotary evaporator, maintaining the water bath temperature 

≤ 20 ℃ to yield crude aldehyde 138 as a yellow oil.  

 

A dry MeOH (5ml) solution of crude aldehyde 138 was added dropwise to a flask containing 2-(2-

aminoethoxy)ethan-1-ol (132) (3.00 g, 2.9 ml, 28.4 mmol, 1.05 eq) in dry MeOH (50ml) and 4Å 

molecular sieves under N2. After 30 min, NaCNBH3 (5.34 g, 81.0 mmol, 3.00 eq) was added and the 

reaction mixture was allowed to stir for a further 48 hours at room temperature. The reaction mixture 

was the concentrated and the crude residue was suspended in cold MeOH. The mixture was filtered and 

the filtrate concentrated in vacuo to yield crude secondary amine 139 as a yellow oil which was used 

without further purification.  

 

A solution of allyl chloroformate (4.02g, 40.5 mmol, 1.50 eq) in THF (10 ml) was added dropwise to a 

sealed flask containing crude secondary amine 139 in THF/1M NaHCO3 (1:1, 50 ml) at 0 ℃ under N2. 

Upon completion of addition, the reaction mixture was allowed to reach ambient temperature and stirred 

for an additional 16 hours. The reaction was quenched with sat. NaHCO3(aq) (25 ml), the layers separated 

and the aqueous layer extracted with EtOAc (3 x 30ml). The combined organic layers were dried over 

MgSO4, concentrated and the crude product purified by column chromatograph (EtOAc in Hex 0-95%) 

to yield the title compound as a colourless oil (2.49 g, 9.75 mmol, 36% (over 3 steps)). δH (700 MHz, 

CDCl3) 5.93 (1H, ddt, J = 17.2, 10.5, 5.5, 2–H), 5.29 (1H, dd, J = 17.2, 3.5 Hz, 3–HZ), 5.20 (1H, dd, J 

= 10.5, 3.5 Hz, 3–HE),  4.58 (2H, d, J = 5.5, Hz, 1–H2), 3.75 – 3.68 (2H, m, 2’’’–H2), 3.67 – 3.44 (4H, 

m, 1’’’–H, 2’’–H2), 3.47 – 3.44 (2H, m, 1’–H2) 3.44 – 3.36 (2H, m, 1’’–H2), 2.26 – 2.14 (2H, m, 3’–

H2), 1.97 (1H, t, J = 2.7 Hz, 5’–H), 1.81-1.79 (2H, m, 2’–H2). δC (176 MHz, CDCl3) 156.3 (C=O), 133.1 

(C–2), 117.3 (C–3), 82.6 (C–4’), 72.3 – 72.1 (C–1’’’), 69.7 (C–5’) 69.3 (C–2’’), 66.9 – 66.8 (C–1), 66.0 
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– 65.8 (C–1’), 61.8 (C–2’’’), 47.7 – 47.0, (C–1’’) 27.3 – 26.8 (C–3’), 15.2 (C–2’). vmax (ATR) 3448 (b, 

O–H), 3305, 3076, 2949, 2875, 1689 (C=O), 1483, 1421, 1283, 1227, 1128, 1060, 997, 774 cm-1. m/z 

(LC-MS, ESI+) 256.310 [M+H]+, 226.325 [M+Na]+. Accurate mass (ES+) found [M+H]+ 256.1539, 

C13H22NO4 requires M 256.1549.  

 

142. methyl 3-tert-butylbenzoate 

 

K2CO3 (1.55 g, 11.2 mmol, 4.00 eq) was added in portions to a solution of 3-tertbutylbenzoic acid (141) 

(0.500 g, 2.81 mmol, 1.00 eq) in MeCN (11.2 mL). The mixture was allowed to stir at room temperature 

for 15 mins after which MeI (0.699 mL, 11.2 mmol, 4.00 eq) was added. Following the addition of the 

electrophile, the reaction mixture was allowed to stir under reflux for 16 hours. Volatiles were 

evaporated and the resulting mixture was dissolved in 1M NaHCO3 (15 ml). Extraction of the aqueous 

solution was conducted with DCM (3 x 10 ml) and the combined organic layers were washed with 1M 

NaOH (3 x 20 ml), dried over MgSO4 and concentrated to yield the title compound as a light brown 

oil (0.407 g, 2.12 mmol, 76%). δH (400 MHz, CDCl3) 8.08 (1H, t, J = 1.9 Hz, 2–H), 7.85 (1H, dt, J = 

7.8, 1.9 Hz, 6–H), 7.59 (1H, dd, J = 7.8, 1.9 Hz, 4–H), 7.37 (1H, t, J = 7.8 Hz, 5–H), 3.92 (3H, s, –

OCH3), 1.35 (9H, s, –(CH3)3). δC (101 MHz, CDCl3) 167.5 (C=O), 151.5 (C–1), 130.0 (C–2), 129.9 (C–

3), 128.1 (C–6), 126.8 (C–5), 126.5 (C–4), 52.1 (–OCH3), 34.8 (–C(CH3)3), 31.3 (–(CH3)3). m/z 

(ASAP+) 193.121 [M+H]+. Data agrees with that reported in Fournier et al.147   

 

143. methyl 3-tert-butyl-5-hydroxybenzoate  

 

A vial was charged with the B2Pin2 (634.0 mg, 2.497 mmol, 1.20 eq), dtbpy (55.8 mg, 0.208 mmol, 

0.10 eq), [Ir(COD)(OMe)]2 (69.0 mg, 0.104 mmol, 0.05 eq) and methyl 3-tertbutylbenzoate (142) 

(400.0 mg, 2.08 mmol, 1.00 eq) and subjected to 3 N2-purge refill cycles. MTBE (2.1 mL) was added 

and the mixture was allowed to stir at room temperature for 16 hours after which volatiles were 

evaporated and the resulting crude material was dissolved in a 1:1 mixture of acetone and water (10 

mL). Oxone (1279.0 mg, 2.08 mmol, 1.00 eq) was added and the mixture was left to stir at room 

temperature for 30 minutes. Upon complete conversion of the boronate ester, the reaction was quenched 

with Na2SO3 (10 mL). Volatiles were evaporated and the resulting aqueous mixture was buffered to 
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pH5 using 0.1M HCl and extracted with DCM (3 x 15 mL). The combined organic layers were dried 

over MgSO4 and concentrated. Purification was achieved by column chromatography (EtOAc in Hex 

0-45%) to yield the title compound as a yellow amorphous solid (270.0 mg, 1.30 mmol, 62%). δH (599 

MHz, CDCl3) 7.64 (1H, t, J = 1.6 Hz, 2–H), 7.42 (1H, dd, J = 2.5, 1.6 Hz, 6–H), 7.12 (1H, dd, J = 2.5, 

1.6 Hz, 4–H), 6.54 (1H, s, –OH), 3.91 (3H, s, –OCH3), 1.43 (9H, s, –(CH3)3). δC (151 MHz, CDCl3) 

168.0 (C=O), 156.0 (C–5), 153.7 (C–1), 130.9 (C–3), 119.2 (C–2), 118.0 (C–4), 113.7 (C–6), 52.5 (–

OCH3), 34.9 (–C(CH3)3), 31.3 (–(CH3)3). vmax (ATR) 3406 (O–H), 2956, 2864, 1701 (C=O), 1595 (C–

O), 1432, 1326, 1297, 1254, 1116, 1000, 879, 769 cm-1. m/z (LC-MS, ESI+) 209.146 [M+H]+. Accurate 

mass (ES+) found 209.1179, C12H17O3 requires M 209.1178.   

 

144. methyl 3-tert-butyl-5-(pent-4’-yn-1’-yloxy)benzoate  

 

1-chloropent-4-yne (0.153 mL, 1.441 mmol, 2.00 eq) was added to a prestirred mixture of K2CO3 (398 

mg, 2.88 mmol, 4.00 eq), TBAI (39.9 mg, 0.108 mmol, 0.15 eq) and methyl 3-tert-butyl-5-

hydroxybenzoate (143) (150.0 mg, 0.720 mmol, 1.00 eq) in MeCN (7.2 mL). The mixture was allowed 

to stir under reflux for 16 hours after which it was quenched with NaHCO3 (10 mL) and the organic 

layer was extracted with CHCl3 (3 x 10 mL). The extracts were combined, dried over MgSO4 and 

concentrated. Purification was achieved by column chromatography (0-20% EtOAc in Hex) to yield the 

title compound as a colourless oil (153.0 mg, 0.558 mmol, 77%). δH (599 MHz, CDCl3) 7.68 (1H, t, J 

= 1.6 Hz, 2–H), 7.36 (1H, dd, J = 2.6, 1.6 Hz, 6–H), 7.13 (1H, dd, J = 2.6, 1.6 Hz, 4–H), 4.10 (2H, t, J 

= 6.1 Hz, 1’–H2), 3.90 (3H, s, –OCH3), 2.41 (2H, td, J = 7.0, 2.7 Hz, 3’–H2), 2.00 (2H, tt, J = 7.0, 6.1 

Hz,  2’–H2), 1.97 (1H, t, J = 2.7 Hz, 5’–H), 1.32 (9H, s, –(CH3)3). δC (151 MHz, CDCl3) 167.5 (C=O), 

158.9 (C–5), 153.3 (C–1), 131.1 (C–3), 119.7 (C–2), 118.1 (C–4), 111.1 (C–6), 83.6 (C–4’), 69.1 (C–

5’), 66.4 (C–1’), 52.3 (–OCH3), 35.0 (–C(CH3)3), 31.4 (–(CH3)3), 28.4 (C-2’), 15.3 (C-3’). vmax (ATR) 

2952, 2255, 1730 (C=O), 1588, 1375, 1180, 1131, 904 cm-1. m/z (LC-MS, ESI+) 275.276 [M+H]+. 

Accurate mass (ES+) found 275.1634, C17H23O3 requires M 275.1647.   
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145. 3-tert-butyl-5-(pent-4-yn-1-yloxy)benzoic acid  

 

LiOH (0.436 g, 18.22 mmol, 5.00 eq) was added in portions to a solution of methyl 3-tert-butyl-5-(pent-

4’-yn-1’-yloxy)benzoate (144) (1.00 g, 3.645 mmol, 1.00 eq) in a 5:1 mixture of THF (23.5 

mL), water (4.7 mL), and 1 drop of MeOH. The reaction was allowed to stir at room temperature for 40 

hours after which volatiles were evaporated. The remaining aqueous mixture was redissolved in 0.1M 

HCl (30 ml) and organic extraction was conducted with EtOAc (3 x 25 ml). The combined organic 

fractions were dried over MgSO4 and concentrated to yield the title compound as a white amorphous 

solid (0.898 g, 3.449 mmol, 95%). δH (599 MHz, CDCl3) 7.77 (1H, t, J = 1.6 Hz, 2–H), 7.44 (1H, dd, J 

= 2.5, 1.6 Hz, 6–H), 7.19 (1H, dd, J = 2.5, 1.6 Hz, 4–H), 4.13 (2H, t, J = 6.1 Hz, 1’–H2), 2.43 (2H, td, 

J = 7.0, 2.6 Hz, 3’–H2), 2.03 (2H, tt, J = 7.0, 6.1 Hz, 2’–H2), 1.98 (1H, t, J = 2.6 Hz, 5’–H), 1.33 (9H, 

s, 9H, –(CH3)3). δC (151 MHz, CDCl3) 172.1 (C=O), 158.8 (C–5), 153.3 (C–1), 130.0 (C–3), 120.2 (C–

2), 118.9 (C–4), 111.4 (C–6), 83.3 (C–4’), 69.0 (C–5’), 66.3 (C–1’), 34.9 (–C(CH3)3), 31.2 (–(CH3)3), 

28.1 (C–2’), 15.2 (C–3’). vmax (ATR) 3279 (O–H), 2967, 2952, 1683 (C=O), 1602, 1414, 1332, 1304, 

1059, 662 cm-1. m/z (LC-MS, ESI–) 259.411 [M–H]–. Accurate mass (ES–) found 259.1356, C16H19O3 

requires M 259.1334 

 

149. tert-butyl, N - {2’-[4-(2’’’’’-{2’’’’-[(pent-4’’’-yn-1’’’-yl) [(prop-2’’-en-1’’-yloxy) carbonyl] 

amino] ethoxy} ethoxy) naphthalene-1-sulfonamido] ethyl} carbamate  

 

To a solution of prop-2-en-1-yl N-(pent-4’-yn-1’-yl)-N-[2’’-(2’’’-hydroxyethoxy)ethyl]carbamate 

(140) (90.0 mg, 0.353 mmol, 1.00 eq)  in anhydrous dichloromethane (0.635 mL)  (0.635 mL) 

and triethylamine (0.056 mL, 0.423 mmol, 1.20 eq) cooled to 0 ℃, methanesulfonyl chloride (0.033 

mL, 0.423 mmol, 1.20 eq)  was added dropwise. The reaction was stirred for 1 hour at 0 ℃, and then 

allowed to warm to room temperature with stirring for 16 hours. Following quenching with water, the 

organic layer underwent successive washes with HCl (3 x 10 ml), NaHCO3 (3 x 10 ml) and brine (3 x 
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10 ml). The organic layer was then dried over MgSO4 and concentrated to yield intermediate mesylate 

146 as a clear oil. m/z (ASAP+) 334.117 [M+H]+. 

 

K2CO3 (24.9 mg, 0.180 mmol, 1.50 eq) was added to a MeCN (1 mL) solution of tert-butyl N-[2’-(4-

hydroxynaphthalene-1-sulfonamido)ethyl]carbamate (131) (50.0 mg, 0.136 mmol, 1.14 eq). To a 

separate flask, TBAI (7.4 mg, 0.020 mmol, 0.167 eq) was added to a MeCN solution (1 mL) of the 

intermediary mesylate (146) (40.0 mg, 0.120 mmol, 1.00 eq) and allowed to stir at room temperature 

for 30 mins. This mixture was then added to the naphthol and the mixture was stirred under reflux for 

16 hours. Upon complete consumption of the starting mesylate, volatiles were evaporated and the 

resulting mixture was redissolved in 0.1M NaOH (15 ml) and organic extraction was conducted with 

DCM (3 x 10 ml). The combined organic layers were dried over MgSO4 and concentrated to yield the 

crude material as a dark brown oil. Purification was achieved by column chromatography (EtOAc in 

Hex 0-50%) to yield the title compound as a dark yellow oil (42.0 mg, 0.070 mmol, 58%). δH (599 

MHz, CDCl3) 8.54 (1H, d, J = 8.5 Hz, 5–H), 8.37 (1H, d, J = 8.5 Hz, 2–H), 8.17 (1H, d, J = 8.3 Hz, 8–

H), 7.65 (1H, dd, J = 8.5, 6.8 Hz, 6–H), 7.55 (1H, dd, J = 8.3, 6.8 Hz, 7–H), 6.80 (1H, d, J = 8.5 Hz, 3–

H), 5.90 (1H, ddt, J = 16.2, 10.7, 5.4 Hz, 2’’–H), 5.33 (1H, s, 2’–NH), 5.30 – 5.22 (1H, m, 3’’–Hz), 5.16 

(1H, dd, J = 10.7, 5.4 Hz, 3’’–HE), 4.56 (2H, d, J = 5.4 Hz, 1’’–H2), 4.34 (2H, t, J = 4.8 Hz, 2’’’’’–H2), 

3.96 (2H, t, J = 4.8 Hz, 1’’’’’–H2), 3.79 – 3.65 (2H, m, 2’’’’–H2), 3.54 – 3.46 (2H, m, 1’’’’–H2), 3.40 

(2H, t, J = 5.8 Hz, 2’–H2), 3.12 (2H, t, J = 5.8 Hz, 1’–H2), 2.95 (2H, m, 1’’’–H2), 2.13 (2H, m, 3’’’–

H2), 1.89 (1H, t, J = 2.6 Hz, 5’’’–H), 1.76 (2H, m, 2’’’–H2), 1.36 (9H, s, –(CH3)3). δC (151 MHz, CDCl3) 

158.9 (C–4), 156.3 (1’’’’NHC=O), 156.1 – 155.9 (1’NHC=O), 133.1 – 132.9 (C–2’’), 131.6 (C–8), 

129.3 (C–1), 128.9 (C–6), 126.2 (C–7), 126.1 (C–8a) 125.8 (C–4a), 124.0 (C–5), 123.2 (C–2), 117.2 

(C–3’’), 102.6 (C–3), 83.4 (C–4’’’), 79.7 (–C(CH3)3), 70.3 (C–2’’’’), 69.8 (C–5’’’), 69.2 (C–1’’’’’), 

68.8 (C–1’’’’), 68.2 (C–2’’’’’), 65.9 (C–1’’), 47.8 – 47.4 (C–1’’’), 43.5 (C–1’), 40.2 (C–2’), 28.3 (–

(CH3)3), 27.3 – 26.8 (C–2’’’), 15.8 (C–3’’’). vmax (ATR) 3304 (N–H), 2981, 2885, 1696, 1683, 1574, 

1509, 1418, 1155, 1134, 1092, 910 cm-1. m/z (LC-MS, ESI+) 604.535 [M+H]+, 504.477 [M-Boc+H]+, 

548.483 [M–tBu+2H]+. Accurate mass (ES+) found 604.2714, C30H42N3O8S requires M 604.2693 

 

152. N-[2’’-(2’-hydroxyethoxy)ethyl]pent-4-ynamide  

 

A solution of 4-pentynoic acid  (151) (0.443 g, 4.518 mmol, 0.95 eq) and one drop of DMF 

in DCM (47.6 mL) was cooled to 0 ℃. Oxalyl chloride (0.387 mL, 4.518 mmol, 0.95 eq) was added 

dropwise and the mixture was allowed to reach ambient temperature and stirred until gas evolution has 

stopped. Volatiles were evaporated using a rotavapor with the water bath set to 20 ℃. The resulting 

residue was taken up in DCM (47.6 mL) and cooled to 0 ℃. A mixture of 2-(2-aminoethoxy)ethan-1-
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ol (132) (0.500 g, 4.756 mmol, 1.00 eq) and Et3N (0.695 mL, 5.231 mmol, 1.10 eq) in DCM (50 mL) 

was then added dropwise. The mixture was allowed to reach ambient temperature and stirred for 3 

hours. Upon completion, volatiles were evaporated and the resulting material was purified by column 

chromatography (EtOAc in Hex 0-100%) to yield the title compound as a colourless oil (0.643 g, 3.471 

mmol, 73%).  δH (599 MHz, CDCl3) 6.52 (1H, m, –NH), 3.70 (2H, q, J = 4.4 Hz, 2’–H2), 3.54 (4H, m, 

1’–H2, 2’’–H2), 3.45 (2H, m, 1’’–H2), 2.49 (2H, dt, J = 7.3, 2.3 Hz, 3–H2), 2.38 (2H, t, J = 7.3, 2–H2), 

1.98 (1H, t, J = 2.3 Hz, 5–H). δC (151 MHz, CDCl3) 171.4 (C–1), 83.0 (C–4), 72.2 (C–1’), 69.8 (C–

2’’), 69.3 (C–5), 61.6 (C–2’), 39.3 (C–1’’), 35.2 (C–2), 14.8 (C–3). vmax (ATR) 3307 (b, O–H), 2927, 

2874, 2247, 1651 (C=O), 1549, 1127, 1067, 907 cm-1. m/z (LC-MS, ESI+) 186.153 [M+H]+. Accurate 

mass (ES+) found [M+H]+ 186.1132, C9H16NO3 requires M 186.1130.  

 

153. 3-tert-butyl-N-[2’’-(2’’’-hydroxyethoxy)ethyl]-N-(pent-4’-yn-1’-yl)benzamide 

 

A solution of N-[2’’-(2’-hydroxyethoxy)ethyl]pent-4-ynamide (152) (0.510 g, 2.75 mmol, 1.00 eq) in 

THF (4.0 ml) was added dropwise to a suspension of LiAlH4 (0.374 g, 11.0 mmol, 4.00 eq) in THF (5 

mL) at 0 ℃. The mixture was allowed to reach ambient temperature and stirred for 16 hours after which 

it was heated at 50 ℃ for a further 4 hours. The mixture was then cooled to 0 ℃ and quenched with 

successive additions of water (1.0 eq), 4M NaOH (2.0 eq) and water (3.0 eq) and left to stir at room 

temperature for a further 30 mins. The mixture was filtered, volatiles evaporated and the resulting 

residue redissolved in THF (10 ml). The THF solution was dried over MgSO4 and concentrated to yield 

intermediary secondary amine (139) as a bright orange oil (0.452 g) m/z (LC-MS, ESI+) 172.318 

[M+H]+.  

 

Oxalyl chloride (0.115 mL, 1.35 mmol, 1.20 eq) was added at 0 ℃ to a solution of 3-tertbutyl benzoic 

acid (0.200 g, 1.122 mmol, 1.00 eq) and 1 drop of DMF in DCM (11.2 mL). Upon completion of 

addition, the mixture was allowed to reach ambient temperature and stirred until gas evolution had 

stopped. Volatiles were evaporated and the resulting residue was taken up in DCM and added to a 

solution of secondary amine 139 and Et3N (0.224 mL, 1.68 mmol, 1.50 eq) in DCM (11.2 mL) at 0 ℃. 

The mixture was allowed to reach ambient temperature and stirred for 3 hours after which it was 

quenched with 1M NaHCO3 (10 mL). Extraction was conducted with EtOAc (3 x 15 ml) and the 

combined organic extracts were dried over MgSO4 and concentrated. Purification was achieved by 

column chromatography (EtOAc in Hex, 0-100%) to yield the title compound as a colourless oil (0.164 

g, 0.495 mmol, 44% (over 2 steps)). δH (599 MHz, CDCl3) 7.44 – 7.39 (1H, m, 6–H), 7.37 (1H, m, 2–
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H), 7.31 – 7.29 (1H, m, C–5), 7.17 – 7.15 (1H, m, 4–H), 3.85 – 3.29 (10H, m, 2’’’–H2, 1’’’–H2, 1’’–H2, 

2’’–H2, 1’–H2), 2.31 (1H, s, –OH)   2.03 – 1.91 (3H, m, 3’–H2, 5’–H), 1.79 (2H, m, 2’–H2), 1.31 (9H, s, 

–(CH3)3). δC (151 MHz, CDCl3) 172.8 (C=O), 151.4 (C–1), 136.3 (C–3), 128.1 (C–5), 126.4 (C–6), 

123.7 (C–4), 123.5 (C–2), 82.6 (C–4’), 72.4 (C–1’’), 69.1 (C–5’), 69.1 (C–2’’’), 61.8 (C–1’’’), 49.3 

(C–1’), 45.1 (C–2’’), 34.8 (–C(CH3)3), 31.2 –(CH3)3), 27.5 – 26.2 (C–2’), 16.1 – 15.7 (C–3’). vmax (ATR) 

3410 (O–H), 3300, 2956, 2871, 1619 (C=O), 1461, 1428, 1414, 1364, 1124, 1059 cm-1. m/z (LC-MS, 

ESI+) 332.360 [M+H]+, 355.390 [M+Na]+, 663.662 [2M+H]+. Accurate mass (ES+) found [M+H]+ 

332.2233, C20H30NO3 requires M 332.2226. 

 

154a. tert-butyl N-{2’-[4-(2’’’’-{2’’’’-[1’’-(3’’-tert-butylphenyl)-N-(pent-4’’’-yn-1’’’-yl)formamido] 

ethoxy} ethoxy) naphthalene-1-sulfonamido] ethyl} carbamate  

 

Mesylate chloride (0.020 mL, 0.253 mmol, 1.20 eq) was added dropwise to a solution of 3-tert-butyl-

N-[2’’-(2’’’-hydroxyethoxy)ethyl]-N-(pent-4’-yn-1’-yl)benzamide (153) (0.070 g, 0.211 mmol, 1.00 

eq) and Et3N (0.034 mL, 0.253 mmol, 1.20 eq) in DCM (1.1 mL) at 0 ℃. The mixture was allowed to 

reach ambient temperature and stirred for 16 hours after which it was quenched with 1M NaHCO3 (5 

mL). The layers were separated, and the aqueous layer extracted with DCM (3 x 5 mL). The combined 

organic extracts were washed with brine, dried over MgSO4 and concentrated to yield the intermediate 

mesylate as a dark brown oil (0.086 g). m/z (ASAP+) 410.187 [M+H]+. 

 

A pre-stirred solution of the mesylate (0.025 g, 0.061 mmol, 1.00 eq) and TBAI (0.011 g, 0.031 mmol, 

0.50 eq) in MeCN (0.3 mL) was added to a solution of tert-butyl N-[2’-(4-hydroxynaphthalene-1-

sulfonamido)ethyl]carbamate (131) (0.025 g, 0.067 mmol, 1.10 eq) and K2CO3 (0.013 g, 0.092 mmol, 

1.50 eq) in MeCN (0.3 mL). The mixture was allowed to stir under reflux for 48 hours after which 

volatiles were evaporated and the resulting residue was taken up in 0.1M NaOH (5 mL). Extraction was 

conducted with DCM (3 x 5 mL) and the combined organic layers were dried over MgSO4 and 

concentrated to afford the crude mixture as a dark brown oil. Purification by reverse phase 

chromatography (C18, MeCN in H2O, 0-80%) yielded the title compound as a light brown oil (0.015 g, 

0.022 mmol, 36%). δH (599 MHz, CDCl3) 8.56 (1H, d, J = 7.7 Hz, 5–H), 8.41 – 8.33 (1H, m, 2–H), 

8.19 (1H, d, J = 8.2 Hz, 8–H), 7.66 (1H, t, J = 7.7 Hz, 6–H), 7.59 – 7.56 (1H, m, 7–H), 7.42 – 7.35 (2H, 

m, 6’’–H, 2’’–H), 7.20 – 7.08 (2H, m, 5’’–H, 4’’–H), 6.82 (1H, d, J = 8.4 Hz, 3–H), 5.30 (1H, s, 2’–
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NH), 4.76 (1H, s, 1’–NH), 4.41 – 4.33 (2H, m, 2’’’’’–H2), 4.13 – 4.03 (2H, m, 1’’’’’–H2), 3.77 – 3.66 

(4H, m, 2’’’’–H2, 1’’’’–H2), 3.41 – 3.37 (2H, m, 1’’’–H2), 3.13 (2H, q, J = 5.8 Hz, 2’–H2), 2.96 (2H, q, 

J = 5.8 Hz, 1’–H2), 2.04 (1H, s, 5’’’–H), 2.00 – 1.90 (2H, m, 2’’’–H2), 1.76 – 1.70 (2H, m, 3’’’–H2), 

1.38 (9H, s, –OC(CH3)3), 1.28 (9H, s, –(CH3)3). δC (151 MHz, CDCl3) 172.7 (C=O amide), 158.9 (C–

4) 156.6 (C=O carbamate), 151.4 (C–1’’), 136.3 (C–3’’), 131.6 (C–8), 129.4 (C–1), 128.9 (C–6), 128.1 

(C–5’’), 126.3 (C–6’’), 126.2 (C–8a), 126.2 (C–7), 124.0 (C–5), 123.9 (C–4a), 123.4 (C–2’’) 123.4 (C–

4’’), 123.2 (C–2), 102.6 (C–3). 83.3 (C–4’’’), 79.7 (–OC(CH3)3), 69.6 (C–5’’’), 69.6 (C–2’’’’’) 69.2 

(C–1’’’’’), 69.0 (C–1’’’’), 68.2 (C–2’’’’), 49.5 (C–1’’’), 43.6 (C–1’), 40.2 (C–2’), 34.7 (–C(CH3)3), 

31.2 (–(CH3)3), 28.3 (–OC(CH3)3), 21.0 (C–2’’’), 14.2 (C–3’’’). vmax (ATR) 3441 (N–H), 3349 (N–H), 

2952, 2861, 2247, 1711 (C=O, carbamate), 1616 (C=O, amide), 1364, 1262, 1219, 1112, 914 cm-1. m/z 

(LC-MS, ESI+) 680.534 [M+H]+, 580.480 [M-Boc+H]+, 624.485 [M–tBu+2H]+. Accurate mass (ES+) 

found [M+H]+ 680.3380, C37H50N3O7S requires M 680.3369. 

 

154. N-{2-[2-({4-[(2-aminoethyl)sulfamoyl]naphthalen-1-yl}oxy)ethoxy]ethyl}-3-tert-butyl-N-(pent-4-

yn-1-yl)benzamide hydrochloride 

 

Compound was prepared according to general procedure B using tert-butyl N-{2’-[4-(2’’’’-{2’’’’-[1’’-

(3’’-tert-butylphenyl)-N-(pent-4’’’-yn-1’’’-yl)formamido] ethoxy} ethoxy) naphthalene-1-sulfonamido] 

ethyl} carbamate (154a) (12.0 mg, 0.018 mmol, 1.00 eq) to yield the title compound as a light brown 

oil (10.0 mg, 0.017 mmol, 98%). δH (599 MHz, MeOD) 8.56 (1H, J = 8.4 Hz, 5–H), 8.43 – 8.32 (1H, 

m, 2–H), 8.17 (1H, d, J = 7.4 Hz, 8–H), 7.73 – 7.50 (2H, m, 6–H, 7–H), 7.43 – 7.31 (2H, m, 6’’–H, 2’’–

H), 7.26 – 7.08 (2H, m, 5’’–H, 4’’–H), 7.03 – 6.99 (1H, m, 3–H), 4.41 – 4.30 (2H, m, 2’’’’’–H2), 4.08 

– 3.66 (6H, m, 1’’’’’–H2, 2’’’’–H2, 1’’’’–H2), 3.57 – 3.47 (2H, m, 1’’’–H2), 3.05 – 2.96 (4H, s, 2’–H, 

1’–H), 2.20 – 2.11 (1H, m, 5’’’–H), 2.03 – 1.82 (2H, m, 2’’’–H), 1.78 – 1.51 (2H, m, 3’’’–H2), 1.25 – 

1.18 (9H, s, –(CH3)3). δC (151 MHz, MeOD) 173.3 (C=O), 159.0 (C–4), 151.3 (C–1’’), 136.0 (C–3’’), 

131.5 (C–8), 129.2 (C–1), 128.4 (C–6), 128.0 (C–5’’), 127.9 (C–6’’), 126.1 (C–7), 126.1 (C–8a), 124.0 

(C–5), 123.7 (C–4a), 123.6 (C–2’’), 123.1 (C–4’’), 122.9 (C–2), 102.8 (C–3), 81.9 (C–4’’’), 72.1 (C–

5’’’), 71.02 (C–2’’’’’), 68.8 (C–1’’’’’), 66.7 (C–1’’’’), 60.8 (C–2’’’’), 49.4 (C–1’’’), 39.8 (C–2’), 39.4 

(C–1’), 34.1 (–C(CH3)3), 30.2 (–(CH3)3), 27.1 (C–2’’’), 15.4 – 14.9 (C–3’’’). vmax (ATR) 3318 (N–H), 

2971, 2148, 1623 (C=O), 1506, 1371, 1322, 1276, 1155, 1134 cm-1. m/z (LC-MS, ESI+) 580.419 

[M+H]+. Accurate mass (ES+) found [M+H]+ 580.2850, C32H42N3O5S requires M 580.2845. 
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156a. tert-butyl N-(2’-{4-[2’’’’’-(2’’’’-{1’’-[3’’-tert-butyl-5’’-(pent-4’’’-yn-1’’’-yloxy)phenyl]-N-

methylformamido} ethoxy) propyl] naphthalene-1-sulfonamido} ethyl)carbamate  

 

Oxalyl chloride (0.067 mL, 0.784 mmol, 1.20 eq) was added at 0 ℃ to a solution of 3-tert-butyl-5-

(pent-4-yn-1-yloxy)benzoic acid (145) (0.170 g, 0.653 mmol, 1.00 eq) and 1 drop of DMF in DCM (6.5 

mL). Upon completion of addition, the mixture was allowed to reach ambient temperature and stirred 

until gas evolution had stopped. Volatiles were evaporated and the resulting residue was taken up 

in THF (3.5 mL) and added to a solution of 2-[2'-(methylamino)ethoxy]ethan-1-ol (135) (0.093 g, 0.784 

mmol, 1.200 eq) and Et3N (0.173 mL, 1.306 mmol, 2.00 eq)in THF (3.0 mL) at 0 ℃. The mixture was 

allowed to reach ambient temperature and stirred for 3 hours after which it was quenched with 1M 

NaHCO3 (10 mL). The layers were separated and the aqueous layer was extracted with DCM (3 x 15 

mL). The combined organic extracts were dried over MgSO4, concentrated to yield intermediate amide 

155 as a light brown oil (0.102 g). m/z (LC-MS, ESI+) 362.421 [M+H]+, 723.739 [2M+H]+. 

 

To a solution of amide 155, (0.090 g, 0.249 mmol, 1.00 eq) in anhydrous dichloromethane (0.449 mL) 

and triethylamine (0.040 mL, 0.299 mmol, 1.20 eq) cooled to 0 ℃, methanesulfonyl chloride (0.023 

mL, 0.299 mmol, 1.20 eq) was added dropwise. The reaction was stirred for 1 hour at 0 ℃, and then 

allowed to warm to room temperature with stirring for 16 hours. Following quenching with water (5 

ml), the organic layer underwent successive washes with HCl (3 x 10 ml), NaHCO3 (3 x 10 ml) and 

brine (3 x 10ml). The organic layer was then dried over MgSO4 and concentrated to yield the 

intermediary mesylate (155a) as a dark orange oil (0.102 g). m/z (ASAP+) 440.205 [M+H]+. 

 

A pre-stirred solution of the intermediate mesylate 155a (100 mg, 0.227 mmol, 1.00 

eq) and TBAI (84.0 mg, 0.227 mmol, 1.00 eq) in MeCN was added to a solution of tert-butyl N-[2’-(4-

hydroxynaphthalene-1-sulfonamido)ethyl]carbamate (131) (125.0 mg, 0.341 mmol, 1.50 

eq) and K2CO3 (62.9 mg, 0.455 mmol, 2.00 eq) in MeCN (2.3 mL). The mixture was allowed to stir 

under reflux for 16 hours after which volatiles were evaporated and the resulting residue was taken up 

in 0.1M NaOH (5 mL). Extraction was conducted with EtOAc (3 x 10 mL) and the combined organic 

layered were dried over MgSO4 then concentrated. Purification was achieved through HPLC reverse 

phase chromatography (MeCN in H2O 0-55%) to yield the title compound as a light brown oil (39.7 
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mg, 0.056 mmol, 25% (over 3 steps)).  δH
 (599 MHz, CDCl3) 8.54 (1H, m, 5–H), 8.34 (1H, m, 2–H), 

8.18 – 8.17 (1H, m, 8–H), 7.65 (1H, m, 6–H), 7.54 (1H, m, 7–H), 6.99 – 6.62 (2H, m, 2’’–H, 6’’–H), 

6.80 – 6.79 (1H, m, 3–H), 6.74 (1H, s, 4’’–H), 5.22 (1H, m, 2’–NH), 4.74 (1H, m, 1’–NH), 4.37 – 4.36 

(2H, m, 2’’’’’–H2), 4.04 – 4.01 (2H, m, 1’’’’’–H2), 3.92 – 3.77 (4H, m, 1’’’–H2, 2’’’’–H2), 3.72 – 3.45 

(2H, m, 1’’’’–H2), 3.17 – 3.01 (4H, m, 2’–H2, 3’’’–H2), 2.96 – 2.94 (2H, m, 1’–H2), 2.37 – 2.34 (2H, 

m, 2’’’–H2), 2.16 (1H, m, 5’’’–H), 1.97 – 1.95 (3H, m,–NCH3), 1.37 (9H, s, –OC(CH3)3), 1.26 – 1.24 

(9H, m, –C(CH3)3). δC (151 MHz, CDCl3) 172.2 (C=O, amide), 159.1 (C–5’’), 158.7 (C–4), 156.3 

(C=O, carbamate), 153.2 (C–1’’), 131.6 (C–8), 129.8 (C–3’’), 129.3 (C–1), 128.9 (C–6), 126.2 (C–8a), 

126.2 (C–7), 125.9 (C–4a), 124.0 (C–5), 123.1 (C–2), 116.5 (C–2’’), 113.8 (C–6’’), 109.3 (C–4’’), 

102.6 (C–3), 83.4 (C–4’’’), 79.7 ((–OC(CH3)3), 69.7 (C–1’’’’’), 69.5 (C–1’’’’), 69.2 (C–5’’’), 68.9 (C–

2’’’’’), 66.2 (C–1’’’), 66.2 (C–2’’’’), 43.6 (C–1’), 40.2 (C–2’), 39.1 (C–3’’’), 34.8 (–C(CH3)3), 31.2 (–

C(CH3)3), 28.3 (–OC(CH3)3), 28.1 (–NCH3), 15.1 (C–2’’’). vmax (ATR) 3307 (N–H), 2977, 2924, 1701 

(C=O, carbamate), 1616 (C=O, amide), 1588, 1513, 1247, 1155, 1087 cm-1. m/z (LC-MS, ESI+) 

233.138 [M+H]+. m/z (LC-MS, ESI+) 710.515 [M+H]+, 610.501 [M-Boc+H]+. Accurate mass (ES+) 

found [M+H]+ 710.3497, C38H52N3O8S requires M 710.3475. 

 

156. N-{2’’’’-[2’’’’’-({4-[(2’-aminoethyl)sulfamoyl]naphthalen-1-yl}oxy)ethoxy]ethyl}-3’’-tert-butyl-

N-methyl-5’’-(pent-4’’’-yn-1’’’-yloxy)benzamide hydrochloride 

 

Compound was prepared according to general procedure B, using  tert-butyl N-(2’-{4-[2’’’’’-(2’’’’-

{1’’-[3’’-tert-butyl-5’’-(pent-4’’’-yn-1’’’-yloxy)phenyl]-N-methylformamido} ethoxy) propyl] 

naphthalene-1-sulfonamido} ethyl)carbamate (156a) (0.015 g, 0.021 mmol, 1.00 eq) to yield the title 

compound as a light brown amorphous solid (0.013 g, 0.020 mmol, 95%). δH (400 MHz, MeOD) 8.60 

– 8.58 (1H, m, 5–H), 8.43 – 8.40 (1H, m, 2–H), 8.22 – 8.20 (1H, m, 8–H), 7.75 – 7.69 (1H, m, 6–H), 

7.66 – 7.52 (1H, m, 7–H), 7.13 – 6.91 (m, 3H), 7.10 – 6.94 (3H, m, 2’’–H, 6’’–H, 3–H), 6.78 – 6.75 

(1H, m, 4’’–H), 4.45 (2H, s, 2’’’’’–H2), 4.08 – 4.01 (2H, m, 1’’’’’–H2), 3.97 – 3.76 (4H, m, 1’’’–H2, 

2’’’’–H2), 3.75 – 3.63 (2H, m, 1’’’’–H2), 3.62 – 3.52 (2H, m, 3’’’–H2), 3.13 – 3.06 (2H, m, 2’–H2), 3.00 

(3H, s, –NCH3) 2.42 – 2.19 (3H, m, 1’–H2, 5’’’–H), 1.97 – 1.75 (3H, m, 2’’’–H2), 1.32 – 1.17 (9H, m, 

–C(CH3)3). δC (101 MHz, MeOD) 172.8 (C=O), 159.2 (C–5’’), 157.2 (C–4), 153.5 (C–1’’), 131.5 (C–

3’’), 131.1 (C–8) 130.4 (C–1), 129.2 (C–6), 128.4 (C–8a) 126.1 (C–7), 125.4 (C–4a), 124.0 (C–5), 

https://mbook.mestrelab.com/21541
https://mbook.mestrelab.com/21541
https://mbook.mestrelab.com/21541
https://mbook.mestrelab.com/21542
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122.8 (C–2), 118.7 (C–2’’), 113.2 (C–6’’), 109.4 (C–4’’) 102.9 (C–3), 82.7 (C–4’’’), 69.2 (C–1’’’’’), 

69.1 (C–1’’’’), 68.7 (C–5’’’), 68.6 (C–2’’’’’) 66.0 (C–1’’’), 65.9 (C–2’’’’), 40.1 (C–2’), 39.7 (–

C(CH3)3), 39.3 (C–3’’’), 38.6 (C–1’) 30.1 (–C(CH3)3), 27.9 (–NCH3) 14.3 (C–2’’’). vmax (ATR) 3399 

(N–H), 3293 (N–H), 2956, 2871, 2513, 1616 (C=O), 1509, 1428, 1322, 1149, 1127, 1092 cm-1. m/z 

(LC-MS, ESI+) 610.539 [M+H]+, 1219.798 [2M+H]+. Accurate mass (ES+) found [M+H]+ 610.2955, 

C33H44N3O6S requires M 610.2951. 

 

160. methyl 3-formylbenzoate  

 

MeOH (0.337 mL, 8.34 mmol, 1.250 eq) was added to a stirred DCM (66.6 mL) solution 

of DMAP (0.134 g, 1.10 mmol, 0.165 eq), 3-formylbenzoic acid (159) (1.00 g, 6.66 mmol, 1.00 

eq) and DCC (2.749g, 13.3 mmol, 2.00 eq) at room temperature under N2. The reaction mixture was 

left to stir for 24 hours until the formation of a white precipitate. The precipitate was filtered, and the 

filtrate was concentrated and purified by column chromatography (EtOAc in Hex 0-30%) to yield the 

title compound as a white solid (0.976 g, 5.94 mmol, 89%). m.p: 52-53 ℃. δH (400 MHz, CDCl3) 10.08 

(1H, s, –HC=O), 8.53 (1H, td, J = 1.8, 0.6 Hz, 2–H), 8.30 (1H, ddd, J = 7.8, 1.8, 1.3 Hz, 4–H), 8.09 

(1H, ddd, J = 7.8, 1.3, 0.6 Hz, 6–H), 7.65 (1H, t, J=7.8, 5–H), 3.97 (3H, s, –OCH3). δC (101 MHz, 

CDCl3) 191.4 (3–C=O), 166.0 (1–C=O), 136.6 (C–3), 135.2 (C–2), 133.9 (C–6), 131.4 (C–4), 131.2 

(C–1), 129.3 (C–5), 52.6 (–OCH3). vmax (ATR) 2966, 2867, 2757, 1721 (C=O), 1696 (C=O), 1621, 

1444, 1388, 1285, 1195, 1116, 977 cm-1. m/z (LC-MS, ESI+) 165.176 [M+H]+, 133.139 [M–OMe]+. 

Accurate mass (ES+) found 165.0545, C9H9O3 requires M 165.0552. Data agrees with that reported in 

Jiang et al.148 

 

161. methyl 3-(2’,2’,2’-trifluoroacetyl)benzoate  

 

TMSCF3 (1.1 mL, 7.31 mmol, 1.20 eq) was added to a DMF solution (12.2 mL) of methyl 3-

formylbenzoate (160) (1.00 g, 6.09 mmol, 1.00 eq) and K2CO3 (8.4 mg, 0.061 mmol, 0.01 eq). The 

reaction was allowed to stir at room temperature and upon complete consumption of the benzaldehyde, 

1M HCl (7.3 mL, 7.30 mmol, 1.20 eq) was added and the mixture was allowed to stir for a further 3 

hours. The reaction was quenched with water (25 ml) and extraction of the aqueous layer was conducted 
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with EtO2 (3 x 20 ml). The combined organic layers were dried over MgSO4, concentrated and the 

resulting mixture dissolved in EtOAc (24.4 mL). IBX (4873.6 mg, 12.2 mmol, 2.0 eq) was added and 

the mixture was stirred under reflux for 16 hours, filtered and the filtrate washed with water (3 x 15 

ml). The filtrate was concentrated and purification was achieved by column chromatography (EtOAc 

in Hex 0-15%) to yield the title compound as a colourless oil (885 mg, 3.81 mmol, 63%). δH (599 MHz, 

CDCl3) 8.72 (1H, dd, J = 1.8, 0.9 Hz, 2–H), 8.38 (1H, dd, J = 7.8, 1.8 Hz, 6–H), 8.25 (1H, dd, J = 7.8, 

1.8 Hz, 4–H), 7.66 (1H, t, J = 7.8 Hz, 5–H), 3.98 (3H, s, –OCH3). δC (151 MHz, CDCl3) 179.9 (q, J = 

34.7 Hz, C–1’), 165.5 (C=O), 136.1 (C–6), 133.9 (q, J = 2.1 Hz, C–4), 131.4 (C–1), 131.1 (q, J = 2.7 

Hz, C–2), 130.2 (C–3), 129.4 (C–5), 116.4 (q, J = 289.1, C–2’), 52.6 (–OCH3). δF (376 MHz, CDCl3) -

71.58 (2’–F). vmax (ATR) 2959, 1719 (C=O), 1602, 1432, 1279, 1141, 946 cm-1. m/z (LC-MS, ESI+) 

233.138 [M+H]+. Accurate mass (ES+) found 233.0422, C9H8O3F3 requires M 165.0552. Data agrees 

with that reported in Inglis et al.149  

 

167. methyl 3-[2’,2’,2’-trifluoro-1-(hydroxyimino)ethyl]benzoate  

 

Hydroxylamine hydrochloride (598.6 mg, 8.62 mmol, 4.00 eq) was added in portions to a solution of 

the methyl 3-(2’,2’,2’-trifluoroacetyl)benzoate (161) (500.0 mg, 2.15 mmol, 1.00 eq) in pyridine (5.4 

mL). The reaction was allowed to stir at 70 ℃ for 3 hours after which volatiles were evaporated. The 

resulting residue was taken up in EtOAc (20 ml) and washed with 0.01M HCl (8 x 15 ml) and H2O (3 

x 15 ml). The organic layer was dried over MgSO4 and concentrated to yield the title compound as a 

mixture of cis and trans isomers as an amorphous white solid (511.0 mg, 2.07 mmol, 96%). δH (599 

MHz, MeOD) 8.15 – 8.03 (2H, m, 2–H, 6–H), 7.71 – 7.68 (1H, m, 4–H), 7.61 – 7.49 (1H, m, 5–H), 

3.92 – 3.90 (3H, m, –OCH3). δC (151 MHz, MeOD) 166.2 (C=O), 144.6 (q, J = 31.4 Hz, C–1’), 144.5 

(q, J = 29.3 Hz, C–1’) 133.0 (C–4), 132.4 (C–4), 131.5 (C–1), 130.5 (C–2), 130.3 (C–1), 130.2 (C–6), 

129.4 (C–6), 128.8 (C–2), 128.4 (C–5), 128.4 (C–5), 127.6 (C–3), 121.0 (q, J = 273.0 Hz, C–2’), 118.6 

(q, J = 284.7, C–2’), 51.4 (–OCH3). δF (376 MHz, MeOD) -63.89 (2’–Fa), -67.64 (2’–Fb). vmax (ATR) 

3311 (O–H), 2964, 2861, 1691 (C=O), 1609, 1449, 1301, 1169, 1127, 982, 954 cm-1. m/z (LC-MS, 

ESI+) 248.217 [M+H]+, 260.303 [M+Na]+. Accurate mass (ES+) found 248.0542, C10H9NO3F3 requires 

M 248.0535. Data agrees with that reported in Andrews et al.150 
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169. methyl 3-[1’-(trifluoromethyl)diaziridin-1-yl]benzoate  

 

p-toluenesulfonylchloride (347.1 mg, 1.82 mmol, 1.50 eq) was added in portions to a pyridine 

solution (4.9 mL) of the methyl 3-[2’,2’,2’-trifluoro-1-(hydroxyimino)ethyl]benzoate (167) (300.0 mg, 

1.21 mmol, 1.00 eq). The reaction was allowed to stir at 60 ℃ for 3 hours after which volatiles were 

evaporated. The resulting mixture was taken up in DCM (5 mL) and washed with 1M NaHCO3 (3 x 5 

mL). The organic layer was dried over MgSO4 and concentrated to yield intermediary tosylate 168 as a 

light yellow oil. m/z (ASAP+) 402.049 [M+H]+.  

 

In a sealed thick-walled tube, the tosylate intermediate (168) was dissolved in Et2O (1.2 mL) and the 

solution was cooled to -78 ℃ after which liquid ammonia (1.2 mL, 53.40 mmol, 107.16 eq) was added 

via canula. Upon completion of addition, the mixture was allowed to reach room temperature and stirred 

for 6 hours after which it was cooled to -78 ℃ before the cap was removed to release excess ammonia. 

The remaining volatiles were evaporated and purification was achieved by flash chromatography 

(CHCl3 in Hex, 0-30%) to yield the title compound as a white amorphous solid (95.4 mg, 0.388 mmol, 

32% (over 2 steps)). δH (599 MHz, CDCl3) 8.33 – 8.22 (1H, m, 2–H), 8.11 (1H, ddd, J = 7.8, 1.7, 1.2 

Hz, 6–H), 7.88 – 7.76 (1H, m, 4–H), 7.51 (1H, td, J = 7.8, 0.6 Hz, 5ؘ–H), 3.93 (3H, s, –OCH3), 2.85 (1H, 

m, N–H), 2.27 (1H, m, N–H). δC NMR (151 MHz, CDCl3) 166.1 (C=O), 132.5 (C–4), 132.2 (C–1), 

131.3 (C–6), 130.9 (C–3), 129.3 (C–2), 129.0 (C–5), 123.3 (q, J = 277.9 Hz, C–2’), 57.8 (q, J = 39.5 

Hz, C–1’) 52.4 (–OCH3). δF (376 MHz, CDCl3) -75.48. vmax (ATR) 3258 (N–H), 2967, 1723 (C=O), 

1446, 1272, 1159, 914 cm-1. m/z (LC-MS, ESI+) 247.266 [M+H]+, 288.350 [M+MeCN+H]+. Accurate 

mass (ES+) found 247.0688, C10H10N2O2F3 requires M 247.0694.  

 

170. methyl 3-[3’-(trifluoromethyl)-diazirin-3’-yl]benzoate  

 

I2 (0.739 g, 2.91 mmol, 1.20 eq) was added in portions to a solution of methyl 3-[1’-

(trifluoromethyl)diaziridin-1-yl]benzoate (169)  (0.600 g, 2.43 mmol, 1.00 eq) and Et3N (0.484 mL, 

3.64 mmol, 1.50 eq) in MTBE (24 mL) at 0 degrees. The mixture was stirred at this condition for 1 

hour. The reaction was then allowed to reach room temperature and the flask was wrapped in aluminum 

foil to block out ambient light.  Following a further 4 hours of stirring, the reaction mixture was 

quenched with Na2SO3 solution (20 ml). Organic extraction was conducted with ether (3 x 25 ml) and 

https://mbook.mestrelab.com/20656
https://mbook.mestrelab.com/20579
https://mbook.mestrelab.com/20657
https://mbook.mestrelab.com/20657
https://mbook.mestrelab.com/20658
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the combined organic extracts were dried over MgSO4 and concentrated. Purification was achieved by 

column chromatography (CHCl3 in Hex, 0-15%) to yield the title compound as a colourless oil (0.452 

g, 1.85 mmol, 76%).  δH (400 MHz, CDCl3) 8.11 (1H, dt, J = 7.6, 1.5 Hz, 6–H), 7.85 (1H, dd, J = 1.5, 

0.7 Hz, 2–H), 7.56 – 7.42 (2H, m, 4–H, 5–H), 3.95 (3H, s, –OCH3). δC (101 MHz, CDCl3) 165.9 (C=O), 

131.0 (C–1), 130.8 (q, J = 1.1 Hz, C–2),  130.8 (C–6), 129.6 (C–3), 129.1 (C–5), 127.6 (q, J = 1.1 Hz, 

C–4), 121.9 (q, J = 274.5 Hz, –CF3), 52.5 (–OCH3), 28.3 (q, J = 39.7 Hz, C–3’). δF (376 MHz, CDCl3) 

-65.25 (–CF3). Data agrees with that reported in Andrews et al.150 

 

158. 3-[3’-(trifluoromethyl)-diazirin-3’-yl]benzoic acid  

 

LiOH (0.067 g, 2.78 mmol, 4.00 eq) was added in portions to a solution of the  methyl 3-[3’-

(trifluoromethyl)-diazirin-3’-yl]benzoate (170) (0.170 g, 0.696 mmol, 1.00 eq) in a 1:1 mixture of 

Methanol and water (15 ml). The mixture was stirred at room temperature in the absence of ambient 

light for 16 hours after which it was quenched with 1M HCl (5 mL). Volatiles were evaporated and 

extraction was conducted with EtOAc (3 x 15 ml). The combined organic extracts were dried over 

MgSO4 and concentrated to yield the title compound as an amorphous white solid (0.152 g, 0.660 

mmol, 95%). δH (400 MHz, CDCl3) 8.20 (1H, d, J = 7.4 Hz, 6–H), 7.95 (1H, s, 2–H), 7.58 – 7.54 (2H, 

m, 5–H, 4–H). δC (101 MHz, CDCl3) 171.0 (C=O), 131.7 (C–1), 131.4 (C–2), 130.0 (C–6), 129.9 (C–

3), 129.3 (C–5), 128.2 (C–4), 121.8 (q, J = 272.3 Hz, –CF3) , 28.3 (q, J = 39.3 Hz, C–3’). δF (376 MHz, 

CDCl3) -65.18 (–CF3). Data agrees with that reported in Andrews et al.150 

 

178. tert-butyl 3-bromobenzoate  

 

LiOH (5.57 g, 116.0 mmol, 5.00 eq) was added in portions to a solution of methyl, 3-

bromobenzoate (177) (5.00 g, 23.2 mmol, 1.00 eq) dissolved in a 5:1 mixture of THF (150 

mL) and water (30.0 mL) at room temperature. The reaction was allowed to stir at room temperature 

for 3 hours after which volatiles were evaporated. The remaining mixture was acidified to pH 1 using 

3M HCl and the aqueous layer was extracted with EtOAc (3 x 30 ml). The combined organic layers 

were dried over MgSO4 and concentrated to give crude 3-bromobenzoic acid as a white solid. The solid 

was dissolved in THF (75 ml) and DMAP (0.57 g, 4.65 mmol, 0.10 eq), followed by the dropwise 

https://mbook.mestrelab.com/20586
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addition of a solution of Boc2O (25.37 g, 116 mmol, 2.50 eq) in THF (75 ml). Upon completion of 

addition, the reaction mixture was stirred and heated under reflux for a further 4 hours and was quenched 

with ice water (40 ml). The layers were separated, and the aqueous fraction was extracted with Et2O. (3 

x 30 ml). The combined organic layers were dried over MgSO4, concentrated and purified by column 

chromatography (EtOAc in Hex, 0-5%) to yield the title compound as a colourless oil (4.27 g, 16.6 

mmol, 71%). δH (400 MHz, CDCl3) 8.11 (1H, td, J = 1.8, 0.5 Hz, 2–H), 7.92 (1H, ddd, J = 8.0, 1.8, 1.1 

Hz, 6–H), 7.64 (1H, ddd, J = 8.0, 1.8, 1.1 Hz, 4–H), 7.29 (1H td, J = 8.0, 0.5 Hz, 5–H), 1.59 (9H, s, –

tBu). δC (101 MHz, CDCl3) 164.4 (C=O), 135.9 (C–2), 134.0 (C–1), 132.5 (C–4), 130.3 (C–5), 128.6 

(C–6), 122.3 (C–3), 82.6 (–C(CH3)), 28.2 (–C(CH3)). vmax (ATR) 2984 (C–H), 1719 (C=O), 1369, 1300, 

1254, 1162, 1123, 744 cm-1. m/z (GC-MS, EI+) 256.1 ([M+H (79Br)]+, 11), 258.1 ([M+H (81Br)]+, 11), 

183.0 ([M-OtBu (79Br)]+, 39), 185.0 ([M-OtBu (79Br)]+, 41). Data agrees with that reported in La et 

al.151  

 

179. tert-butyl 3-bromo-5-hydroxybenzoate 

 

A sealed microwave vial was charged with tert-butyl 3-bromobenzoate (178) (2.00 g, 7.78 mmol, 1.00 

eq) and subjected to three N2 purge/refill cycles. A separate Schlenk tube was charged with B2Pin2 (2.37 

g, 9.33 mmol, 1.20 eq), [Ir(COD)(OMe)]2 (0.077 g, 0.117 mmol, 0.015 eq) and dtbpy (0.063 g, 0.233 

mmol, 0.030 eq) and also subjected to 3 N2 purge/refill cycles. To this, degassed MTBE (8 ml) was 

added, leading to a black solution. The catalyst cocktail was transferred to the sealed reaction vial and 

was monitored via GC-MS. Following the completion of the reaction, volatiles were evaporated, and 

the resulting crude product was redissolved in a 1:1 mixture of acetone and water (50 ml). Oxone (9.56 

g, 15.6 mmol, 2.00 eq) was added and the reaction was allowed to stir at room temperature for 20 

minutes. The reaction was quenched with sat. NaS2O3(aq), concentrated and the 

resulting aqueous mixture was extracted with DCM (3 x 30 ml). The combined organic layers were 

washed with brine (3 x 10 ml), dried over MgSO4, concentrated and purified by column chromatography 

(EtOAc in Hex, 0-45%) to yield the title compound as light yellow oil which upon drying at reduced 

pressure solidified into an off white amorphous solid. (1.87 g, 6.85 mmol, 88%). δH  (700 MHz, CDCl3) 

7.64 (1H, t, J = 1.6 Hz, 2–H), 7.55 (1H, dd, J = 2.4, 1.6 Hz, 6–H), 7.22 (1H. dd, J = 2.4, 1.6 Hz, 4–H), 

6.76 (1H, s, –OH), 1.59 (9H, s, –C(CH3)3). δC (176 MHz, CDCl3) 165.0 (C=O), 157.0 (C–5), 133.8 (C–

1), 124.6 (C–2), 123.1 (C–3), 122.7 (C–4), 115.6 (C–6), 82.6 (–C(CH3)3), 28.1 (–C(CH3)3). vmax (ATR) 

3443 (O–H), 2990, 1696 (C=O), 1598, 1455, 1375, 1306, 1157, 974, 762 cm-1. m/z (LC-MS, ESI–) 
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271.245 ([M–H (79Br)]–, 100), 273.222 ([M–H (81Br)]–, 96). Accurate mass (ES–) found [M-H (79Br)]– 

270.9963, C11H12O3
79Br requires M 270.9970.     

 

180. tert-Butyl 3-bromo-5-{[5'-(trimethylsilyl)pent-4'-yn-1'-yl]oxy}benzoate  

 

Cs2CO3 (7.16 g, 22.0 mmol, 4.00 eq) was added in portions to a  solution of tert-butyl 3-bromo-5-

hydroxybenzoate (1.50 g, 5.49 mmol, 1.00 eq) and TBAI (0.200 g, 0.549 mmol, 0.100 eq) in 

MeCN (18.0 mL). (5-chloropent-1-yn-1-yl)trimethylsilane (1.92 g, 11.0 mmol, 2.00 eq) was then added 

dropwise and the reaction mixture was stirred and heated under reflux for 16 hours. The reaction was 

quenched with sat. NaHCO3 (aq) (20 ml) and concentrated before the resulting aqueous solution was 

extracetd with Et2O (3 x 20 ml). The combined organic layers were dried over MgSO4, concentrated 

and purified by column chromatography (EtOAc in Hex, 0-15%) followed by reverse phase 

chromatography (MeCN in H2O, 0-100%) to yield the title compound as a colourless oil (1.37 g, 3.33 

mmol, 61%). δH (599 MHz, CDCl3) 7.68 (1H, t, J = 1.6 Hz, 2–H), 7.44 (1H, dd, J = 2.5, 1.6 Hz, 6–H), 

7.21 (1H, dd, J = 2.5, 1.6 Hz, 4–H), 4.08 (2H, t, J = 6.1 Hz, 1’–H2), 2.43 (2H, t, J = 7.0 Hz, 3’–H2), 2.02 

– 1.95 (2H, m, 2’–H2), 1.58 (9H, s, –C(CH3)3), 0.14 (9H, s, –TMS). δC (151 MHz, CDCl3) 164.24 (C=O), 

160.0 (C–5), 134.6 (C-1), 125.7 (C-2), 122.5 (C-3), 121.9 (C-4), 114.7 (C-6), 105.8 (C-5’), 85.4 (C-4’), 

81.8 (–C(CH3)3, 66.8  (C–1’), 28.1 (–C(CH3)3), 28.1 (C–2’) 16.49 (C–3’), -0.12 (–Si(CH3)3). vmax (ATR) 

2968, 2182, 1719 (C=O), 1581, 1289, 1254, 1169, 1054, 848, 763 cm-1. m/z (LC-MS, ESI+) 334.369 

[M–Br+H]+. Accurate mass (ES+) found [M–tbu+2H (79Br)]+ 355.0347, C15H20O3
79BrSi requires M 

355.0365.   

 

183. (5-chloropent-1-yn-1-yl)tris(propan-2'-yl)silane  

 

nBuLi (6.1 mL, 0.015 mol, 1.05 eq) was added to a solution of 1-chloropent-4-yne (182) (1.50 g, 0.015 

mol, 1.00 eq) in THF (20.0 mL) at -78 ℃ under nitrogen. After stirring at -78 ℃ for 30 minutes, a 

solution of TIPS-Cl (4.1 mL, 0.019 mol, 1.30 eq) in THF (5 ml) was added dropwise over 30 minutes. 

Upon completion of addition, the reaction mixture was allowed to reach ambient temperature and stirred 

for a further 2 hours. The reaction was quenched with sat. NH4Cl(aq) (15 ml), separated and the resulting 
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aqueous fraction extracted with Et2O (3 x 20 ml). The combined organic layers were dried over MgSO4, 

concentrated and purified by column chromatography (CHCl3 in Hexane, 0-2%) to yield the title 

compound as a colourless oil (3.11 g, 0.012 mol, 82%). δH (599 MHz, CDCl3) 3.68 (2H, t, J = 6.4 Hz, 

5–H2), 2.45 (2H, t, J = 6.7 Hz, 3–H2), 1.98 (2H, tt, J = 6.7, 6.4 Hz, 4–H2), 1.16 – 0.92 (21H, m, –iPr). 

δC (151 MHz, CDCl3) 106.9 (C–1), 81.7 (C–2), 43.7 (C–5), 31.7 (C–3), 20.4 (C–2’), 17.5 (C–4), 11.6 

(C–1’,C–3’). vmax (ATR) 2944, 2869, 2176, 1462, 1290, 1039, 997, 884, 659 cm-1. m/z (ASAP) 258.124 

([M+H(35Cl)]+, 100), 260.143 ([M+H(37Cl)]+, 32). Accurate mass (ES+) found [M+H(35Cl)] 258.1440, 

C14H27
35ClSi requires M 285.1571.  

 

185. methyl 3-bromo-5-({5’-[tris(propan-2’’-yl)silyl]pent-4’-yn-1’-yl}oxy)benzoate   

 

A vial was charged with [Ir(cod)(OMe)]2 (92.5 mg, 0.140 mmol, 0.015 eq), dtbpy (74.9 mg, 0.279 

mmol, 0.030 eq), B2Pin2 (2834.1 mg, 11.160 mmol, 1.20 eq) and methyl, 3-bromobenzoate 

(177) (2000.0 mg, 9.300 mmol, 1.00 eq), sealed and subjected to 3 N2 purge/refill cycles. To the sealed 

vial, degassed MTBE (9.3 mL) was added and the reaction mixture was allowed to stir at room 

temperature for 16 hoursrt. Upon completion, the crude boronate ester was obtained following the 

evaporation of volatiles. The resulting mixture was then redissolved in a 1:1 mixture of acetone and 

water (20 ml) and oxone (1715.3 mg, 2.790 mmol, 0.30 eq) was added. The reaction was monitored by 

TLC and when completed was quenched with sat. Na2SO3 solution (10 ml). Volatiles were evaporated 

and the resulting aqueous mixture was basified to pH 10 using 0.1M NaOH solution. The aqueous layer 

was washed with EtOAc (3 x 20 mL) and was neutralised using 0.1M HCl. Organic extraction was 

conducted using EtOAc (3 x 25 ml). The combined organic extracts were dried over MgSO4 and 

concentrated to yield crude phenol (184) as a brown oil (1.81g). m/z (LC-MS ESI+) 231.115 

([M+H(79Br)]+, 13.5), 233.125 ([M+H(81Br)]+, 13.9). 

 

K2CO3 (5.38 g, 39.0 mmol, 6.00 eq) was added in portions to a solution of the crude phenol and 

TBAI (0.240 g, 0.649 mmol, 0.100 eq) in MeCN (21.6 mL).  (5-chloropent-1-yn-1-yl)triisopropylsilane 

(183) (2.52 g, 9.74 mmol, 1.50 eq) was then added dropwise and the reaction mixture was stirred and 

heated under reflux for 54 hours. The reaction was monitored by TLC and upon complete consumption 

of the starting phenol, volatiles were evaporated and the resulting residue was redissolved in 0.1M 

NaOH (25ml). The aqueous mixture was extracted with EtOAc (3 x 15 ml). The combined organic 

layers were dried over MgSO4, concentrated and purified by column chromatography (EtOAc in Hex, 

0-15%) to yield the title compound as a colourless oil (2.14 g, 5.21 mmol, 80%). δH (599 MHz, CDCl3) 

https://mbook.mestrelab.com/14008
https://mbook.mestrelab.com/14007
https://mbook.mestrelab.com/14007
https://mbook.mestrelab.com/14006
https://mbook.mestrelab.com/14004
https://mbook.mestrelab.com/14004
https://mbook.mestrelab.com/14009
https://mbook.mestrelab.com/14010
https://durham-mbook.mestrelab.com/14575
https://durham-mbook.mestrelab.com/14574
https://durham-mbook.mestrelab.com/14576
https://durham-mbook.mestrelab.com/14573
https://durham-mbook.mestrelab.com/14573
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7.75 (1H t, J = 1.4 Hz, 2–H), 7.48 (1H, dd, J = 2.5, 1.4 Hz, 6–H), 7.23 (1H, dd, J = 2.5, 1.4 Hz, 4–H), 

4.13 (2H t, J = 6.1 Hz, 1’–H2), 3.91 (3H, s, –OCH3), 2.47 (t, J = 6.9 Hz, 3’–H2), 2.00 (2H, tt, J = 6.9, 

6.1 Hz, 2’–H2), 1.09 – 0.96 (21H, m, –iPr). δC (151 MHz, CDCl3) 165.7 (C=O), 158.8 (C–5), 132.6 (C–

1), 124.9 (C–2), 122.7 (C–3), 122.5 (C–4), 114.2 (C–6), 107.6 (C–5’), 81.4 (C–4’), 67.4 (C–1’), 52.4 

(–OCH3), 28.2 (C–2’), 18.7 (–SiC(CH3)2, 16.5 (C–3’), 11.4 (–SiC(CH3)2. m/z (ASAP) 453.138 

([M(79Br)+H]+, 100), 455.138 ([M(81Br)+H]+, 98), 411.101 ([M–3(CH3)(79Br)]+, 53), 413.100 ([M–

3(CH3)(81Br)]+, 53) Accurate mass (ASAP+) found [M+H (79Br)]+ 453.1466, C22H34O3
79BrSi requires 

M 453.1461.     

 

186. 3-bromo-5-{[5'-(triisopropylsilyl)pent-4'-yn-1'-yl]oxy}benzoic acid  

 

To a solution of the methyl 3-bromo-5-{[5'-(triisopropylsilyl)pent-4'-yn-1'-yl]oxy}benzoate (185) (2.50 

g, 0.006 mol, 1.00 eq) dissolved in a 5:1 mixture of THF and water (42 ml), LiOH (0.660 g, 0.028 mol, 

5.00 eq) was added in portions. The reaction was allowed to stir at room temperature for 3 hours after 

which following evaporation of volatiles, the remaining aqueous mixture was redissolved in 0.1M HCl 

(30 ml). Organic extraction was conducted with EtOAc (3 x 25 ml) and the combined organic fractions 

were dried over MgSO4 and concentrated to yield the title compound as a white solid (2.42 g, 0.006 

mol, 100%). δH (599 MHz, MeOD) 7.68 (1H, t, J = 1.5 Hz, 2–H), 7.49 (1H, dd, J = 2.1, 1.5 Hz, 6–H), 

7.29 (1H, t, J = 2.1 Hz, 4–H), 4.17 (2H, t, J = 6.5 Hz, 1’–H2), 2.48 (2H, t, J = 6.5 Hz, 3’–H), 1.97 (2H, 

p, J = 6.5 Hz, 2’–H2), 1.09 – 0.83 (21H, m, –iPr). δC (151 MHz, MeOD) 166.7 (C=O), 159.9 (C–5), 

133.6 (C–1), 124.4 (C–2), 122.6 (C–3), 121.8 (C–4), 114.1 (C–6), 107.5 (C–5’), 80.6 (C–4’), 66.6 (C–

1’), 27.7 (C–2’), 17.6 (–CH(CH3)2), 15.6 (C–3’), 11.0 (–CH(CH3)2). vmax (ATR) 3271 (O–H), 2939, 

2861, 2170, 1691 (C=O), 1574, 1461, 1418, 1294, 1052, 1002 cm-1. m/z (LC-MS, ESI–) 437.400 

[M(79Br)–H]–, 479.378 [M(81Br)–H]–. Accurate mass (ES–) found [M–H (79Br)]– 437.1145, 

C21H30O3
79BrSi requires M 437.1148.   

 

188. methyl 5-(pent-4-yn-1-yloxy)-3-(2’’,2’’,2’’- trifluoro-1’’-(hydroxyimino)ethyl)benzoate  
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Bu2Mg (7.7 mL, 3.846 mmol, 0.52 eq) was added dropwise to 3-bromo-5-{[5'-(triisopropylsilyl)pent-

4'-yn-1'-yl]oxy}benzoic acid (186) (3.250 g, 7.395 mmol, 1.00 eq) in THF (37.0 mL) at –40 ℃. Upon 

the formation of a white precipitate, nBuLi (3.3 mL, 8.135 mmol, 1.100 eq) was added at this condition 

and the mixture was stirred for a further 30 minutes. EtOOCCF3 (1.8 mL, 14.791 mmol, 2.00 eq) was 

then added and the reaction mixture was allowed to reach ambient temperature where it was stirred for 

a further 2 hours. The mixture was quenched with sat. NH4Cl(aq) (20 ml) and extraction was conducted 

with EtOAc (3 x 20 ml). The combined organic layers were washed with 1M HCl (3 x 35 ml) dried 

over MgSO4 and concentrated to yield crude trifluromethyl ketone 186 as a bright yellow oil (2.960 g) 

which was used without further purification. m/z (LC-MS, ESI–) 455.569 [M–H]–. 

 

K2CO3 (4.843 g, 0.035 mol, 4.00 eq) was added in portions to a solution of the crude trifluoromethyl 

ketone (186) (2.96 g) in MeCN. After stirring at room temperature for 15 minutes, MeI (2.2 mL, 0.035 

mol, 4.00 eq) was added and the mixture was stirred under reflux for 16 hours. Volatiles were then 

evaporated, the resulting mixture was dissolved in 0.1M NaOH (30 mL) and organic extraction was 

carried out with DCM (3 x 25 mL). The combined organic layers were dried over MgSO4 and 

concentrated to yield the crude ester as a bright yellow oil (3.770 g) which was used without further 

purification. m/z (ASAP+) 471.569 [M+H]+. 

 

1M TBAF in THF (39.3 ml) was added dropwise to a sealed flask containing the crude ester (3.77 g). 

The mixture was allowed to stir at room temperature for 2 hours. Upon completion of the reaction, 

volatiles were evaporated and the resulting mixture was redissolved in CHCl3 (30 ml) and washed with 

1M NaHCO3 (3 x 25 ml). The organic layer was then dried over MgSO4 and concentrated to yield crude 

deprotected alkyne 187 as a bright yellow oil (1.930 g) which was used without further 

purification.  m/z (LC-MS, ESI+) 315.356 [M+H]+. 

 

Hydroxylamine·HCl (0.884 g, 12.728 mmol, 4.00 eq) was added in portions to a solution of the 

deprotected alkyne (187) (1.93 g) in pyridine (8.0 mL). The reaction was allowed to stir at 70 ℃ for 3 

hours after which volatiles were evaporated. The resulting residue was taken up in EtOAc (25 ml) and 

washed with 0.01M HCl (3 x 15 ml) and water (3 x 15 ml). The organic layer was dried over MgSO4 and 

concentrated. Purification was achieved through column chromatography (EtOAc in Hex, 0-60%) to 

yield the title compound as a mixture of cis-trans isomers as a white amorphous solid (0.606 g, 1.840 

mmol, 25% (over 4 steps). δH (599 MHz, MeOD) 7.72 – 7.59 (2H, m, 2–H, 6–H)), 7.25 – 7.24 (1H, m, 

4–H), 4.17 – 4.14 (2H, m, 1’–H2), 3.92 (3H, m, –OCH3), 2.42 – 2.38 (2H, m 2’–H2), 2.27 – 2.25 (1H, 

m, 5’–H), 2.05 – 1.92 (2H, m, 3’–H2). δC (151 MHz, MeOD) 166.1 (C–5), 166.1 (C=O), 159.0 (C=O), 

144.5 (q, J = 33.1 Hz, C–2’’), 144.3 (q, J = 30.4 Hz, C–2’’), 132.6 (C–1), 131.5 q, J = 15.4 Hz, C–3), 

121.5 (C–2), 121.2 (C–2), 121.0 (q, J = 274.0 Hz, C–2’’), 119.6 (C–4), 118.9 (C–4), 118.7 (q, J = 282.3 

Hz, C–2’’), 115.9 (C–6), 115.6 (C–6), 82.5 (C–4’), 68.7 (C–5’), 68.7 (C–5’), 66.5 (C–1’), 66.5 (C–1’), 
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51.5 (–OCH3), 51.5 (–OCH3b), 27.8 (C–3’), 14.3 (C–2’), 14.3 (C–2’). δF (376 MHz, MeOD) -63.82 

(2’’–F), -67.57 (2’’–F). vmax (ATR) 3289 (O–H), 2956, 1701 (C=O), 1595, 1461, 1432, 1290, 1131, 974 

cm-1.  m/z (LC-MS, ESI+) 330.250 [M+H]+, 352.588 [M+Na]+. Accurate mass (ES+) found [M+H]+ 

330.0955, C15H15O4NF3 requires M 330.0953. 

 

190. methyl 5-(pent-4’-yn-1’-yloxy)-3-[3’’-(trifluoromethyl)diaziridin-3’’-yl]benzoate  

 

TsCl (0.130 g, 0.683 mmol, 1.500 eq) was added in portions to a solution of methyl 5-(pent-4-yn-1-

yloxy)-3-(2’’,2’’,2’’- trifluoro-1’’-(hydroxyimino)ethyl)benzoate (188) (0.150 g, 0.456 mmol, 1.00 eq) 

in pyridine (4.6 mL). The mixture was allowed to stir at 60 ℃ for 4 hours after which volatiles were 

evaporated to afford the crude oxime tosylate (189). Without further purification, the resulting residue 

was taken up in EtO2 (4.6 mL) and sealed in a thick-walled vial. In a separate flask 

containing NaOH (10.00 g) and NH4Cl (10.00 g), water was added dropwise. The evolved gas was 

passed through a drying tube and collected into another thick-walled vial cooled to –78 ℃ and sealed. 

The condensed ammonia (1 mL) was then transferred via canula to the vial containing the oxime 

tosylate and the reaction mixture was allowed to reach ambient temperature and stirred for 3 hours. The 

mixture was then cooled to –78 ℃ and the vial unsealed. The vial was then allowed to reach ambient 

temperature to allow excess ammonia to evaporate and quenched with water (3 ml). The remaining 

volatiles were evaporated and the resulting aqueous mixture was extracted with DCM (3 x 5 mL). The 

combined organic layers were dried over MgSO4 and concentrated. Purification was achieved through 

column chromatography (EtOAc in Hex, 0-30%) to yield the title compound as a white amorphous 

solid (0.103 g, 0.314 mmol, 69%). δH (599 MHz, CDCl3) 7.86 (1H, d, J = 1.4 Hz, 2–H), 7.63 (1H, dd, 

J = 2.1, 1.4 Hz, 6–H), 7.35 (1H, d, J = 2.1 Hz, 4–H), 4.13 (2H, t, J = 6.9 Hz, 1’–H2), 3.92 (3H, s, –

OCH3), 2.81 (1H, m, N–H), 2.41 – 2.40 (2H, m, 2’–H2), 2.24 (1H, m, N–H), 2.05 – 1.99 (2H, m, 3’–

H2), 1.97 (1H, t, J = 2.6 Hz, 5’–H). δC (151 MHz, CDCl3) 166.0 (C–5), 159.1 (C=O), 133.4 (C–1), 132.2 

(C–3), 123.3 (q, J = 278.3 Hz, –CF3), 121.4 (C–2), 119.4 (C–4), 116.5 (C–6), 83.1 (C–4’), 69.1 (C–5’), 

66.6 (C–1’), 57.8 (q, J = 36.1 Hz, C–3’’), 52.4 (–OCH3), 27.9 (C–3’), 15.1 (C–2’). δF (376 MHz, CDCl3) 

-75.35. vmax (ATR) 3261 (N–H), 2952, 1719 (C=O), 1559, 1432, 1326, 1283, 1216, 1149, 1059, 910 

cm-1. m/z (LC-MS, ESI+) 329.319 [M+H]+, 370.364 [M+H+MeCN]+. 
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194. 1-(4-bromonaphthalen-1-yl)ethan-1’-one  

 

AlCl3 (0.805 g, 6.04 mmol, 2.50 eq) was added in portions to a solution of 1-bromonaphthalene (93) 

(0.500g, 2.42 mmol, 1.00 eq) and acetyl chloride in DCE (24.1 mL). The mixture was left to stir at room 

temperature for 16 hours after which it was quenched by the addition of ice water. The organic layer 

was extracted with Et2O (3 x 15 mL) and the combined organic extracts were dried over MgSO4 and 

concentrated to yield the crude mixture as a brown oil (0.574 g, 2.30 mmol, 95%).  δH (400 MHz, 

CDCl3) 8.72 (1H, dd, J = 7.4, 3.2 Hz, 5–H), 8.40 – 8.29 (1H, m, 8–H), 7.83 (1H, d, J = 7.7 Hz, 3–H), 

7.75 (1H, d, J = 7.7 Hz, 2–H), 7.66 – 7.63 (2H, m, 6–H, 7–H), 2.74 (3H, s, –CH3). δC (101 MHz, CDCl3) 

201.3 (C=O), 135.4 (C–4), 132.4 (C–4a), 131.2 (C–8a), 128.8 (C–3), 128.7 (C–2), 128.4 (C–5), 128.3 

(C–1), 127.9 (C–6), 127.6 (C–7), 126.44 (C–8), 30.2 (–CH3). m/z (LC-MS, ESI+) 249.166 

([M(79Br)+H]+, 82), 251.143 ([M(81Br)+H]+, 100).  Data agrees with that reported in Wu et al.152  

 

197. 4-[tris(propan-2’-yl)silyl]but-3-yn-1-ol  

 

nBuLi (12.5 mL, 31.4 mmol, 2.10 eq) was added dropwise to a solution of but-3-yn-ol (196) (1.1 mL, 

14.3 mmol, 1.00 eq) in THF (30 mL) at –78 ℃. The mixture was stirred at this condition for 30 minutes 

after which TIPS-Cl (1.05 ml, 5.79 mmol, 2.1 eq) was added. The reaction was allowed to reach ambient 

temperature and stirred for a further 3 hours. The reaction mixture was quenched with sat. NH4Cl 

solution (100 mL) and extracted with Et2O (3 x 50 mL). The organic extracts were combined and 

concentrated to yield the crude protected alkyne. The resulting residue was taken up in THF and 3M 

HCl (126.6 mL, 379.7 mmol, 10.00 eq) was added. The mixture was stirred vigorously at room 

temperature for 16 hours after which volatiles were evaporated and the organic layer extracted with 

DCM (3 x 50 ml). Purification was achieved through column chromatography (EtOAc in Hex, 0-60%) 

to yield the title compound as a colourless oil (5.910 g, 26.10 mmol, 69%). δH (400 MHz, CDCl3) 3.75 

(2H, t, J = 6.2 Hz, 1–H2), 2.56 (2H, t, J = 6.2 Hz, 2–H2), 1.21 – 0.98 (21H, m, 1’–H3, 2’–H). δC (101 

MHz, CDCl3) 104.9 (C–3), 83.1 (C–4), 61.2 (C–1), 24.4 (C–2), 18.6 (C–2’), 11.2 (C–1’). vmax (ATR) 

3261 (N–H), 2952, 1719 (C=O), 1559, 1432, 1326, 1283, 1216, 1149, 1059, 910 cm-1. m/z (ASAP+) 

227.179 [M+H]+. Data agrees with that reported in Tan et al.153  
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199. Ethyl 2-({4’-[tris(propan-2’’-yl)silyl]but-3’-yn-1’-yl}oxy)acetate  

 

A suspension of NaH (1.06 g, 26.5 mmol, 1.20 eq) and TBAI (1.223 g, 3.31 mmol, 0.15 eq) in THF (20 

mL) under N2 was cooled to 0 ℃ and a solution of 4-[tris(propan-2’-yl)silyl]but-3-yn-1-ol (197) (5.00 

g, 22.08 mmol, 1.00 eq) in THF (25 mL) was added dropwise. The mixture was stirred at this condition 

for 30 minutes after which ethyl bromoacetate (3.7 mL, 33.12 mmol, 1.50 eq) was added dropwise. The 

mixture was allowed to reach ambient temperature and stirred for 4 hours after which it was diluted 

with THF (30 mL). The solution was left to settle, decanted, concentrated and purified by column 

chromatography (EtOAc in Hex, 0-20%) to yield the title compound as a light yellow oil (3.90 g, 12.5 

mmol, 57%).  δH (599 MHz, CDCl3) 4.21 (2H, q, J = 7.1 Hz, –OCH2CH3), 4.12 (2H, s, 2–H2), 3.68 (2H, 

t, J = 7.4 Hz, 1’–H2), 2.58 (2H, t, J = 7.4 Hz, 2’–H2), 1.27 (3H, t, J = 7.1 Hz, –OCH2CH3), 1.04 (21H, 

m, –(iPr)3). δc (151 MHz, CDCl3) 170.2 (C=O), 104.6 (C–3’), 81.9 (C–4’), 70.2 (C–1’), 68.4 (C–2), 

60.9 (–OCH2CH3), 21.2 (C–2’), 18.6 (–CH(CH3)2), 14.2 (–OCH2CH3), 11.2 (–CH(CH3)2). vmax (ATR) 

2942, 2864, 2173, 1754, 1464, 1205, 1131, 907 cm-1. m/z (LC-MS ESI+) 313.218 [M+H]+. Accurate 

mass (ES+) found [M+H]+ 285.1873, C17H33O3Si requires M 313.2177. 

 

200. 2-({4’-[tris(propan-2’’-yl)silyl]but-3’-yn-1’-yl}oxy)acetic acid  

 

Ethyl 2-({4’-[tris(propan-2’’-yl)silyl]but-3’-yn-1’-yl}oxy)acetate (199) (5.30 g, 16.7 mmol, 1.00 

eq) was added to a solution of LiOH (2.03 g, 84.79 mmol, 5.00 eq) in a 5:1 mixture of THF:H2O (200 

mL). The mixture was stirred vigorously at room temperature for 16 hours after which it was quenched 

with 3M HCl (50 mL). Extraction was conducted with EtOAc (3 x 50 ml). The combined organic layers 

were dried over MgSO4 and concentrated to yield the title compound as a white oil (4.43 g, 15.6 mmol, 

92%). δH (599 MHz, CDCl3) 4.17 (2H, s, 2–H2), 3.72 (2H, t, J = 6.8 Hz, 1’–H2), 2.60 (2H, t, J = 6.8 Hz, 

2’–H2), 1.06 (21H, m, –(iPr)3). δC (151 MHz, CDCl3) 172.8 (C=O), 104.3 (C–4’), 82.5 (C–3’), 70.3 (C–

1’), 68.0 (C–1), 21.2 (C–2’), 18.5 (–CH(CH3)2), 11.1 (–CH(CH3)2). vmax (ATR) 3229 (O–H, b) 2939, 

2867, 2173, 1730, 1461, 1244, 1137, 907 cm-1. m/z (ASAP+) 285.188 [M+H]+. Accurate mass (ES+) 

found [M+H]+ 285.1873, C15H29O3Si requires M 285.1886. 
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203. (4-bromonaphthalen-1-yl)trimethylsilane  

 

nBuLi (1.4 mL, 3.50 mmol, 1.00 eq) was added to a solution of the 1,4-dibromonaphthalene 

(202) (1.000 g, 3.50 mmol, 1.00 eq) in THF (7.0 mL) under N2 at –78 ℃. The mixture was allowed to 

stir at this condition for 30 minutes after which SiMe3Cl (0.888 mL, 6.94 mmol, 2.00 eq) was added. 

The mixture was then allowed to reach ambient temperature and stirred for a further 3 hours. The 

reaction mixture was quenched with sat NH4Cl solution (15 mL) and extracted with EtO2 (3 x 25 mL). 

The combined organic extracts were dried over MgSO4 and concentrated. Purification was achieved by 

column chromatography (EtOAc in Hex, 0-10%) to yield the title compound as a light grey amorphous 

solid (0.874 g, 3.13 mmol, 90%). δH (599 MHz, CDCl3) 8.41 – 8.25 (1H, m, 8–H), 8.17 – 8.01 (1H, m, 

5–H), 7.75 (1H, d, J = 7.4 Hz, 2–H), 7.60 – 7.53 (2H, m, 6–H, 7–H), 7.49 (1H, d, J = 7.4 Hz, 3–H), 

0.46 (9H, s, –Si(CH3)3). δC (151 MHz, CDCl3) 138.5 (C–8a), 138.1 (C–1), 133.3 (C–3), 131.8 (C–4a), 

129.3 (C–2), 128.5 (C–5), 128.1 (C–8), 126.7 (C–6), 126.4 (C–7), 125.2 (C–4a), 0.16 (–Si(CH3)3). 

max (ATR) 3073, 2952, 1503,m 1254, 872 cm-1. m/z (ASAP+) 285.188 [M(79Br)+H]+, [M(81Br)+H]+. 

Accurate mass (ES+) found [M(79Br)+H]+ 278.0131, C13H15Si79Br requires M 278.0126. Data agrees 

with that reported in Offner et al.113  

 

204. N-methoxy-N-methyl-2-({4’-[tris(propan-2’’-yl)silyl]but-3’-yn-1’-yl}oxy)acetamide  

 

N,O-Dimethylhydroxylamine (0.257 g, 2.64 mmol, 1.50 eq) was added to a solution of DMAP (0.043 

g, 0.35 mmol, 0.20 eq), 2-({4’-[tris(propan-2’’-yl)silyl]but-3’-yn-1’-yl}oxy)acetic acid (200) (0.500 g, 

1.75 mmol, 1.00 eq), triethylamine (0.934 mL, 7.031 mmol, 4.00 eq) and DCC (0.544 g, 2.64 mmol, 

1.50 eq) in DCM (7.0 mL). The reaction mixture was left to stir at room temperature for 24 hours until 

the formation of a precipitate. The mixture was then filtered and concentrated. Purification was achieved 

by column chromatography (EtOAc in Hex, 0-55%) to yield the title compound as a light brown 

oil (0.414 g, 1.264 mmol, 72%). δH (599 MHz, CDCl3) 4.32 (2H, s, 2–H2), 3.71 (2H, t, J = 7.5 Hz, 1’–

H2), 3.68 (3H, s, –OCH3), 3.19 (3H, s, –NCH3), 2.61 (2H, t, J = 7.5 Hz, 2’–H2), 1.05 (21H, m, –(iPr)3). 

δC (151 MHz, CDCl3) 171.1 (C=O), 110.2 (C–4’), 104.8 (C–3’), 81.7 (C–1’), 70.3 (–OCH3), 68.4 (C–

2), 61.4 (–NCH3), 21.2 (C–2’), 18.6 (–CH(CH3)2), 11.2 (–CH(CH3)2). vmax (ATR) 2942, 2864, 2173, 
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1683 (C=O), 1464, 1144, 992 cm-1. m/z (ASAP+) 328.230 [M+H]+. Accurate mass (ES+) found [M+H]+ 

328.2294, C17H34NO3Si requires M 328.2308. 

 

209. 4-(4’-bromonaphthalen-1’-yl)-4-oxobutyl acetate  

 
n-BuLi (6.6 mL, 16.61 mmol, 0.95 eq) was added dropwise to a solution of 1,4-dibromonaphthalene 

(202) in THF (35.0 mL) at –78 ℃. After stirring at 10 minutes at this condition, γ-butyrolactone 

(206) (4.0 mL, 52.45 mmol, 3.00 eq) was added and the mixture was allowed to reach ambient 

temperature and stirred for a further 4 hours. The reaction was quenched with sat. NH4Cl(aq) 

solution. Extraction of the organic layer was conducted with EtOAc (3 x 30 ml) and the combined 

organic extracts were dried over MgSO4 and concentrated to give the intermediary alcohol as a 

mixture. The light-yellow oil was used in subsequent steps without further purification. vmax (ATR) 

3403 (O–H), 2954, 2927, 2863, 1711 (C=O), 1216, 1056, 752 cm-1. m/z (LC-MS, ESI+) 293.329 ([M+H 

(79Br)]+, 27), 295.267 ([M+H (81Br)]+, 43). 

 

AcCl was added dropwise to a solution of alcohol 208 (5.00 g, 17.06 mmol, 1.00 

eq) and triethylamine (3.4 mL, 25.58 mmol, 1.50 eq) in DCM (85.3 mL) at 0 ℃. Upon completion of 

addition, the mixture was allowed to reach ambient temperature and stirred for 16 hours. The reaction 

mixture was quenched with sat. NaHCO3(aq) and extracted with DCM (3 x 20 ml).  The combined 

organic extracts were dried over MgSO4 and concentrated. Purification was achieved through column 

chromatography (EtOAc in Hex, 0-25%) to yield the title compound as an off-white amorphous 

solid (1.887 g, 5.630 mmol, 33.0%). δH (400 MHz, CDCl3) 8.55 (1H, m, 2’–H), 8.39 – 8.26 (1H, m, 3’–

H), 7.84 (1H, d, J = 7.8 Hz, 8’–H), 7.73 – 7.57 (3H. m, 5’–H, 7’–H, 6’–H), 4.20 (2H, t, J = 6.3 Hz, 1–

H2), 3.13 (2H, t, J = 7.2 Hz, 3–H2), 2.16 (2H, tt, J = 7.2, 6.3 Hz, 2–H2), 2.04 (3H, s, –CH3). δC (101 

MHz, CDCl3) 202.8 (–ArC=O), 171.1 (C=O), 135.9 (C–1’), 132.4 (C–8a’), 131.2 (C–4a’), 128.7 (C–

2’, C–3’), 128.0 (C–8’, C–4’), 127.7 (C–5’), 127.2 (C–7’), 126.2 (C–6’), 63.7 (–CH3), 38.6 (C–1), 23.5 

(C–3), 21.0 (C–2). m/z (LC-MS, ESI+) 335.252 ([M+H (79Br)]+, 14), 337.267 ([M+H (81Br)]+, 18). 
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210. 3-[2-(4-bromonaphthalen-1-yl)-1,3-dioxolan-2-yl]propan-1-ol  

 

Ethylene glycol (2.9 mL, 52.21 mmol, 5.00 eq) was added to a solution of the starting 4-(4’-

bromonaphthalen-1’-yl)-4-oxobutyl acetate (209) (3.50 g, 10.44 mmol, 1.00 eq) and TsOH (0.01 g, 

0.522 mmol, 0.05 eq) in Toluene (52.2 mL). The mixture was stirred under reflux for 8 hours using a 

Dean-Stark trap. Upon completion, the volatiles were evaporated and the resulting mixture was taken 

up in 1M NaHCO3 solution (25 ml) and extracted with DCM (3 x 30 ml). The combined organic extracts 

were dried over MgSO4 to yield crude 3-[2-(4’-bromonaphthalen-1’-yl)-1,3-dioxolan-2-yl]propyl 

acetate as a light yellow oil which was used without further purification. m/z (LC-MS, ESI+) 379.347 

([M+H (79Br)]+, 78), 381.323 ([M+H (81Br)]+, 80). Accurate mass (ES+) found [M+H]+ 379.0550, 

C18H20O4
79Br requires M 328.2308.  

 

NaOH (0.888 g, 15.82 mmol, 2.00 eq) was added in portions to a solution of the crude acetate in 

Methanol and water (1:1, 70 ml). The reaction mixture was allowed to stir at room temperature for 1 

hour after which volatiles were evaporated and extraction was conducted with DCM (3 x 25ml). The 

combined organic extracts were dried over MgSO4 and concentrated. Purification was achieved through 

column chromatography (EtOAc in Hex, 0-75%) to yield the title compound as a light yellow oil (1.447 

g, 4.291 mmol, 54%). δH (400 MHz, CDCl3) 8.65 (1H, d, J = 8.1 Hz, 2’–H), 8.32 (1H, d, J = 8.1 Hz, 

3’–H), 7.76 (1H, d, J = 7.9 Hz, 8’–H), 7.59 (3H, m, 5’–H, 7’–H, 6’–H), 4.21 – 3.78 (4H, m, 4–H2, 5–

H2), 3.68 (2H, t, J = 6.2 Hz, 1’’–H2), 3.46 (2H, t, J = 9.7 Hz, 3’’–H), 2.25 (2H, tt, J = 9.7, 6.2 Hz, 2’’–

H). δC (101 MHz, CDCl3) 137.7 (C–1’), 132.7 (C–8a’), 131.8 (C–4a’), 129.0 (C–2’), 127.8 (C–3’), 

126.9 (C–8’), 126.7 (C–4’), 126.6 (C–5’), 125.0 (C–7’), 123.9 (C–4’), 110.9 (C–6’), 71.6 (C–4) 70.9 

(C–5), 64.5 (C–2), 61.8 (C–1’’), 36.4 (C–3’’), 24.1 (C–2’’). m/z (LC-MS, ESI+) 337.300 ([M+H 

(79Br)]+, 33), 339.314 ([M+H (81Br)]+, 31). Accurate mass (ES+) found [M+H]+ 337.0437, C16H18O3
79Br 

requires M 337.0439. 
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Volume II: Ir Catalysed Aromatic C–H Activation 

 

Chapter 1: Introduction to Ir Catalysed C–H Borylation 

 

1.1 Volume II Introduction  

 

A separate line of research investigated the application of Ir catalysed C–H activation to discrete 

problems. This volume will briefly outline the rationale behind the two lines of study and discuss the 

results obtained. Chapter 1 briefly outlines Ir catalysed C–H borylation, with a focus on the borylation 

of heteroaromatic systems. Chapter 2 discusses a study into the formation of trifunctional pyridines 

through Ir C–H activation of 2-halo nicotinates. Chapter 3 outlines a systematic study of the borylation 

of fluoroarenes, namely how substitution patterns and source of boron impact regioselectivity. Chapter 

4 provides detailed experimental methods and results along with NMR spectra.  

 

 1.2 Ir Catalysed Borylation 

 

The last 40 years has seen the development of organoboron compounds into important intermediates in 

organic synthesis due to their abilities to undergo a wide range of transformations.154 First reported in 

1981, the Suzuki-Miyaura cross-coupling between organoboron compounds and organohalides to form 

sp2-sp2 C–C bonds is widely used in the fields of medicinal chemistry and natural product synthesis.155 

Aromatic organoboron intermediates have historically been accessed via metalation of a C–H or C–X 

bond. These approaches are often limited due to the harsh conditions employed, by the requirement of 

aryl halide intermediates or by the need for substituents with suitable directing groups to facilitate 

metalation.156 Direct conversion of C–H bonds to C–B bonds presents a simple solution to these issues 

and thus has been studied extensively with transition metals such as Pd, Fe, Ru, Pt, Rh, Mn, and Ir 

having been shown to catalyse this process.154,157–159 The development of this transformation has been 

especially beneficial to late-stage functionalization of compounds in drug discovery and to the drive 

towards sustainable chemistry with its high atom economy and ability to reduce synthetic steps. 

Arguably, Ir-catalysed methods of C–H borylation have become dominant, and as such, this review will 

only discuss these transformations.  

 

Initial reports of Ir catalysed C–H borylation were published in 2002 describing two catalytic systems; 

Ir(Ind)(cod) as a precatalyst and DMPE as a ligand by Smith et al. and [Ir(cod)(Cl)]2 as a precatalyst 

and 2,2’–bipyridine (bpy) as the ligand by Hartwig, Ishiyama and Miyaura et al.160,161 The latter 
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methodology using an OMe ligand in place of Cl has now become the standard catalyst system and has 

found wide-spread applications. Significantly, many functional groups such as amides, esters, amines, 

and nitrile groups are compatible with the reaction, providing a broad scope for its use.154 

 

In the mechanism for Ir-borylation (Scheme 53), the active catalyst species cycles between IrIII and 

IrV.162,163 Resting species 217 is first formed from following the combination of the starting Ir precatalyst 

[Ir(cod)(OMe)]2, solvent, boron reagent and ligand. Following ligand exchange, cod is reduced to 

cyclooctene (coe) and the boron reagent facilitates oxidisation of the precatalyst to form IrIII species 

217. The weakly bound coe dissociates, forming pentacoordinate species (218) to which an aromatic 

C–H bond can oxidatively add into. Ar-BPin can then reductively eliminate from IrV species (219), 

resulting in a IrIII bisboryl hydride 220. Active species 217 is regenerated by an oxidative addition of 

the boron species into 221 followed by the reductive elimination of HBpin or H2.  

 

 

Scheme 53: Catalytic cycle of Ir catalysed C–H borylation 

 

Compounds containing heteroaromatics are very prevalent in natural products, pharmaceuticals, 

bioactive compounds, and agrochemicals making the ability to synthesise these molecules efficiently 

and economically commercially attractive. In general, electron-deficient aromatics are more reactive 

towards C–H activation due to the increased ability to oxidatively add into the active Ir species (218)162 

As a result, the borylation of many heteroaromatics has been described, with these generally proving to 

be excellent substituents.164 Examples of such borylations include pyrroles and indoles, which 
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selectively borylate in the α-position and (iso)quinolines, which typically borylate in the ring containing 

the heteroatom (Scheme 54).165,166   

 

 

  

Scheme 54: Ir catalysed borylation of selected heteroaromatic substrates 

 

Given the crowded nature of the 7-coordinate intermediate (219, Scheme 53), the selectivity of Ir-

catalysed borylation is predominantly sterically controlled. Despite this, there are examples of 

selectivity being controlled electronically. One notable example is the borylation of benzodioxole which 

affords the more hindered boronate ester (224a), indicating C-H acidity may also play a role in 

regioselectivity (Scheme 55, A).167 In the borylation of (substituted) heteroaromatics both factors are 

often observed contributing to the determination of regioselectivity. An example of this is in the C–H 

activation of indazoles where free N–H indazoles do not borylate potentially due to the ability of the 

azinyl nitrogen to inhibit the catalyst but N-substituted indazoles have shown to be good substrates. N-

methyl-2H-indazole (225) borylates selectively in the ring containing the heteroatoms, forming the C–

3 boronate ester 225a but the introduction of a 4-bromo-substitutent results in the formation of C–6 

boronate ester (226a) as steric constraints are introduced at the peri-position (Scheme 55, B and C).168  
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Scheme 55: Electronic and sterically controlled Ir catalysed borylation 
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Chapter 2: C–H Activation of 2-Halopyridines.   

 

 2.1: Introduction to Ir borylation of pyridines 

 

Although electron deficient, the borylation of pyridines has proven to be unusually challenging, often 

requiring high temperatures and prolonged reaction times.164 This has been attributed to the ability of 

the azinyl nitrogen to coordinate to the active catalytic species, inhibiting further reaction. The 

borylation of pyridines are further challenged by the propensity of the desired products to undergo rapid 

protodeborylation.169,170,171 Other challenges include the electronic inhibition to C–H activation at the 

position α-to the azinyl nitrogen. 

 

Most methods of accessing substituted pyridine rings involve the de novo construction of the aromatic 

ring, limiting the ability to introduce structural and substituent diversity. As a component of a project 

exploring the use of C–H borylation chemistry in the late-stage functionalisation of heteroarenes, 

previous work in the group explored the use of 2-halo pyridines. The 2-halo substituent serves two 

purposes in this transformation; as a steric blocker preventing coordination to the active Ir species, and 

to reduce the Lewis basicity of the nitrogen lone pair, reducing the probability of protodeborylation. 

The resultant boronate esters are valuable intermediates, allowing for derivatisation via a number of 

transformations.  

 

2.2: Results and Discussion 

 

In earlier work, this strategy had been validated with a series of 2-halonicotinates used as primary 

substrates for borylation. Due to the inability to isolate the boronate esters a one-pot two-step process 

was developed where the afforded boronate esters are used crude in the subsequent cross-coupling 

reaction (Scheme 56). For the tandem Suzuki-Miyaura step, 4-iodonitrobenzene, 4-iodotoluene and 1-

iodo, 4-triflouromethyl benzene were the main coupling partners employed in this study, affording the 

desired bi-aryl compounds in good yields. 
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Scheme 56: Tandem Ir borylation-Suzuki Miyaura synthesis of trifunctional pyridines 

 

Further functionalisation was achieved by SNAr using aliphatic amines to obtain trifunctional pyridines. 

2-chloropyridines were dissolved in neat amine and irradiated using microwaves to facilitate the 

substitution whilst 2-fluoropyridines were able to undergo substitution under much milder conditions 

with heating at 80 ℃ in dioxane being sufficient (Scheme 57). Despite the increased reactivity of the 

fluoropyridines, SNAr was still not possible with anilines. Further attempts of this reaction using 

microwave irradiation also failed, indicating a stronger base such as NaH may be required to facilitate 

this reaction.  

 

 

 

Scheme 57: SNAr using pyrrolidine on 2-chloro (A.) and 2-fluoro (B.) nicotinates. 

 

In order to complete this study, additional examples, expanding the variation that is possible from the 

halo-nicotinate scaffold were required. To fulfil this need, a further generation of examples were 
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prepared, including a second Suzuki-Miyaura cross coupling with a boronic acid (Scheme 58, B), 

reduction of the halo-substituent (Scheme 58, A) and functionalisation of the ester through amide 

coupling with amino acid 236 (Scheme 58, C).  

 

 

 
Scheme 58: Further functionalisation of trifunctional pyridines. 

 

Ultimately, a total of 32 examples were described.2 Full results and experimental data were reported 

in Steel et al. (2020)172 and are presented in Appendix D.  

 

 

 
2 Compounds include those prepared earlier by Omar A. Salih, Scott. A. Sadler, and Carys L. Thomas. 
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Chapter 3 Borylation of Fluoroarenes 

 

3.1 Introduction to Fluoroarenes 

 

In the second line of study, an investigation of the steric and electronic effects of fluoroarenes on Ir 

catalysed C–H activation was undertaken. The introduction of fluorine atoms into molecules is widely 

observed in the field of medicinal chemistry with fluorinated analogues possessing distinctive chemical 

and physical properties such as increased lipophilicity.173 However, accessing these compounds remains 

challenging as the highly electron withdrawing properties of fluorine deactivate the ring to standard 

electrophilic strategies of aromatic derivatisation. In contrast, the electron-deficient nature of these 

arenes naturally lends itself towards C–H activation.174 The directing abilities of fluorine on C–H 

activation remain to be evaluated. Earlier work in the group by Mingyan Dan had been shown that F- 

substituents are highly activating, with fluoroaromatic substrates often borylating at room temperature 

(Section 3.2, Scheme 59). Additionally, in the process of studying the regioselectivity in the C–H 

activation of 1,3-difluoro benzene, it was observed that the ratio of products obtained would vary 

depending on the boron source employed. Further data was needed to support these observations and 

an investigation into the electronic and steric effects of Ir catalysed C–H activation was employed to 

systematically study the role of fluorine substituents and boron sources and their relation to observed 

results. This work was done in collaboration with Mingyan Ding, Mark Fox and Andrew C. Hones, full 

experimental data and NMR spectra can be found in Chapter 4 of this volume.  

 

 3.2 Results and Discussion 

 

Previous studies have indicated that the regioselectivity of C–H borylation is primarily dictated by steric 

effects but the small size of the fluorine atom does allow for ortho-borylation to occur should other sites 

be blocked.171 At low temperatures, electronic effects were observed with ortho fluorine proving to be 

highly activating, especially in the borylation of tetra fluorobenzene. This observation was rationalised 

through computational analysis where an ortho fluorine was estimated to increase the stability of the 

M–C bond over the original C–H bond in the late transition state that typifies these reactions.  
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Scheme 59: Borylation of 1,2,3,4-tetrafluorobenzene at room temperature 

 

With fluoroarenes readily borylating at room temperatures, complex mixtures from the result of poly-

borylation were often observed, especially in compounds that contained multiple di-ortho fluorine C–

H positions. In these cases, lowering the stoichiometry of the borylating agent allowed for selectivity 

of C–H activation to be observed. In addition to demonstrating ortho borylation to aromatic fluorines 

is facile, it was also observed that there was a small yet distinct difference in selectivity depending on 

the boron source used. This effect was initially seen by Minyang Dan in the borylation of 1,3-

trifluorobenzene where the use of HBPin resulted in a greater proportion of the 5-borylated product 

when normalising the ratios to factor for bis-borylation. This was surprising given that the accepted 

mechanism involved the same catalytic species and rate determining step. Product analysis was 

complicated by the fact that HBPin is formed as the by-product from the initial reaction with B2Pin2. 

Building on reports that triethylamine is able to coordinate to HBPin, it was proposed that the addition 

of the tertiary amine would be able to return selectivity with 0.6 eq B2Pin2 to resemble that observed 

with excess B2Pin2. Although addition of 1 eq of NEt3 did not result in the same levels of ortho-

selectivity as obtained with excess B2Pin2 (Table 5, Entry 3), the subtle yet distinct change from 0.6 eq 

B2Pin2 does indicate that it was able to sequester some HBPin, again demonstrating the slight differences 

in selectivity obtained by using differing boron sources.  

 

 

 

Entry [B] Time Conversion / % 
Product distribution 

(a : b : c)# 

Adjusted ratio 

(5:1/3) 

1 HBPin (3.0 eq) 16 hr 100 28:10:62 44:56 

2 B2Pin2 (0.6 eq) * 14 hr 86 26:48:26 41:59 
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3 
B2Pin2 (0.6 eq), 

1eq (NEt3) 
6 hr 60 21:66:13 35:65 

4 B2Pin2 (3.0 eq) 6 hr 100 19:0:68 32:68 

 

Table 5: Borylation of 1,2,3-trifluorobenzene. #Determined by 19F-NMR analysis of crude mixture. 

*Data obtained by Dan Minyang 

 

To investigate further the interplay between electronic and steric control, borylation was carried out on 

various 2-substituted, 1,3-difluoroarene substrates. This was undertaken in a similar fashion as above 

with both HBPin and B2Pin2 source and ratios of the boronate esters were calculated using 19F-NMR.  

 

 

 

Table 6:  Borylation of 1,3-difluoro substrates. #Determined by 19F-NMR analysis of crude 

mixture. *Data obtained by Dan Minyang. ҂ + 1.0 eq NEt3. 

 

Entry Compound X [B] Equiv. Time / h Conv / % Ratio a : b : c, (a : b + c)# 

1 340 N HBPin 3.0 5 100 78 : 12 : 10 (88 : 12) 

2  N B2Pin2 0.6* 3 95 77 : 19 : 4 (87 : 13) 

3  N B2Pin2 3.0 4 100 71 : 0 : 29 (83 : 17) 

4 341 C–Me HBPin 3.0 16 82 67 : 29 : 4 (80 : 20) 

5  C–Me B2Pin2 0.6* 14 86 63 : 31 : 6 (77 : 23) 

6  C–Me B2Pin2 0.6#  16 93 60 : 38 : 2 (75 : 25) 

7  C–Me B2Pin2 3.0 6 99 57 : 26 : 16 (73 : 27) 

8 342 C–OMe HBPin 3.0 16 80 44 : 46 : 10 (63 : 37) 

9  C–OMe B2Pin2 0.6҂ 16 74 42 : 50 : 8 (59 : 41) 

10  C–OMe B2Pin2 3.0 5 100 39 : 0  : 61 (56 : 44) 

11 343 C–CO2Me HBPin 3.0 24 85 72 : 24 : 4, (84 : 16) 

12  C–CO2Me B2Pin2 0.6* 19 92 70 : 23 : 7, (82 : 18) 

13  C–CO2Me B2Pin2 3.0 5 100 63 : 0 : 37, (77 : 33) 
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Conversion of the 1,3-difluoro substrates into the respective boronate esters was achieved in excellent 

yields at room temperature. Of the substituted benzenes (Entries 4-13), the proportion of 4-borylated to 

5-borylated product seem to correspond with the electron-withdrawing ability of the 2-substituent with 

the 5-borylated product being increasingly favoured as substituent electron-withdrawing nature 

increases. This is also somewhat reflected in the borylation of 2,6-difluoropyridine (Entries 1-3) where 

a significant increase in the proportion of 5-borylated product was observed when compared to 2,6-

difluorotoluene. As with 1,2,3-trifluorobenzene, distinct differences in selectivity were observed 

depending on the boron source with ortho borylation at C–4 being favoured with the use of B2Pin2. As 

mentioned above, Ir catalysed borylation of pyridines present challenges and high temperatures and 

prolonged periods are often employed to form the boronate ester. As such, literature reports on the 

regioselectivity of unsubstituted pyridines shows little preference between C-3 and C-4 borylation and 

most substituted pyridines lead to the 4-borylated product, reflecting simple steric effects. In contrast, 

borylation of sterically unlimited 2,6-difluoropyridine was able to be carried out at room temperature, 

leading to selectivity being observed. The ratios of the products followed the general trends observed 

with the other 1,3-difluoro substrates where employing excess B2Pin2 resulted in an increased amount 

of the C-3 (ortho to –F) boronate ester.  

 

To further explore this observation, the scope of the investigation was extended to see if the electronic 

effects observed with 2,6-difluoropyridine were replicated in other fluorinated pyridines. As before, 

these substrates were converted to the respective boronate esters at room temperature in good yields, 

further demonstrating the reactive nature of electron deficient heteroaromatics to Ir catalysed C–H 

activation. In the three substrates that were chosen (344-346), borylation occurred preferentially at C–

4. Despite ortho fluorine substituents being present in 344 and 345, this trend was observed regardless. 

Unlike 2,6-difluoropyridine which showed a distinctive trend in borylation products in relation to the 

boron source, attempts to rationalise the observed product ratios with 346 as the substrate was 

inconclusive. 
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Entry [B] Time Conversion / % 
Product distribution 

(a : b : c) # 

Adjusted ratio 

(b : a+c) 

1 HBPin (3.0 eq) 5 hr 100 71 : 15 : 14 15 : 85 

2 B2Pin2 (0.6 eq) 5 hr 97 62 : 20 : 18 20 : 80 

3 B2Pin2 (3.0 eq) 5 hr 100 67 : 24 : 76 24 : 76 

 

 

Entry [B] Time Conversion / % 
Product distribution 

(a : b) # 

1 HBPin (3.0 eq) 5 hr 100 89 : 11 

2 B2Pin2 (0.6 eq) 4 hr 95 88 : 12 

3 B2Pin2 (3.0 eq) 4 hr 100 94 : 6 

 

 
 

Entry [B] Time Conversion / % 
Product distribution 

(a : b : c : d)# 

Adjusted ratio 

(b+c : a+d) 

1 HBPin (3.0 eq) 5 hr 100 76 : 15 : 4 : 5 19 : 81 

2 B2Pin2 (0.6 eq) 5 hr 98 77 : 19 : 2 : 2 21 : 79 

3 B2Pin2 (3.0 eq) 4 hr 100 52 : 0 : 32 : 16 16 : 84 

 

Table 7: Borylation of fluoropyridines. #Determined by 19F-NMR analysis of crude mixture. 
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To evaluate if the differences in boronate ester ratios when differing boron sources are employed was 

simply down to steric considerations, a model experiment was devised using a smaller source of boron. 

Thus, B2eg2 (348) was synthesized using conditions described by Eck et al.175 where B2(NMe2)4 (347) 

was treated with ethylene glycol in 6M HCl in ether. Purification by sublimation gave the desired 

compound as white crystals as characterised by a single peak in 1H–NMR δ 3.50 (8H, s) corresponding 

to the aliphatic –CH2 protons.  

 

 

Scheme 60: Synthesis of B2eg2 

 

Surprisingly, borylation using B2eg2 (348) as a boron source proved challenging primarily due to its 

poor solubility and low reactivity of the associated Ir complex. Borylation of anilines using B2eg2 (340) 

and 2.0 eq. of NEt3 at 80 ℃ a had been described previously by Smith III et al. 176  These conditions 

were modified to borylate 2,6-difluoropyridine (340). Pervious reports on the use of B2eg2 in borylations 

also comment on the inherent instability of the resulting boronate esters. As such, the reaction was 

conducted in a Young’s tap NMR tube in D8-THF. As the use of elevated temperatures challenges 

comparisons with earlier reactions, control experiments were conducted in parallel using HBPin and 

B2Pin2. 
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Entry [B] Time Conversion / % 
Product distribution 

(a : b : c) 

Adjusted ratio   

(a : b + c) 

1 B2eg2 (3.0 eq) 8 hr 23 85 : 12 : 0 93 : 7 

2 HBpin2 (3.0 eq) 8 hr 89 26 : 15 : 59 26 : 74 

3 B2Pin2 (3.0 eq) 6 hr 100 4 : 12 : 84 27 : 73 

 
Table 8: Borylation of 2,6-difluoropyridine using B2eg2. #Determined by 19F-NMR analysis of 

crude mixture. 

 

Despite the low conversion, borylation using B2eg2 also resulted in preferential C–4 borylation. 

Although it was unsurprising that no difference in regioselectivity was observed between B2pin2 and 

HBpin at 80 ℃, the reversal of regioselectivity to form majority C–3 borylated product was unexpected. 

In comparing the 19F–NMR spectra of entries 1 and 2 (Figure 61), there were slight differences in the 

observed chemical shifts was attributed to the two spectra being run in different solvents. Interestingly, 

a new peak in the reaction with B2eg2 (348) was observed at δ –75.15 which was speculated to 

correspond to a B2eg2–pyridine complex. It was thus hypothesised that the regioselectivity observed 

when using B2eg2 as the boron source was a result of this complexation which would enhance the 

electron withdrawing abilities of the azinyl nitrogen, further activating the C–4 position.  
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Figure 61: Crude 19F-NMR spectrum in the borylation of 2,6-difluoropyridine using (A.) B2Pin2 

and (B.) B2eg2. 

 

To support this hypothesis, an additional experiment was conducted where 1 eq of B2eg2 and 2,6-

difluoro pyridine were prestirred for 1 hour at 80 ℃ before the addition of B2pin2 and the catalytic 

cocktail. From this reaction, it was observed that borylation preferentially occurred at C–4, supporting 

the proposal that B2eg2 is able to enhance the electron withdrawing abilities of the azinyl nitrogen via 

the formation of a “complex.”  

 

 

 
Scheme 61: Borylation of 2,6-difluoropyridine using B2Pin2 in the presence of B2eg2. Ratios 

determined by 19F-NMR analysis of crude mixture. 
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Ultimately, when considering the non-basic nature of the substrate, this observation was surprising. A 

two fluoro-substituent reduces the pKa to -0.22 from 5.17 of unsubstituted pyridine and it can be 

reasonably assumed that 2,6-difluoropyridine (340) would be even less basic, making the formation of 

the B2eg2-340 “complex” unlikely. Conversely, experimental data does indicate some interaction 

increasing the electronic selectivity of borylation. With B2eg2 being significantly less sterically 

demanding than B2pin2, one possible explanation is that the small size and increased Lewis acidic nature 

increase the probability of it forming an interaction with the azinyl nitrogen.    

 

3.3 Conclusions and future work 

 

This study was able to demonstrate the highly reactive nature of fluoroarenes to Ir catalysed C–H 

borylation, with all substrates reacting readily at room temperature. Whereas steric considerations 

normally dominate, the small size of the fluorine atom means that electronics can also play a major role 

in the determination of regioselectivity. This work also showed that differences in regioselectivity can 

arise depending on the boron source employed. A general trend was observed where increasing the 

stoichiometry of B2Pin2 resulted in more ortho-borylation. Sterics was proposed as an explanation to 

these observations but subsequent experiments with the smaller B2eg2 were only achievable at 80 ℃, 

erasing the stereoselectivity observed at room temperature.  

 

As illustrated in Scheme 53, HBPin and B2Pin2 are used interchangeably in the catalytic cycle, forming 

the same active species. The observations reported above challenges this accepted mechanism as the 

differences in regioselectivity indicate a slight divergence in the mechanism depending on the boron 

source employed. This conjecture is supported in a recent report by Smith and Maleczka et al.177 where 

modification of the steric and electronic properties of the ligand were able to generate even greater 

differences in selectivity between HBPin and B2Pin2.    

 

Although further investigation is required, the possible complexation of B2eg2 to the azinyl nitrogen 

raises interesting possibilities surrounding the regioselective control in the Ir catalysed borylation of 

pyridines. Future work could explore various Lewis acids that can complex with the azinyl nitrogen and 

are also compatible with Ir borylation. Building on the observations from the study outlined above, this 

could be an alternative method in increasing the selectivity of borylation to the C–4 position.   
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Chapter 4: Volume II Experimental Methodology and NMR Data 

 

4.1: General Procedure for the borylation of fluoro-arenes. 

 

An oven-dried Biotage microwave vial was sealed and subjected to three N2 evacuation/refill cycles, 

followed by the addition of the corresponding fluoroarene (1.00 mmol, 1.0 equiv.). In a separate oven-

dried Schlenk tube was charged with [Ir(COD)(OMe)]2 (9.9 mg, 1.5 mol%), dtbpy (8.1 mg, 3.0 mol%), 

and bis(pinacolato)diboron (B2pin2) / pinacolborane (HBPin) / 2-(1,3,2-dioxaborolan-2-yl)-1,3,2-

dioxaborolane (B2eg2) (0.6 equiv. 3 equiv). The vessel was sealed and subjected to three N2 

evacuation/refill cycles before anhydrous MTBE (1.0 mL) was added. Once the solids were completely 

dissolved, this black active catalyst solution was transferred into the microwave vial using a syringe. 

For reactions using B2eg2, the corresponding fluoroarene was added to a sealed vial containing the 

catalytic cocktail and 1.0 eq of NEt3.The reaction was stirred at the temperature stated before being 

monitored by 19F-NMR or GC-MS. Upon completion, the volatiles were then removed in vacuo and the 

desired borylated product was isolated following purification by flash column chromatography with the 

appropriate solvent system. 

 

348. 2-(1,3,2-dioxaborolan-2-yl)-1,3,2-dioxaborolane (B2eg2) 

 

Conc. H2SO4 (20.0 mL, 0.375 mol) was added dropwise to CaCl2 (20.0 g, 0.180 mol) in a sealed, oven 

dried flask. The generated HCl was then pumped into dry ether (400 ml) kept at 0oC. The ether was 

allowed to warm to room temperature, allowing the pressure to equalized and cooled again to repeat the 

gas passing procedure until the titrated concentration of the etherified HCl was between 5.5 and 6M. 

To a flask charged with B2(NMe2)4 (1.0 mL, 0.005 mol, 1.00 eq) in DCM (10.8 mL), ethylene 

glycol (0.593 mL, 0.011 mol, 2.10 eq) was added and the mixture was cooled to -78 ℃. The etherified 

HCl was precooled to -78 ℃ and added dropwise to the mixture over a period of 1 hour. The mixture 

was stirred at the condition until the formation of ammonium salt precipitates were observed after which 

it was allowed to reach ambient temperature and stirred overnight. Upon completion of the reaction, 

volatiles were evaporated, and the resulting residue was taken up in toluene. The mixture was then 

filtered and the filtrate was washed with additional portions of toluene. The resulting mixture was 

concentrated, resulting in a light-yellow solid which was purified via sublimation to yield the title 

compound as a white crystal (0.20 g, 0.001 mol, 28%). δH (400 MHz, CDCl3) 4.23 (4–H2). δC (101 
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MHz, CDCl3) 65.6 (C–4). δB (128 MHz, CDCl3) 30.9 (B–2). Data agrees with that as reported in Eck 

et al.175  

 

4.2: 19F-NMR: 

Ratios were calculated using crude 19F-NMR spectra which are presented below. Full characterisation 

of boronate esters was carried out by Mingyan Dang.  
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348. 2-(1,3,2-dioxaborolan-2-yl)-1,3,2-dioxaborolane   

 

 

 

11B-NMR 
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Table 5: Entry 1 

 

Table 5: Entry 3 
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Table 5: Entry 4 

 

 

Table 6: Entry 1 
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Table 6: Entry 3  

 

Table 6:Entry 4 
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Table 6: Entry 6  

 

Table 6: Entry 7 
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Table 6: Entry 8 

 

Table 6: Entry 10  
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Table 6: Entry 11 

 

Table 6: Entry 13  
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Table 7 (A): Entry 1  
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Table 7 (A): Entry 3 
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Table 7 (B): Entry 2  

 

 

Table 7 (B): Entry 3 
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Table 7 (C): Entry 1  
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Table 7 (C): Entry 3

 

 

Table 8: Entry 1 
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Table 8: Entry 2 

 

Table 8: Entry 3 
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Scheme 61:  
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Appendix A: Volume 1 NMR Spectrum  

74. tert-butyl N-[2’-(naphthalene-1-sulfonamido)ethyl]carbamate   
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1. N-(2-aminoethyl)-naphthalene-1-sulfonamide hydrogen chloride  
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75a. tert-butyl N-[2’-(naphthalene-2-sulfonamido)ethyl]carbamate  
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75. N-(2’-aminoethyl)naphthalene-2-sulfonamide hydrochloride  
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76a. tert-butyl N-[2’-(2-fluorobenzenesulfonamido)ethyl]carbamate  

 

 

 



245 
 

76. N-(2’-aminoethyl)-2-fluorobenzene-1-sulfonamide hydrochloride  

 

 

 



246 
 

77a. tert-butyl N-[2-(3-fluorobenzenesulfonamido)ethyl]carbamate  

 

 

 



247 
 

77. N-(2’-aminoethyl)-3-fluorobenzene-1-sulfonamide hydrochloride  

 

 

 



248 
 

78a. tert-butyl N-[2’-(4-nitrobenzenesulfonamido)ethyl]carbamate  

 

 

 



249 
 

78. N-(2’-aminoethyl)-4-nitrobenzene-1-sulfonamide hydrochloride  

 

 

 



250 
 

79a. tert-butyl N-[2-(4-tert-butylbenzenesulfonamido)ethyl]carbamate  

 

 

 



251 
 

79. N-(2’-aminoethyl)-4-tert-butylbenzene-1-sulfonamide hydrochloride  

 

 

 



252 
 

80a. tert-butyl N-(2’-{[1,1’’-biphenyl]-4-sulfonamido}ethyl)carbamate  

 

 

 



253 
 

80. N-(2’-aminoethyl)-[1,1'’-biphenyl]-4-sulfonamide hydrochloride  
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81a. tert-butyl N-{2’-[2’’-(naphthalen-1-yl)ethanesulfonamido]ethyl}carbamate  

 

 

 



255 
 

81. N-(2’-aminoethyl)-2’’-(naphthalen-1-yl)ethane-1’’-sulfonamide hydrochloride  

 

 

 

 



256 
 

82a. tert-butyl N-[3’-(naphthalene-1-sulfonamido)propyl]carbamate  

 

 

 



257 
 

82. N-(3’-aminopropyl)naphthalene-1-sulfonamide hydrochloride  
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83. N-[2’-(dimethylamino)ethyl]naphthalene-2-sulfonamide  
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84. N-(2-hydroxyethyl)naphthalene-1-sulfonamide  
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85. N-(2-methoxyethyl)naphthalene-2-sulfonamide  

 

 

 



261 
 

86a. tert-butyl N-(2’-methanesulfonamidoethyl)carbamate  

 

 

 



262 
 

86. N-(2-aminoethyl)methanesulfonamide  
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87a. tert-butyl N-(2’-cyclohexanesulfonamidoethyl)carbamate  

 

 

 



264 
 

87. N-(2’-aminoethyl)cyclohexanesulfonamide hydrochloride  
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71a. tert-butyl N-methyl-N-[2’-(naphthalene-1-sulfonamido)ethyl]carbamate  

 

 

 



266 
 

71. N-[2’-(methylamino)ethyl]naphthalene-1-sulfonamide hydrochloride  
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72a. tert-butyl N-[2’-(N-methylnaphthalene-1-sulfonamido)ethyl]carbamate  
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72. N-(2’-aminoethyl)-N-methylnaphthalene-1-sulfonamide  
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68a. tert-butyl N-[2’-(4-propylbenzenesulfonamido)ethyl]carbamate  

 

 

 



270 
 

68. N-(2’-aminoethyl)-4-propylbenzene-1-sulfonamide  
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63a. tert-butyl N-[2’-(5-chloronaphthalene-1-sulfonamido)ethyl]carbamate  

 

 

 



272 
 

63. N-(2’-aminoethyl)-5-chloronaphthalene-1-sulfonamide hydrochloride  
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92. N,N-diethylbenzenesulfonamide  
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94. N,N-diethylnaphthalene-1-sulfonamide  

 

 

 



275 
 

95. N-(2’-aminoethyl)quinoline-8-sulfonamide  

 

 
 

 

 
 



276 
 

96a. tert-butyl N-[2’-(isoquinoline-8-sulfonamido)ethyl]carbamate  

 

 
 

 

 
 



277 
 

96. N-(2’-aminoethyl)isoquinoline-8-sulfonamide hydrochloride 
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97a. tert-butyl N-[2’-(isoquinoline-5-sulfonamido)ethyl]carbamate 

 

 

 



279 
 

97. N-(2’-aminoethyl)isoquinoline-5-sulfonamide hydrochloride  

 

 

 



280 
 

98a. tert-butyl N-[2’-(quinoline-5-sulfonamido)ethyl]carbamate  

 

 

 



281 
 

98. N-(2’-aminoethyl)quinoline-5-sulfonamide hydrochloride  

 

 

 



282 
 

100a. tert-butyl N-[2’-(isoquinoline-4-sulfonamido)ethyl]carbamate  

 

 

 

 



283 
 

100. N-(2-aminoethyl)isoquinoline-4-sulfonamide hydrochloride  

 

 

 



284 
 

102. tert-butyl N-[2’-(7-chloro-2,1,3-benzoxadiazole-4-sulfonamido)ethyl]carbamate  

 

 

 



285 
 

103. tert-butyl N-{2'-[7-(methylamino)-2,1,3-benzoxadiazole-4-sulfonamido]ethyl}carbamate  

 

 

 



286 
 

104. 7-(methylamino)-N-[2’-(trimethylazaniumyl)ethyl]-2,1,3-benzoxadiazole-4-sulfonamide chloride  

 

 

 



287 
 

108b. 1-bromo, 2-methoxynaphthalene  

 

 

 



288 
 

108c. tert-butyl N-[2’-(2-methoxynaphthalene-1-sulfonamido)ethyl]carbamate  

 

 
 

 

 
 



289 
 

108. N-(2’-aminoethyl)-2-methoxynaphthalene-1-sulfonamide hydrochloride  

 

 

 



290 
 

109b. 1-bromo, 4-pentoxynaphthalene  

 

 

 



291 
 

109c. tert-butyl N-[2’-(2-pentoxynaphthalene-1-sulfonamido)ethyl]carbamate 

 

 

 



292 
 

109. N-(2’-aminoethyl)-2-(pentyloxy)naphthalene-1-sulfonamide hydrochloride 

 

 

 



293 
 

110b. 1-bromo, 4 methoxynaphthalene  

 

 

 



294 
 

110c. tert-butyl N-[2’-(4-methoxynaphthalene-1-sulfonamido)ethyl]carbamate 

 

 

 



295 
 

110. N-(2’-aminoethyl)-4-methoxynaphthalene-1-sulfonamide hydrochloride  

 

 

 

 



296 
 

111b. 1-bromo, 4-pentoxynaphthalene  

 

 

 



297 
 

111c. tert-butyl N-[2’-(4-pentoxynaphthalene-1-sulfonamido)ethyl]carbamate  

 

 

 



298 
 

111. N-(2’-aminoethyl)-4-(pentyloxy)naphthalene-1-sulfonamide hydrochloride  

 

 

 



299 
 

112b. 2-bromoanisole   

 

 



300 
 

112c. tert-butyl N-[2’-(2-methoxybenzenesulfonamido)ethyl]carbamate  

 

 



301 
 

112. N-(2’-aminoethyl)-2-methoxybenzene-1-sulfonamide hydrochloride  
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113b. 1-bromo, 2-hexoxybenxene  

 

 

 



303 
 

113c. tert-butyl N-[2’-(2-hexoxybenzenesulfonamido)ethyl]carbamate  

 

 



304 
 

113. N-(2’-aminoethyl)-2-(hexyloxy)benzene-1-sulfonamide hydrochloride  

 

 

 



305 
 

114b. 4-bromoanisole  
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114c. tert-butyl N-[2’-(4-methoxybenzenesulfonamido)ethyl]carbamate  

 

 

 



307 
 

114. N-(2’-aminoethyl)-4-methoxybenzene-1-sulfonamide hydrochloride  

 

 

 



308 
 

115b. 1-bromo, 4-hexoxybenzene  

 

 



309 
 

115c. tert-butyl N-[2’-(4-hexoxybenzenesulfonamido)ethyl]carbamate 

 

 

 



310 
 

115. N-(2’-aminoethyl)-4-(hexyloxy)benzene-1-sulfonamide hydrochloride 

 

 

 



311 
 

116. N-(2’-aminoethyl)-3-methoxybenzene-1-sulfonamide hydrochloride  
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117. 2-ethoxyethyl methanesulfonate  
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118. 1-bromo-2-(2’-ethoxyethoxy)naphthalene 

 

 

 



314 
 

119a. tert-butyl N-{2'-[2-(2''-ethoxyethoxy)naphthalene-1-sulfonamido]ethyl}carbamate  

 

 

 



315 
 

119. N-(2’-aminolethyl)-2-(2’’-ethoxyethoxy)naphthalene-1-sulfonamide hydrogenchloride   

 

 

 



316 
 

120. 1-bromo-4-(2’-ethoxyethoxy)naphthalene  
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121a bis(tert-butyl N-{2’-[3-chloro-4-(2’’-ethoxyethoxy)naphthalene-1-sulfonamido]ethyl}carbamate)  

 

 

 



318 
 

121. N-(2-aminoethyl)-3-chloro-4-(2-ethoxyethoxy)naphthalene-1-sulfonamide hydrogen chloride  

 

 

 

 



319 
 

122a. tert-butyl N-{2'-[4-(2''-ethoxyethoxy)naphthalene-1-sulfonamido]ethyl}carbamate  

 

 

 



320 
 

122. N-(2’-aminoethyl)-4-(2’’-ethoxyethoxy)naphthalene-1-sulfonamide hydrogen chloride   
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127a. 1-bromo-4-(methoxy methoxy)naphthalene  

 

 

 



322 
 

127. tert-butyl N-{2’-[4-(methoxymethoxy)naphthalene-1-sulfonamido]ethyl}carbamate  

 

 

 



323 
 

128a. 1-(benzyloxy)-4-bromonaphthalene  

 

 

 



324 
 

129a. [(4-bromonaphthalen-1-yl)oxy](tert-butyl)dimethylsilane  

 

 

 



325 
 

130a. (2’-{[(4-bromonaphthalen-1-yl)oxy]methoxy}ethyl)trimethylsilane  

 

 

 



326 
 

130. tert-butyl N-[2’-(4-{[2’’-(trimethylsilyl)ethoxy]methoxy}naphthalene-1-sulfonamido) ethyl] 

carbamate  
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131. tert-butyl N-[2’-(4-hydroxynaphthalene-1-sulfonamido)ethyl]carbamate  

 

 

 



328 
 

134. methyl N-[2-(2'-hydroxyethoxy)ethyl]carbamate  

 

 



329 
 

135. 2-[2'-(methylamino)ethoxy]ethan-1-ol  

 

 

 



330 
 

136. prop-2-en-1-yl N-[2'-(2''-hydroxyethoxy)ethyl]-N-methylcarbamate  

 

 

 



331 
 

140. prop-2-en-1-yl N-(but-3’-yn-1-yl)-N-[2’’-(2’’’-hydroxyethoxy)ethyl]carbamate  

 

 

 



332 
 

142. methyl 3-tert-butylbenzoate  

 

 

 



333 
 

143. methyl 3-tert-butyl-5-hydroxybenzoate  

 

 

 



334 
 

144. methyl 3-tert-butyl-5-(pent-4’-yn-1’-yloxy)benzoate  

 

 

 



335 
 

145. 3-tert-butyl-5-(pent-4-yn-1-yloxy)benzoic acid  

 

 

 



336 
 

149. tert-butyl, N - {2’-[4-(2’’’’’-{2’’’’-[(pent-4’’’-yn-1’’’-yl) [(prop-2’’-en-1’’-yloxy) carbonyl] 

amino] ethoxy} ethoxy) naphthalene-1-sulfonamido] ethyl} carbamate  
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152. N-[2’’-(2’-hydroxyethoxy)ethyl]pent-4-ynamide  

 

 

 



338 
 

153. 3-tert-butyl-N-[2’’-(2’’’-hydroxyethoxy)ethyl]-N-(pent-4’-yn-1’-yl)benzamide 

 

 

 



339 
 

154a. tert-butyl N-{2’-[4-(2’’’’-{2’’’’-[1’’-(3’’-tert-butylphenyl)-N-(pent-4’’’-yn-1’’’-yl)formamido] 

ethoxy} ethoxy) naphthalene-1-sulfonamido] ethyl} carbamate  

 

 
 

 
 



340 
 

154. N-{2-[2-({4-[(2-aminoethyl)sulfamoyl]naphthalen-1-yl}oxy)ethoxy]ethyl}-3-tert-butyl-N-(pent-4-

yn-1-yl)benzamide hydrochloride 

 

 



341 
 

156a. N-{2’’’’-[2’’’’’-({4-[(2’-aminoethyl)sulfamoyl]naphthalen-1-yl}oxy)ethoxy]ethyl}-3’’-tert-

butyl-N-methyl-5’’-(pent-4’’’-yn-1’’’-yloxy)benzamide hydrochloride 

 

 



342 
 

156. N-{2’’’’-[2’’’’’-({4-[(2’-aminoethyl)sulfamoyl]naphthalen-1-yl}oxy)ethoxy]ethyl}-3’’-tert-butyl-

N-methyl-5’’-(pent-4’’’-yn-1’’’-yloxy)benzamide hydrochloride  
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160. methyl 3-formylbenzoate  

 

 

 



344 
 

161. methyl 3-(2’,2’,2’-trifluoroacetyl)benzoate  

 

 

 



345 
 

167. methyl 3-[2’,2’,2’-trifluoro-1-(hydroxyimino)ethyl]benzoate  

 

 

 



346 
 

169. methyl 3-[1’-(trifluoromethyl)diaziridin-1-yl]benzoate   

 

 

 



347 
 

170. methyl 3-[3’-(trifluoromethyl)-diazirin-3’-yl]benzoate  

 

 

 



348 
 

158. 3-[3’-(trifluoromethyl)-diazirin-3’-yl]benzoic acid  

 

 

 



349 
 

178. tert-butyl 3-bromobenzoate  

 

 

 



350 
 

179. tert-butyl 3-bromo-5-hydroxybenzoate  

 

 

 



351 
 

180. tert-butyl 3-bromo-5-{[5'-(trimethylsilyl)pent-4'-yn-1'-yl]oxy}benzoate  

 

 

 



352 
 

183. (5-chloropent-1-yn-1-yl)tris(propan-2'-yl)silane  
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185. methyl 3-bromo-5-({5’-[tris(propan-2’’-yl)silyl]pent-4’-yn-1’-yl}oxy)benzoate   

 

 

 



354 
 

186. 3-bromo-5-{[5'-(triisopropylsilyl)pent-4'-yn-1'-yl]oxy}benzoic acid  

 

 

 

 



355 
 

188. methyl 3-(pent-4-yn-1-yloxy)-5-(2’’,2’’,2’’- trifluoro-1’’-(hydroxyimino)ethyl)benzoate  

 

 

 



356 
 

190. methyl 5-(pent-4’-yn-1’-yloxy)-3-[3’’-(trifluoromethyl)diaziridin-3’’-yl]benzoate  
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194. 1-(4-bromonaphthalen-1-yl)ethan-1’-one  

 

 

 

 



358 
 

197. 4-[tris(propan-2’-yl)silyl]but-3-yn-1-ol  

 

 

 



359 
 

199. Ethyl 2-({4’-[tris(propan-2’’-yl)silyl]but-3’-yn-1’-yl}oxy)acetate  

 

 

 



360 
 

200. 2-({4’-[tris(propan-2’’-yl)silyl]but-3’-yn-1’-yl}oxy)acetic acid  

 

 

 



361 
 

203. (4-bromonaphthalen-1-yl)trimethylsilane  

 

 

 



362 
 

204. N-methoxy-N-methyl-2-({4’-[tris(propan-2’’-yl)silyl]but-3’-yn-1’-yl}oxy)acetamide  
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209. 4-(4’-bromonaphthalen-1’-yl)-4-oxobutyl acetate  

 

 

 



364 
 

210. 3-[2-(4-bromonaphthalen-1-yl)-1,3-dioxolan-2-yl]propan-1-ol  

 

 

 



365 
 

Appendix B: Full hypocotyl data  

 

B.1 Chapter 2 SAR Data (100 μM) 

Trial Compound Structure 
1st 

Rep 
2nd Rep 3rd Rep 

Average 
SD SE R.G. DMSO Error R.G. eW5 Error 

1 DMSO  0.726 0.664 0.667 0.686 0.151 0.0871 0 0 0 0 

1 1 

 

0.984 0.866 0.926 0.925 0.131 0.0755 0.350 0.0528 0 0 

1 75 

 

0.786 0.642 0.669 0.699 0.148 0.0857 0.019 0.0034 -0.245 0.0361 

1 76 

 

0.818 0.887 0.822 0.842 0.154 0.0891 0.229 0.0378 -0.090 0.0145 

1 77 

 

0.895 0.847 0.887 0.877 0.154 0.0891 0.279 0.0454 -0.053 0.0077 

1 78 

 

0.895 0.853 0.864 0.871 0.144 0.0832 0.270 0.0429 -0.059 0.0082 

1 79 

 

0.823 0.851 0.940 0.871 0.121 0.0697 0.271 0.0407 -0.058 0.0073 
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1 80 

 

0.782 0.733 0.816 0.777 0.147 0.0847 0.134 0.0224 -0.160 0.0217 

1 81 

 

0.708 0.666 0.699 0.691 0.136 0.0786 0.008 0.0013 -0.253 0.0399 

1 82 

 

0.818 0.780 0.823 0.807 0.103 0.0596 0.177 0.0261 -0.128 0.0173 

1 83 

 

0.617 0.589 0.597 0.601 0.182 0.1052 -0.123 0.0266 -0.350 0.0665 

1 85 

 

0.536 0.549 0.565 0.550 0.121 0.0701 -0.197 0.0355 -0.405 0.0878 

1 
 

86 
 

0.651 0.657 0.623 0.644 0.118 0.0679 -0.061 0.0100 -0.304 0.0503 

1 87 

 

0.627 0.645 0.732 0.668 0.152 0.0878 -0.026 0.0047 -0.278 0.0468 

1 71 

 

0.879 0.912 0.900 0.897 0.089 0.0517 0.309 0.0430 -0.031 0.0044 
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1 72 

 

0.796 0.828 0.861 0.828 0.103 0.0596 0.209 0.0304 -0.105 0.0096 

1 68 

 

0.944 0.928 0.944 0.939 0.177 0.1021 0.369 0.0618 0.014 0.0019 

1 63 

 

0.585 0.581 0.600 0.589 0.115 0.0663 -0.141 0.0240 -0.364 0.0569 

1 116 

 

0.836 0.850 0.804 0.830 0.089 0.0619 0.211 0.0310 -0.103 0.0139 

2 DMSO  0.207 0.242 0.255 0.235 0.056 0.0323 0 0 0 0 

2 1 eW5 0.317 0.318 0.319 0.318 0.072 0.0416 0.353 0.0670 0 0 

2 92 

 

0.175 0.164 0.161 0.167 0.069 0.0397 -0.291 0.0800 -0.476 0.1293 

2 94 

 

0.154 0.150 0.148 0.151 0.041 0.0238 -0.358 0.0749 -0.525 0.1502 

2 95 

 

0.223 0.213 0.201 0.212 0.046 0.0266 -0.098 0.0182 -0.333 0.0672 
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2 96 

 

0.288 0.274 0.260 0.274 0.073 0.0421 0.166 0.0342 -0.138 0.0274 

2 97 

 

0.204 0.185 0.217 0.202 0.029 0.0167 -0.140 0.0226 -0.365 0.0637 

2 98 

 

0.316 0.343 0.340 0.333 0.100 0.0577 0.417 0.0923 0.047 0.0091 

2 100 

 

0.325 0.311 0.326 0.321 0.079 0.0454 0.365 0.0721 0.009 0.0020 

2 108 

 

0.330 0.325 0.332 0.329 0.068 0.0393 0.400 0.0728 0.035 0.0064 

2 110 

 

0.280 0.294 0.322 0.299 0.056 0.0325 0.271 0.0475 -0.061 0.0099 

3 DMSO  0.249 0.240 0.234 0.241 0.026 0.0152 0 0 0 0 

3 1 eW5 0.323 0.325 0.318 0.322 0.031 0.0180 0.336 0.0283 0 0 

3 109 

 

0.198 0.197 0.196 0.197 0.033 0.0192 -0.183 0.0212 -0.388 0.0436 
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3 111 

 

0.191 0.137 0.191 0.173 0.042 0.0241 -0.282 0.0431 -0.463 0.0787 

3 112 

 

0.310 0.317 0.320 0.316 0.033 0.0188 0.311 0.0269 -0.019 0.0028 

3 113 

 

0.209 0.207 0.190 0.202 0.041 0.0239 -0.162 0.0217 -0.373 0.0494 

3 114 

 

0.311 0.300 0.382 0.331 0.029 0.0167 0.373 0.0301 0.028 0.0036 

3 115 

 

0.192 0.189 0.202 0.195 0.036 0.0207 -0.191 0.0236 -0.394 0.0464 

4 DMSO  0.403 0.417 0.387 0.402 0.102 0.0587 0 0 0 0 

4 1 eW5 0.596 0.601 0.621 0.606 0.187 0.1078 0.506 0.1163 0 0 

4 84 

 

0.259 0.296 0.293 0.283 0.059 0.0343 -0.297 0.0565 -1.143 0.2462 

4 119 

 

0.592 0.612 0.598 0.601 0.145 0.0836 0.493 0.0993 -0.009 0.0016 
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4 121 

 

0.456 0.415 0.445 0.439 0.116 0.0669 0.090 0.0191 -0.381 0.0787 

4 122 

 

0.607 0.685 0.635 0.642 0.155 0.0894 0.597 0.1203 0.057 0.0118 

4 104 

 

0.295 0.292 0.267 0.285 0.079 0.0456 -0.292 0.0634 -1.128 0.2394 
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B.2 Concentration Gradient of Alkoxy Substituents 109 & 111 

Compound Concentration 1st Rep 2nd Rep 3rd Rep Average SD SE 

DMSO 100 μM 0.387 0.377 0.386 0.381 0.103 0.0595 

DMSO 50 μM 0.356 0.391 0.384 0.377 0.119 0.0687 

DMSO 25 μM 0.377 0.394 0.396 0.389 0.0951 0.0549 

eW5 (1) 100 μM 0.620 0.611 0.587 0.606 0.082 0.0475 

eW5 (1) 50 μM 0.534 0.533 0.502 0.523 0.142 0.0816 

eW5 (1) 25 μM 0.438 0.454 0.461 0.451 0.121 0.0700 

109 100 μM 0.199 0.240 0.224 0.221 0.0629 0.0363 

109 50 μM 0.344 0.385 0.372 0.367 0.119 0.0689 

109 25 μM 0.602 0.598 0.585 0.595 0.178 0.103 

111 100 μM 0.248 0.269 0.245 0.254 0.0560 0.0323 

111 50 μM 0.587 0.515 0.566 0.556 0.109 0.0629 

111 25 μM 0.621 0.632 0.640 0.631 0.146 0.0842 

 

B.3 Model Probe 154 & 156 (100 μM) 

Compound 1st Rep 2nd Rep 3rd Rep Average SD SE 

DMSO 0.202 0.232 0.210 0.215 0.0396 0.0229 

eW5 0.273 0.271 0.281 0.275 0.0503 0.0290 

156 0.259 0.272 0.252 0.261 0.0490 0.0283 

154 0.234 0.240 0.252 0.242 0.0384 0.0222 

 

B.4 Concentration Gradient of eW5 (Chapter 4) 

Compound Concentration 1st Rep 2nd Rep 3rd Rep Average SD SE 

DMSO 300 0.415 0.377 0.399 0.397 0.108 0.0624 

DMSO 200 0.404 0.351 0.342 0.366 0.122 0.0704 

DMSO 100 0.387 0.377 0.386 0.381 0.103 0.0595 

DMSO 50 0.356 0.391 0.384 0.377 0.119 0.0687 

DMSO 25 0.377 0.394 0.396 0.389 0.0951 0.0549 

eW5 (1) 300 0.736 0.722 0.801 0.753 0.196 0.113 

eW5 (1) 200 0.749 0.711 0.733 0.731 0.187 0.108 

eW5 (1) 100 0.62 0.611 0.587 0.606 0.082 0.0475 

eW5 (1) 50 0.534 0.533 0.502 0.523 0.142 0.0816 

eW5 (1) 25 0.438 0.454 0.461 0.451 0.121 0.0700 

 

 

 

 



373 
 

Appendix C: EMS Mutant Screen Data 

 

C.1: Generation 1 (M2) Selected Mutants 

 

Trial 1:  

    Line Label 
Hypocotyl 

Length / cm 

3439 38 0.131 

3778 168 0.13 

3778 51 0.125 

3778 124 0.123 

3778 112 0.135 

3778 170 0.115 

3439 34 0.132 

3776 77 0.132 

4136 81 0.123 

3439 81 0.137 

4122 38 0.138 

3439 79 0.096 

3793 88 0.131 

3793 128 0.267 

3447 29 0.13 

3447 121 0.131 

3447 66 0.092 

3447 70 0.112 

3447 51 0.097 

3447 16 0.117 

3447 80 0.123 

3761 20 0.099 

7452 34 0.113 

3762 94 0.133 

3762 87 0.125 

3762 14 0.137 

3762 93 0.121 

3753 27 0.137 

3753 88 0.12 

3753 78 0.199 

3753 30 0.11 

3438 30 0.119 

7452 133 0.126 

3438 32 0.122 

3778 64 0.105 

3778 140 0.084 

3778 34 0.083 

3778 98 0.099 

3778 13 0.09 

3750 55 0.056 

3447 58 0.126 

3447 71 0.129 

3447 74 0.134 

3447 44 0.12 

3447 31 0.115 

3447 62 0.137 

3447 97 0.131 

3447 55 0.13 

3796 24 0.118 

3771 150 0.137 

3750 69 0.077 

3771 108 0.122 

7452 128 0.115 

7452 91 0.085 

3750 52 0.114 

3750 83 0.128 

3750 78 0.128 

3124 104 0.086 

3759 100 0.107 

3433 43 0.107 

3433 109 0.098 

3438 79 0.125 

3438 74 0.138 

4123 7 0.136 

4123 34 0.136 

4123 84 0.125 

4123 72 0.136 

4123 87 0.12 

4123 10 0.11 

3747 2 0.136 

3747 105 0.079 

3747 16 0.087 

3438 90 0.124 

3746 74 0.087 

3746 23 0.123 

3802 71 0.122 

3802 135 0.123 

3802 18 0.134 

3802 7 0.106 

3802 72 0.138 

4124 12 0.122 

3438 77 0.128 

4124 3 0.124 

4124 31 0.124 

4124 42 0.127 

4124 26 0.134 

4124 48 0.137 

3438 145 0.085 

3803 16 0.101 

3438 99 0.114 

3803 121 0.115 

3440 88 0.132 

3440 32 0.375 

3438 80 0.128 

3440 122 0.11 

3438 109 0.129 

3752 120 0.122 

4133 86 0.138 

3438 117 0.129 

3752 12 0.186 

3438 76 0.148 

3438 65 0.137 

3438 131 0.134 

3438 134 0.134 

3438 98 0.138 

3748 45 0.094 

3748 167 0.103 
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Trial 2:  

Line Label 
Hypocotyl 

Length / cm 

4144 91 0.282 

3794 45 0.269 

4124 10 0.056 

3764 19 0.274 

3784 61 0.118 

3784 147 0.232 

3784 143 0.219 

3784 146 0.188 

3784 149 0.238 

3784 12 0.259 

3784 9 0.277 

4144 69 0.279 

3784 150 0.277 

3784 148 0.278 

3784 155 0.279 

3784 145 0.28 

3784 115 0.241 

3784 62 0.203 

3766 29 0.275 

3766 77 0.135 

3760 108 0.224 

3760 97 0.255 

3728 12 0.262 

3760 33 0.267 

3760 58 0.252 

3434 79 0.226 

4140 52 0.119 

3790 50 0.093506 

3790 54 0.122078 

3726 98 0.749 

3786 98 0.249 

3726 136 0.262 

3726 10 0.11 

3728 116 0.206 

3726 62 0.278 

4147 36 0.222 

4147 96 0.071 

3794 101 0.204 

3794 61 0.244 

3794 71 0.222 

 

Trial 3: 

Line Label 
Hypocotyl 

Length / cm 

3450 118 0.106 

3731 54 0.114 

3767 12 0.095 

3731 165 0.06 

3767 24 0.117 

3767 96 0.114 

3767 65 0.112 

3767 22 0.097 

3779 46 0.107 

3779 48 0.115 

3779 19 0.097 

3450 124 0.113 

3779 14 0.1 

3787 76 0.103 

3783 60 0.075 

3783 72 0.083 

3783 123 0.095 

3755 112 0.095 

3755 102 0.08 

3777 113 0.115 

3450 150 0.11 

3788 38 0.103 

3788 57 0.109 

3788 65 0.116 

3788 113 0.117 

3791 58 0.107 

3731 61 0.111 
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Trial 4: 

Line Label 
Hypocotyl 

Length / cm 

3798 99 0.176 

3798 85 0.239 

3798 179 0.183 

3789 157 0.231 

3454 146 0.229 

4142 125 0.191 

3744 16 0.124 

4135 93 0.213 

4135 97 0.222 

4135 39 0.218 

3758 37 0.2 

3758 57 0.095 

3758 61 0.142 

3758 69 0.145 

3758 20 0.229 

3758 164 0.171 

3758 41 0.196 

3758 47 0.193 

3758 130 0.212 

3758 75 0.161 

3758 121 0.204 

4129 86 0.241 

3758 19 0.199 

3769 54 0.221 

3444 48 0.181 

3134 36 0.128 

3134 37 0.164 

3134 44 0.188 

3134 66 0.182 

3134 55 0.184 

3758 124 0.176 

3134 35 0.214 

3134 74 0.21 

3134 62 0.24 

3134 97 0.219 

3134 113 0.213 

3134 105 0.221 

3134 115 0.22 

3134 18 0.108 

3745 55 0.203 

3745 56 0.215 

3745 80 0.165 

3772 133 0.242 

3450 66 0.157 

3450 155 0.164 

3450 87 0.195 

3450 139 0.179 

3450 161 0.224 

3450 103 0.182 

 

Trial 5: 

Line Label 
Hypocotyl 

Length / cm 

3748 75 0.093 

3744 19 0.089 

3730 145 0.121 

3741 92 0.11 

3809 149 0.12 

3786 152 0.127 

3790 17 0.12 

3744 32 0.118 

3790 29 0.122 

3786 88 0.124 

3786 2 0.104 

3741 82 0.129 

3790 19 0.129 

3744 100 0.111 

3744 183 0.129 

3744 166 0.125 

3786 144 0.089 

3786 118 0.172 

3809 91 0.097 

3809 55 0.129 

3730 171 0.125 

3748 45 0.094 

3748 167 0.103 

3744 16 0.124 
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Trial 6: 

Line Label 
Hypocotyl 

Length / cm 

3766 168 0.125 

3782 10 0.139 

3774 83 0.136 

3781 155 0.126 

3748 9 0.159 

3793 169 0.153 

3754 83 0.161 

3777 194 0.096 

3777 199 0.155 

3777 201 0.112 

3441 166 0.145 

3766 78 0.137 

3441 125 0.147 

3801 68 0.149 

3783 94 0.147 

3783 95 0.119 

3783 92 0.108 

3783 109 0.151 

3783 39 0.096 

3783 159 0.123 

3783 172 0.152 

3783 138 0.151 

3766 170 0.107 

3783 161 0.157 

3755 54 0.138 

3783 72 0.149 

3755 57 0.159 

3755 75 0.149 

3748 30 0.126 

3748 5 0.14 

3748 18 0.146 

3748 62 0.145 

3748 124 0.145 

3748 89 0.159 

3790 49 0.147 

3749 77 0.133 

3753 81 0.158 

3753 80 0.099 

3753 60 0.139 

4138 89 0.148 

3782 150 0.148 

3749 98 0.154 

3752 65 0.16 

3752 87 0.128 

3446 30 0.139 

3446 38 0.124 

3446 39 0.145 

3446 11 0.139 

3446 53 0.136 

3446 149 0.13 

3446 145 0.137 

3446 82 0.124 

4130 6 0.146 

3446 59 0.145 

3446 159 0.15 

3446 27 0.154 

3446 23 0.16 

3727 128 0.14 

3727 144 0.134 

3769 99 0.157 

3769 29 0.121 

3769 147 0.158 

3769 139 0.153 

3780 5 0.158 

4130 118 0.131 

3780 33 0.121 

4130 46 0.138 

4130 123 0.156 

4130 93 0.161 

3729 13 0.154 

3752 9 0.13 

3752 34 0.135 
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C.2: Generation 2 (M3) Selected Mutants 

 

1st Replicate*:  

Line label 

eW5 mean 

Hypocotyl 

length / cm 

eW5 

S.D. 

DMSO mean 

Hypocotyl 

length / cm 

DMSO 

S.D. 
t-statistic 

t-test p 

value 

Mean 

difference 

3726 10 0.1229 0.0293 0.2660 0.0699 21.0398 1.72E-54 0.143096 

4123 72 0.3160 0.0619 0.5137 0.1107 18.4992 5.01E-50 0.197653 

3794 45 0.0844 0.0166 0.1406 0.0301 16.3545 1.34E-39 0.056202 

3784 146 0.2629 0.0611 0.4742 0.1029 16.9844 1.57E-39 0.211332 

3778 51 0.3234 0.0728 0.1948 0.0397 -15.8740 4.52E-38 -0.12864 

3778 168 0.3692 0.0714 0.2562 0.0536 -14.7928 1.53E-36 -0.11298 

3758 47 0.4498 0.0881 0.2687 0.0509 -15.9351 5.32E-34 -0.18112 

7452 128 0.4477 0.1043 0.2867 0.0517 -14.6685 5.82E-34 -0.16095 

3788 65 0.2345 0.0485 0.3469 0.0847 13.4708 5.21E-32 0.112386 

3134 36 0.1379 0.0405 0.2860 0.0796 14.7231 2.66E-30 0.148146 

3446 38 0.3625 0.0886 0.2464 0.0470 -12.6574 2.28E-28 -0.11604 

4140 52 0.2694 0.0580 0.4254 0.0973 13.2528 4.45E-28 0.155982 

3446 53 0.3656 0.1004 0.2582 0.0543 -11.9353 4.67E-27 -0.10741 

4123 7 0.2221 0.0490 0.3889 0.0873 13.6786 9.70E-27 0.166804 

4130 118 0.3692 0.0940 0.2774 0.0689 -11.4837 1.09E-26 -0.0918 

3780 33 0.4747 0.1175 0.2979 0.0717 -12.2774 3.01E-26 -0.17682 

3752 12 0.3679 0.0658 0.2741 0.0640 -11.7468 5.19E-26 -0.09379 

3438 65 0.2677 0.0695 0.3935 0.0866 11.8046 3.84E-25 0.125868 

4123 34 0.3225 0.0624 0.4324 0.0854 11.3271 4.32E-24 0.109886 

3752 34 0.3182 0.0867 0.4340 0.1222 10.5543 5.83E-23 0.11586 

3788 113 0.2616 0.0541 0.3652 0.0842 11.0789 6.15E-23 0.103534 

3783 60 0.2402 0.0375 0.1208 0.0349 -14.2601 6.32E-23 -0.11942 

3782 150 0.3488 0.0820 0.2346 0.0488 -11.0974 3.28E-22 -0.1142 

4130 6 0.2742 0.0442 0.3604 0.0918 10.3192 2.63E-21 0.086202 

3446 149 0.4049 0.1015 0.2889 0.0674 -10.2512 7.14E-21 -0.11603 

3447 71 0.3279 0.0831 0.2137 0.0404 -10.5927 8.33E-20 -0.11426 

3790 17 0.2070 0.0366 0.1572 0.0382 -9.9842 1.18E-19 -0.04979 

3726 62 0.3520 0.0758 0.2668 0.0619 -9.8042 2.12E-19 -0.08523 

3790 19 0.2598 0.0674 0.3903 0.1133 9.9367 2.40E-19 0.130469 

3438 117 0.2422 0.0419 0.4177 0.1205 10.8158 3.44E-19 0.175457 

4130 123 0.2763 0.0382 0.4333 0.0876 10.0428 8.08E-19 0.156962 

3446 159 0.2997 0.0504 0.4002 0.0930 9.7100 1.06E-18 0.100492 

3767 24 0.3246 0.0673 0.2172 0.0456 -10.1282 1.28E-17 -0.10745 

3744 19 0.1970 0.0504 0.3002 0.0854 9.2437 8.38E-17 0.103198 

3446 30 0.2849 0.0790 0.4408 0.1113 9.4477 1.21E-16 0.155831 

3779 19 0.3353 0.0630 0.2362 0.0365 -9.4170 1.46E-15 -0.09904 

3779 46 0.4008 0.0959 0.3091 0.0630 -8.2255 1.66E-14 -0.09166 

3748 9 0.3993 0.0778 0.3098 0.0689 -8.2682 2.53E-14 -0.08952 

3798 99 0.2770 0.0702 0.1824 0.0443 -8.7012 3.86E-14 -0.09458 

3727 144 0.3273 0.0882 0.4294 0.1169 7.9819 4.20E-14 0.102115 



378 
 

4142 125 0.1912 0.0422 0.2636 0.0671 8.2094 6.08E-14 0.072384 

3767 12 0.3546 0.0861 0.2788 0.0575 -7.8635 1.66E-13 -0.07578 

3788 57 0.2463 0.0515 0.3048 0.0643 7.6042 5.09E-13 0.058518 

3793 88 0.1123 0.0238 0.2553 0.0627 9.1135 7.40E-13 0.143024 

3447 62 0.2961 0.0650 0.2104 0.0450 -8.1004 7.80E-13 -0.08567 

3726 98 0.1895 0.0552 0.3094 0.0748 8.4510 8.19E-13 0.119939 

3438 134 0.2707 0.0557 0.3317 0.0637 7.5207 1.37E-12 0.060956 

3777 194 0.3291 0.0901 0.4276 0.0839 7.5598 1.95E-12 0.09855 

3440 122 0.2708 0.0485 0.3697 0.0989 7.4833 6.76E-12 0.09885 

3447 29 0.2922 0.0668 0.2286 0.0531 -7.2104 1.34E-11 -0.06368 

3446 145 0.3449 0.0863 0.4574 0.1032 7.1024 3.60E-11 0.112531 

3790 29 0.2519 0.0702 0.1544 0.0499 -7.5216 5.45E-11 -0.09748 

3790 54 0.2870 0.0641 0.2353 0.0489 -6.8404 7.64E-11 -0.05173 

3766 29 0.3514 0.0823 0.2861 0.0689 -6.6594 1.87E-10 -0.06532 

3750 55 0.3094 0.0764 0.2427 0.0586 -6.6275 3.58E-10 -0.06668 

3758 75 0.3078 0.0747 0.3994 0.1078 6.5419 6.03E-10 0.091575 

3748 75 0.1790 0.0346 0.2359 0.0543 6.6271 1.10E-09 0.056928 

3809 149 0.1247 0.0350 0.1565 0.0403 6.3486 1.18E-09 0.03174 

3447 80 0.2548 0.0487 0.2053 0.0531 -6.2996 2.58E-09 -0.04946 

3446 59 0.2308 0.0545 0.3440 0.0910 6.3282 2.64E-09 0.113226 

4135 39 0.3070 0.0775 0.2477 0.0665 -6.1985 2.64E-09 -0.05935 

3755 112 0.3107 0.0596 0.3645 0.0798 6.1308 3.20E-09 0.053787 

3741 82 0.2418 0.0690 0.3246 0.1031 6.1942 3.91E-09 0.082867 

3752 9 0.3565 0.0967 0.2837 0.0554 -6.1193 5.39E-09 -0.07284 

3802 18 0.3372 0.0573 0.2700 0.0658 -6.2304 6.09E-09 -0.06712 

3783 159 0.3569 0.1069 0.4648 0.1283 5.9471 1.32E-08 0.107825 

3809 55 0.2390 0.0622 0.3000 0.0749 5.9345 1.48E-08 0.061043 

4130 46 0.2331 0.0392 0.2660 0.0488 5.7293 2.79E-08 0.032874 

3747 2 0.3765 0.0594 0.2106 0.0714 -7.2473 3.11E-08 -0.16587 

3450 124 0.2762 0.0759 0.3331 0.0703 5.6980 3.90E-08 0.056859 

7452 133 0.2416 0.0510 0.1816 0.0496 -5.7766 5.95E-08 -0.06 

3745 55 0.2345 0.0695 0.3622 0.1190 5.9366 8.15E-08 0.127706 

3762 94 0.3013 0.0633 0.2536 0.0603 -5.5425 9.01E-08 -0.04776 

3760 33 0.3041 0.0696 0.3743 0.0824 5.5678 1.23E-07 0.070196 

3752 65 0.3680 0.0862 0.3019 0.0774 -5.4583 1.45E-07 -0.06608 

3782 10 0.3473 0.0825 0.2819 0.0745 -5.4718 1.52E-07 -0.06539 

3753 80 0.3676 0.0959 0.3067 0.0701 -5.2190 4.17E-07 -0.06083 

4135 93 0.2132 0.0504 0.2731 0.0787 5.3000 4.36E-07 0.059931 

4124 10 0.1271 0.0349 0.1083 0.0249 -5.1677 4.53E-07 -0.01876 

3727 128 0.3780 0.0920 0.3209 0.0643 -5.2138 4.56E-07 -0.05717 

3780 5 0.2053 0.0654 0.2774 0.0806 5.3238 5.16E-07 0.072154 

3748 89 0.3535 0.1062 0.2896 0.0834 -5.1007 6.93E-07 -0.06392 

3134 55 0.2997 0.0753 0.3653 0.1137 5.1049 7.27E-07 0.065617 

3790 50 0.2783 0.0631 0.1374 0.0488 -5.4755 1.07E-06 -0.14084 

3758 61 0.2913 0.0742 0.2258 0.0719 -5.0318 1.46E-06 -0.06546 

3450 139 0.4322 0.1133 0.2920 0.0739 -5.2989 2.89E-06 -0.14024 



379 
 

3728 116 0.1473 0.0278 0.1298 0.0272 -4.7784 3.20E-06 -0.01752 

3758 20 0.1871 0.0416 0.2182 0.0503 4.7879 3.27E-06 0.031063 

3783 39 0.1757 0.0353 0.2162 0.0455 4.9335 3.39E-06 0.040528 

3446 23 0.3507 0.0789 0.3089 0.0617 -4.6855 4.38E-06 -0.04185 

3772 133 0.2497 0.0597 0.2034 0.0558 -4.7695 4.58E-06 -0.04624 

3801 68 0.2518 0.0587 0.3052 0.0686 4.7432 5.53E-06 0.053445 

3766 77 0.3032 0.0671 0.2588 0.0632 -4.6195 7.26E-06 -0.04441 

3758 69 0.2429 0.0649 0.2884 0.0644 4.6220 7.33E-06 0.04548 

3787 76 0.3582 0.0899 0.3117 0.0780 -4.5607 7.56E-06 -0.04646 

3784 155 0.2418 0.0574 0.2037 0.0372 -4.5986 9.84E-06 -0.03811 

3778 13 0.2824 0.0728 0.2440 0.0723 -4.4710 1.13E-05 -0.03844 

3784 148 0.2453 0.0581 0.2074 0.0538 -4.5096 1.16E-05 -0.03791 

3786 144 0.2670 0.0876 0.1946 0.0712 -4.5493 1.52E-05 -0.07247 

3447 121 0.2475 0.0593 0.2132 0.0444 -4.4085 1.81E-05 -0.03437 

4144 91 0.2227 0.0482 0.3203 0.1040 4.6406 1.89E-05 0.09757 

3769 99 0.2583 0.0603 0.3075 0.0721 4.3748 2.36E-05 0.049223 

3730 171 0.2284 0.0626 0.1718 0.0651 -4.4126 2.65E-05 -0.05664 

3778 170 0.2035 0.0374 0.1780 0.0398 -4.1037 6.57E-05 -0.0255 

3764 19 0.2115 0.0507 0.2449 0.0536 4.0818 7.00E-05 0.033417 

3784 9 0.3094 0.0719 0.2635 0.0835 -4.0523 7.42E-05 -0.04585 

3438 74 0.2983 0.0641 0.2511 0.0544 -4.0973 8.30E-05 -0.04722 

3750 52 0.2649 0.0625 0.2216 0.0514 -4.0254 0.000104 -0.04328 

3794 71 0.2708 0.0683 0.2219 0.0493 -4.0286 0.000115 -0.04886 

3796 24 0.4293 0.1052 0.3774 0.0860 -3.8699 0.000146 -0.05193 

3802 72 0.3059 0.0685 0.2677 0.0587 -3.8786 0.000151 -0.03814 

3730 145 0.3232 0.0770 0.2446 0.1099 -3.9575 0.000153 -0.07866 

WT WT 0.3875 0.1289 0.2693 0.0927 -3.9543 0.000211 -0.11815 

3767 22 0.3363 0.0751 0.3752 0.0843 3.6989 0.000271 0.03892 

3784 143 0.0915 0.0224 0.1115 0.0383 3.6998 0.000306 0.020016 

3438 32 0.2774 0.0446 0.2482 0.0565 -3.6521 0.000353 -0.02924 

3728 12 0.1203 0.0262 0.0980 0.0235 -3.6903 0.000357 -0.02226 

3781 155 0.2370 0.0538 0.2043 0.0437 -3.6597 0.00038 -0.03271 

3771 150 0.2588 0.0527 0.2185 0.0559 -3.6722 0.00039 -0.04031 

3760 108 0.1619 0.0498 0.1944 0.0334 3.5963 0.000449 0.032514 

3438 80 0.3286 0.0699 0.2941 0.0625 -3.5612 0.00047 -0.03458 

3798 179 0.3932 0.0903 0.4456 0.0833 3.5515 0.000521 0.052464 

3447 66 0.3352 0.0708 0.3747 0.0850 3.5121 0.000553 0.039534 

3794 101 0.1239 0.0326 0.1058 0.0338 -3.5126 0.000558 -0.01814 

3744 100 0.2152 0.0479 0.2443 0.0616 3.4241 0.000778 0.029065 

3774 83 0.3386 0.0916 0.3014 0.0755 -3.3733 0.00086 -0.03723 

3785 5 0.1065 0.0285 0.0953 0.0186 -3.3699 0.000899 -0.01116 

3784 9 0.4041 0.0947 0.3533 0.0770 -3.3809 0.000943 -0.05077 

3766 168 0.2952 0.0742 0.2521 0.0589 -3.3871 0.000984 -0.04314 

3784 61 0.2187 0.0418 0.2510 0.0733 3.3423 0.001052 0.03233 

4136 81 0.0985 0.0191 0.0826 0.0191 -3.3978 0.001156 -0.01596 

3783 72 0.3761 0.0777 0.3373 0.0816 -3.2719 0.001282 -0.03872 



380 
 

3760 97 0.2937 0.0811 0.3332 0.0987 3.2265 0.00144 0.039507 

4129 86 0.2821 0.0634 0.3257 0.0735 3.2562 0.001468 0.043579 

3748 62 0.3563 0.0951 0.3002 0.0998 -3.2195 0.001568 -0.05608 

3767 65 0.3161 0.0624 0.3413 0.0768 3.0379 0.002608 0.025212 

3784 147 0.2544 0.0572 0.2292 0.0502 -3.0199 0.002936 -0.02526 

3783 123 0.3237 0.0691 0.3521 0.0773 3.0041 0.002948 0.02846 

3450 161 0.2705 0.0708 0.3140 0.0741 3.0241 0.002993 0.043506 

3754 83 0.3075 0.0731 0.2762 0.0718 -2.9700 0.003362 -0.03126 

3446 39 0.3260 0.0862 0.2955 0.0883 -2.8907 0.004155 -0.03053 

3450 150 0.1100 0.0514 0.3058 0.0610 2.8025 0.005488 0.020493 

3769 25 0.3161 0.0862 0.2743 0.0725 -2.8188 0.00562 -0.04171 

3783 92 0.4084 0.1158 0.3678 0.0929 -2.7932 0.005711 -0.04066 

3779 14 0.3521 0.0832 0.3824 0.0871 2.7710 0.006023 0.03029 

3753 60 0.2685 0.0869 0.3271 0.1305 2.7635 0.006776 0.058608 

3778 140 0.3626 0.1036 0.3924 0.1052 2.7087 0.007057 0.029846 

3783 94 0.3617 0.0676 0.3933 0.0813 2.7131 0.007374 0.031578 

3798 85 0.2229 0.0429 0.2523 0.0812 2.7131 0.007503 0.029344 

3748 18 0.1150 0.0306 0.1030 0.0209 -2.6579 0.008783 -0.01199 

3786 2 0.1739 0.0337 0.1517 0.0389 -2.6625 0.009487 -0.02217 

3440 32 0.3233 0.0890 0.3595 0.0867 2.6139 0.009774 0.036172 

3758 57 0.3546 0.1175 0.3120 0.1243 -2.5864 0.010358 -0.04254 

4124 12 0.3041 0.0607 0.3285 0.0714 2.5363 0.012001 0.024387 

3793 169 0.2170 0.0402 0.1973 0.0438 -2.5429 0.012309 -0.01967 

3446 82 0.3167 0.0717 0.3408 0.0743 2.4795 0.013896 0.024172 

3748 5 0.0748 0.0216 0.0841 0.0252 2.4700 0.014581 0.009305 

3783 161 0.4178 0.1289 0.4526 0.1000 2.4565 0.014582 0.034831 

3438 74 0.3683 0.0724 0.3424 0.0889 -2.4551 0.014809 -0.02593 

3433 43 0.2672 0.0669 0.2989 0.0802 2.4615 0.015107 0.031636 

3783 172 0.2163 0.0423 0.2001 0.0349 -2.4524 0.015457 -0.01618 

3778 98 0.3131 0.0787 0.3398 0.0990 2.2801 0.023507 0.026669 

4123 84 0.2721 0.0733 0.2282 0.0829 -2.2739 0.026334 -0.04389 

3726 136 0.2739 0.0770 0.2484 0.0694 -2.2318 0.026991 -0.02551 

3447 16 0.2747 0.0988 0.3072 0.1048 2.1968 0.029211 0.03251 

3134 18 0.1889 0.0508 0.2276 0.0528 2.2099 0.032239 0.038655 

3778 64 0.3128 0.0756 0.2848 0.0789 -2.1279 0.034956 -0.02796 

3758 124 0.3130 0.0803 0.3461 0.0900 2.0474 0.043004 0.033139 

3444 48 0.1761 0.0493 0.1470 0.0417 -2.0668 0.04511 -0.0291 

3438 131 0.1387 0.0267 0.1619 0.0397 2.0113 0.047936 0.023197 

3758 19 0.1838 0.0517 0.2331 0.0362 2.1658 0.049508 0.0493 

3446 11 0.3766 0.1025 0.3513 0.0832 -1.9531 0.052091 -0.02532 

3134 115 0.2716 0.0705 0.2972 0.0899 1.9135 0.057654 0.025583 

3779 48 0.1320 0.0256 0.0920 0.0101 -2.5131 0.065838 -0.04 

3134 105 0.3332 0.0691 0.3506 0.0782 1.8206 0.06994 0.017416 

3766 78 0.2963 0.0817 0.2793 0.0738 -1.7727 0.07743 -0.01697 

3447 97 0.3180 0.0653 0.3347 0.0675 1.7673 0.078728 0.016708 

3741 92 0.1847 0.0349 0.1938 0.0395 1.7652 0.07894 0.009103 



381 
 

3758 164 0.2153 0.0494 0.2283 0.0517 1.7285 0.085605 0.013028 

3766 170 0.2131 0.0523 0.1882 0.0309 -1.7494 0.088296 -0.02491 

3786 118 0.2189 0.0463 0.2069 0.0570 -1.7078 0.089107 -0.01207 

3450 87 0.2484 0.0312 0.2061 0.0479 -1.7618 0.103541 -0.04229 

4135 97 0.1409 0.0464 0.1291 0.0467 -1.5994 0.111714 -0.01175 

3802 135 0.2886 0.0650 0.3094 0.0690 1.4978 0.137465 0.020772 

3788 38 0.1189 0.0236 0.1143 0.0280 -1.4894 0.137535 -0.00463 

3438 109 0.1824 0.0363 0.2025 0.0938 1.4867 0.140513 0.020103 

3450 66 0.2113 0.0386 0.1998 0.0451 -1.4240 0.157383 -0.01146 

3783 109 0.2260 0.0458 0.2133 0.0485 -1.3566 0.177897 -0.01275 

3790 49 0.1641 0.0576 0.1368 0.0482 -1.3480 0.189276 -0.0273 

3450 103 0.2900 0.0589 0.3071 0.0662 1.2858 0.201683 0.017129 

3450 66 0.2524 0.0561 0.2307 0.0510 -1.1962 0.239657 -0.02168 

3134 66 0.2784 0.0701 0.2949 0.0771 1.1698 0.244651 0.016497 

3450 118 0.3371 0.0898 0.3208 0.0797 -1.1213 0.264048 -0.01629 

3439 38 0.2427 0.0484 0.2672 0.0865 1.1136 0.271495 0.024448 

3438 79 0.2664 0.0759 0.2776 0.0567 1.0825 0.28064 0.011219 

3729 13 0.2800 0.0549 0.2924 0.0789 1.0761 0.283376 0.012428 

3750 78 0.2602 0.0711 0.2830 0.0748 0.9736 0.336599 0.022789 

3446 27 0.2410 0.0607 0.2284 0.0547 -0.9584 0.340821 -0.01263 

3783 172 0.2987 0.0626 0.2902 0.0649 -0.9368 0.349978 -0.00843 

3791 58 0.2006 0.0744 0.1793 0.0369 -0.7811 0.444869 -0.0213 

3134 35 0.2775 0.0648 0.2676 0.0749 -0.7351 0.463919 -0.00991 

3440 88 0.3583 0.0948 0.3689 0.1023 0.6885 0.492137 0.010627 

3761 20 0.2826 0.0732 0.2897 0.0759 0.6749 0.500491 0.007092 

3784 115 0.2152 0.0465 0.2101 0.0496 -0.6595 0.510615 -0.00515 

3769 147 0.1881 0.0311 0.1912 0.0326 0.5610 0.575781 0.003117 

3447 58 0.3132 0.0794 0.3063 0.0892 -0.5561 0.578782 -0.00684 

3762 14 0.2796 0.0695 0.2738 0.0817 -0.5183 0.604862 -0.00584 

3778 34 0.3024 0.0828 0.2964 0.0862 -0.5173 0.605506 -0.00591 

3750 83 0.3333 0.0784 0.3426 0.1106 0.4812 0.631483 0.009238 

3767 96 0.3321 0.0774 0.3357 0.0738 0.3957 0.692609 0.003605 

3758 130 0.1763 0.0702 0.1926 0.0726 0.3970 0.696966 0.016365 

3748 124 0.2678 0.0594 0.2699 0.0526 0.3768 0.706547 0.002129 

3446 39 0.2152 0.0653 0.2227 0.0693 0.3581 0.722189 0.007569 

3777 199 0.1961 0.0416 0.2009 0.0380 0.3524 0.726089 0.004825 

3746 23 0.2526 0.0803 0.2466 0.0518 -0.3000 0.7654 -0.00596 

3758 37 0.2168 0.0444 0.2189 0.0522 0.2780 0.781358 0.002092 

3784 145 0.2313 0.0510 0.2295 0.0494 -0.2414 0.809503 -0.00181 

3753 30 0.2503 0.0713 0.2539 0.0690 0.1916 0.848763 0.003593 

3744 16 0.1970 0.0370 0.1982 0.0459 0.1851 0.853333 0.001117 

3783 138 0.1139 0.0325 0.1146 0.0332 0.1350 0.892746 0.00066 

3749 77 0.2570 0.0710 0.2579 0.0562 0.1192 0.90519 0.000925 

3438 99 0.2877 0.0491 0.2894 0.1178 0.1057 0.916007 0.001705 

7452 91 0.2499 0.0755 0.2477 0.0630 -0.0965 0.923705 -0.00221 

3745 56 0.2073 0.0367 0.2071 0.0511 -0.0342 0.972742 -0.00023 



382 
 

3450 155 0.0850 0.0193 0.0849 0.0171 -0.0101 0.991923 -3.63E-05 

3447 70 0.2419 0.0469 0.2419 0.0633 0.0027 0.997823 2.19E-05 

 

 
 

Figure C.2.1: Mean hypocotyl length difference between DMSO and eW5 against T-test P value 

for 1st replicate 

 

 

Figure C.2.2: Distribution of responses of selected EMS mutant populations to eW5 compared to 

DMSO for 1st replicate. Threshold selected for “No response” = p<0.005. “Positive response” 

populations have positive mean hypocotyl length difference and “inverse response” populations 

have negative mean hypocotyl length difference 

 

2nd Replicate*:  

Line label 

eW5 mean 

Hypocotyl 

length / cm 

eW5 

S.D. 

DMSO mean 

Hypocotyl 

length / cm 

DMSO 

S.D. 
t-statistic 

t-test p 

value 

Mean 

difference 

3726 136 0.2961 0.0650 0.2104 0.0450 -8.1004 7.80E-13 -0.08567 

3758 37 0.3291 0.0901 0.4276 0.0839 7.5598 1.95E-12 0.09855 

3769 147 0.2331 0.0501 0.2873 0.0481 7.1925 1.87E-11 0.054217 

3786 118 0.3026 0.0803 0.4294 0.0971 7.3173 4.90E-11 0.126771 

3446 39 0.3151 0.1020 0.2186 0.0520 -6.1323 1.36E-08 -0.09652 

3762 14 0.2431 0.0503 0.2992 0.0780 5.1995 6.94E-07 0.056114 



383 
 

3748 124 0.2202 0.0387 0.2504 0.0423 4.9754 1.48E-06 0.030233 

3783 138 0.1757 0.0353 0.2162 0.0455 4.9335 3.39E-06 0.040528 

3450 66 0.3297 0.0815 0.2738 0.0669 -4.7538 4.48E-06 -0.05592 

3134 105 0.2518 0.0587 0.3052 0.0686 4.7432 5.53E-06 0.053445 

3750 78 0.4278 0.1002 0.3507 0.0863 -4.6009 1.02E-05 -0.07712 

3729 13 0.1945 0.0390 0.2443 0.0540 4.4052 2.59E-05 0.049839 

3741 92 0.2983 0.0641 0.2511 0.0544 -4.0973 8.30E-05 -0.04722 

3793 169 0.2708 0.0683 0.2219 0.0493 -4.0286 0.000115 -0.04886 

3450 87 0.1917 0.0444 0.2244 0.0407 3.9966 0.000118 0.032705 

WT WT 0.3875 0.1289 0.2693 0.0927 -3.9543 0.000211 -0.11815 

3758 124 0.4041 0.0947 0.3533 0.0770 -3.3809 0.000943 -0.05077 

3729 13 0.2952 0.0742 0.2521 0.0589 -3.3871 0.000984 -0.04314 

4135 97 0.0985 0.0191 0.0826 0.0191 -3.3978 0.001156 -0.01596 

3438 109 0.2224 0.0484 0.2496 0.0444 3.0890 0.002548 0.027224 

3440 88 0.2893 0.0550 0.2599 0.0553 -3.0563 0.002654 -0.02938 

3758 57 0.2705 0.0708 0.3140 0.0741 3.0241 0.002993 0.043506 

3767 96 0.3545 0.0755 0.3987 0.0973 2.9393 0.003825 0.044251 

3753 30 0.3188 0.0708 0.2858 0.0641 -2.9373 0.003834 -0.03301 

3450 103 0.3136 0.0777 0.2324 0.0565 -3.0839 0.004931 -0.08119 

3778 34 0.2704 0.0816 0.3295 0.0881 2.8946 0.00512 0.059149 

3433 43 0.3161 0.0862 0.2743 0.0725 -2.8188 0.00562 -0.04171 

3798 85 0.2229 0.0429 0.2523 0.0812 2.7131 0.007503 0.029344 

3438 79 0.2551 0.0538 0.2891 0.0847 2.7106 0.007669 0.034039 

3748 18 0.2657 0.0501 0.2459 0.0527 -2.6741 0.008139 -0.01973 

3784 115 0.1722 0.0331 0.1899 0.0392 2.6121 0.010232 0.017741 

3788 38 0.2767 0.0539 0.2956 0.0587 2.4913 0.013471 0.018879 

3778 98 0.3153 0.0660 0.2563 0.0547 -2.6301 0.013521 -0.05897 

3746 23 0.2161 0.0493 0.1440 0.0664 -2.6653 0.014864 -0.07206 

3766 78 0.2163 0.0423 0.2001 0.0349 -2.4524 0.015457 -0.01618 

3748 5 0.1889 0.0508 0.2276 0.0528 2.2099 0.032239 0.038655 

3758 164 0.3130 0.0803 0.3461 0.0900 2.0474 0.043004 0.033139 

3134 66 0.1387 0.0267 0.1619 0.0397 2.0113 0.047936 0.023197 

3446 27 0.2700 0.0617 0.2395 0.0520 -2.0114 0.049198 -0.03046 

4123 84 0.2131 0.0523 0.1882 0.0309 -1.7494 0.088296 -0.02491 

3783 172 0.2701 0.0725 0.2883 0.0654 1.6390 0.103281 0.018257 

3783 161 0.2260 0.0458 0.2133 0.0485 -1.3566 0.177897 -0.01275 

3758 130 0.1641 0.0576 0.1368 0.0482 -1.3480 0.189276 -0.0273 

3779 48 0.2900 0.0589 0.3071 0.0662 1.2858 0.201683 0.017129 

3450 66 0.2524 0.0561 0.2307 0.0510 -1.1962 0.239657 -0.02168 

7452 91 0.2439 0.0806 0.2209 0.0745 -1.1858 0.240242 -0.023 

3447 70 0.3268 0.1037 0.3118 0.0915 -1.1262 0.261355 -0.015 

3447 97 0.2800 0.0549 0.2924 0.0789 1.0761 0.283376 0.012428 

3134 35 0.2650 0.0863 0.2260 0.0627 -1.0504 0.307419 -0.039 

3744 16 0.2788 0.0565 0.2667 0.0659 -1.0252 0.307597 -0.01202 

3745 56 0.2602 0.0711 0.2830 0.0748 0.9736 0.336599 0.022789 

3783 94 0.2410 0.0607 0.2284 0.0547 -0.9584 0.340821 -0.01263 
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3791 58 0.2006 0.0744 0.1793 0.0369 -0.7811 0.444869 -0.0213 

3446 11 0.3583 0.0948 0.3689 0.1023 0.6885 0.492137 0.010627 

3134 35 0.1976 0.0364 0.1935 0.0245 -0.6416 0.522612 -0.00406 

3778 140 0.1881 0.0311 0.1912 0.0326 0.5610 0.575781 0.003117 

3761 20 0.3369 0.0836 0.3439 0.0839 0.5464 0.585471 0.007018 

3438 131 0.2270 0.1179 0.2562 0.0421 0.5214 0.616188 0.0292 

3450 118 0.2074 0.0435 0.2118 0.0349 0.4888 0.626378 0.004338 

3134 115 0.3333 0.0784 0.3426 0.1106 0.4812 0.631483 0.009238 

3777 199 0.2742 0.0747 0.2814 0.0624 0.4202 0.675774 0.007199 

3790 49 0.2152 0.0653 0.2227 0.0693 0.3581 0.722189 0.007569 

3778 64 0.1961 0.0416 0.2009 0.0380 0.3524 0.726089 0.004825 

3438 99 0.1934 0.0330 0.1883 0.0642 -0.1514 0.884616 -0.00507 

3450 155 0.1931 0.0300 0.1923 0.0381 -0.1352 0.892644 -0.00078 

3750 83 0.2425 0.0481 0.2420 0.0567 -0.0546 0.956572 -0.00055 

3749 77 0.2073 0.0367 0.2071 0.0511 -0.0342 0.972742 -0.00023 

3446 82 0.0850 0.0193 0.0849 0.0171 -0.0101 0.991923 -3.63E-05 

 

 
 

Figure C.2.3: Mean hypocotyl length difference between DMSO and eW5 against T-test P value for 

2nd replicate 

 
 

Figure C.2.4: Distribution of responses of selected EMS mutant populations to eW5 compared to 

DMSO for 2nd replicate. Threshold selected for “No response” = p<0.005. “Positive response” 

populations have positive mean hypocotyl length difference and “inverse response” populations 

have negative mean hypocotyl length difference. 
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3rd Replicate*:  

Line label 

eW5 mean 

Hypocotyl 

length / cm 

eW5 

S.D. 

DMSO mean 

Hypocotyl 

length / cm 

DMSO 

S.D. 
t-statistic 

t-test p 

value 

Mean 

difference 

3446 11 0.2717 0.0523 0.1993 0.0396 -9.1390 5.38E-16 -0.07244 

3741 92 0.2014 0.0489 0.2763 0.0739 8.2710 2.73E-14 0.074862 

3779 48 0.2369 0.0727 0.1670 0.0347 -7.8524 4.81E-13 -0.06987 

3777 199 0.5548 0.1394 0.4168 0.1175 -6.9259 9.35E-11 -0.13809 

3447 97 0.1941 0.0307 0.1644 0.0235 -6.4355 1.95E-09 -0.02974 

3750 83 0.2750 0.0673 0.3997 0.1279 6.3765 4.48E-09 0.124682 

3749 77 0.1766 0.0245 0.1428 0.0205 -6.4005 1.45E-08 -0.03379 

WT WT 0.2692 0.0607 0.1932 0.0610 -6.1499 1.82E-08 -0.07601 

3788 38 0.2119 0.0454 0.2388 0.0509 4.7440 3.31E-06 0.026904 

3783 94 0.1844 0.0511 0.2394 0.0623 4.5376 1.52E-05 0.055044 

3758 130 0.2235 0.0707 0.3177 0.0780 4.6541 2.15E-05 0.094198 

3783 172 0.3556 0.0958 0.4130 0.0848 4.3174 2.56E-05 0.057344 

3134 35 0.1849 0.0362 0.2424 0.0574 4.3427 7.24E-05 0.057519 

3450 118 0.2990 0.0717 0.2225 0.0715 -4.1185 0.000113 -0.07648 

3438 99 0.3676 0.0801 0.3281 0.0800 -3.5603 0.00046 -0.03955 

3758 164 0.2014 0.0333 0.1771 0.0324 -3.5432 0.000626 -0.0243 

3783 94 0.2074 0.0492 0.1755 0.0281 -3.4995 0.000815 -0.03191 

7452 91 0.2172 0.0360 0.1968 0.0322 -3.2859 0.001336 -0.0204 

3134 35 0.1739 0.0236 0.1946 0.0323 3.1900 0.002059 0.020683 

4123 84 0.2153 0.0523 0.1669 0.0329 -3.2514 0.002647 -0.04834 

3783 161 0.1622 0.0226 0.1845 0.0271 2.9756 0.003818 0.022293 

3748 5 0.1641 0.0473 0.2007 0.0620 2.8045 0.006518 0.036615 

3134 66 0.1910 0.0319 0.2174 0.0472 2.7575 0.007291 0.026423 

3778 64 0.1974 0.0462 0.2253 0.0485 2.3053 0.024684 0.027939 

3761 20 0.3485 0.0911 0.3211 0.0901 -1.8582 0.06509 -0.02736 

3450 66 0.1962 0.0462 0.2358 0.0396 1.9494 0.069001 0.039556 

3745 56 0.2153 0.0776 0.2480 0.0743 1.4909 0.142822 0.032696 

3766 78 0.2043 0.0613 0.2243 0.0632 1.3199 0.191099 0.020008 

3438 131 0.2079 0.0375 0.2222 0.0487 1.3086 0.194727 0.014317 

3790 49 0.1598 0.0099 0.1460 0.0337 -0.8775 0.403037 -0.0138 

3791 58 0.2741 0.0775 0.3065 0.0864 0.7342 0.472257 0.032438 

3446 82 0.2173 0.0525 0.2105 0.0499 -0.7203 0.472742 -0.00678 

3450 155 0.2069 0.0277 0.2110 0.0429 0.6594 0.510799 0.0041 

3446 27 0.2018 0.0397 0.2034 0.0409 0.2722 0.785791 0.001592 

* Bold individuals represent mutants taken forward. 
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Figure C.2.5: Mean hypocotyl length difference between DMSO and eW5 against T-test P value 

for 3rd replicate 

 

 

 

Figure C.2.4: Distribution of responses of selected EMS mutant populations to eW5 compared to 

DMSO for 3rd replicate. Threshold selected for “No response” = p<0.005. “Positive response” 

populations have positive mean hypocotyl length difference and “inverse response” populations 

have negative mean hypocotyl length difference. 

 

C.3: Generation 3 (F2) Successful Crosses: 
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Introduction 

The pyridine ring represents an essential structural component of many functional molecules including 

sensors, pharmaceuticals, agrochemicals, ligands for catalysis etc and is also found in numerous natural 

products (Fig. 1). 1,2,3,4   

 

 

Figure 1. Representative functional pyridines 

  

As such, methods to synthesise functionalised pyridines are of great value and much effort has been 

applied towards this effect.5-11 Given the low reactivity of the electron deficient azinyl ring towards 

electrophilic aromatic substitution, most routes to substituted pyridines involve de novo synthesis with 

substituents and substitution patterns determined by the building blocks employed. However, the ability 

to manipulate a preformed pyridine ring is particularly valuable for late stage diversification. Among 

the various strategies for preparing polyfunctionalised pyridines in this way are ring metalation with 

various strong bases,12,13 radical substitution14,15 and transition metal mediated C-H activation. 16,11 

Whilst each has its merit, the last is particularly attractive providing both high atom and step efficiency 

and represent the ideal for green sustainable processes. Reflecting the versatility of the resulting 

arylboronate esters for further downstream transformations and the functional group tolerance of the 

process, Ir catalysed C-H borylation is a particularly attractive option for elaboration of a preformed 

pyridine ring.17,11 First reported by Miyaura and Ishiyama in 2002,18,19 the borylation of pyridine is 

challenged by the Lewis basicity of the azinyl nitrogen atom which can coordinate to and inhibit the 

catalytically active species. Moreover, the azinyl nitrogen also affects both the regiochemistry of 

pyridine borylation disfavouring substitution at the 2 and 6 positions and also rendering the products 

unstable with respect to protodeborylation.20-23   In recent work we have shown this effect can be 



389 
 

modulated by the presence of an electron withdrawing 2-halo substituent which, not only sterically 

protects the catalyst by blocking co-ordination to the iridium centre but also lowers the basicity of the 

azinyl lone pair enhancing reactivity at the α-positions and increasing stability to protodeborylation.24 

The resultant 2-halopyridine boronate esters are versatile building blocks for multi-directional 

elaboration and in this report we demonstrate this concept with the synthesis of a diverse set of 

trifunctional pyridine scaffolds. 

 

Results & Discussion 

Building on our earlier work, initial studies focused on the borylation of simple 2,4-disubstituted 

pyridines. The borylation of 2-chloro-4-trifluoromethyl- and 2-chloro-4-tertbutylpyridine 1 and 2 

(Table 1), using [Ir(cod)OMe]2 (1.5 mol%), dtbpy (3 mol%) and B2Pin2 in THF, occurred as predicted 

at the sterically uninhibited 6-position. Although adjacent to the azinyl nitrogen atom, the stabilising 

effect of the 2-chloro substituent allowed the isolation of the boronate ester which could be identified 

by a characteristic downfield shift of the signal for the adjacent 5-hydrogen in the 1H NMR spectrum. 

Whilst sufficiently stable to be analysed as a crude product, attempts to chromatographically purify this 

compound were complicated by significant protodeborylation and it was more effective to use the crude 

reaction mixture directly in subsequent steps. Using the Suzuki-Miyuara reaction as a classic exemplar 

transformation, reaction with 4-iodo-nitrobenzene (1.5 equiv) in the presence of PdCl2(dppf) (5 mol%) 

as the precatalyst afforded the desired biaryl 5z in 58% yield over the two steps (Table 1, entry 1). A 

range of arenes and heteroarenes (Fig. 2a), including those containing both electron withdrawing and 

donating substituents, proved viable giving moderate to good yields under these standard conditions. 

Having exploited the ability of the halogen to enable and direct the C-H borylation, it was then of 

interest to use this as a handle for further functionalisation. Using pyrrolidine as a test substrate, efficient 

reaction could be achieved by simply heating the halopyridine with an excess of the amine in THF in a 

sealed microwave vessel for 60 minutes.  This proved to be a general observation and was extended to 

include a range of amines (Fig. 2b), including primary, secondary cyclic and acyclic alkyl amines but 

not aniline. Attempts to carry out the whole sequence in a single operation were possible (Table 1 entry 

6) but generally lead to more complex crude reaction mixtures and slightly lower overall yields. 
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Figure 2. Arenes and amines employed in this study 
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Table 1: Sequential borylation cross-coupling amination of 2-halopyridines             

 

Turning to the corresponding isonicotinates (Table 1, entries 13-21) initial attempts were hampered by 

inefficient borylation of the corresponding esters 2 and 3 under the “standard” conditions (~68% 

conversion compared with  >90% for the other substrates). Attributing this to competitive coordination 

of the Lewis acidic active catalyst, this could be simply addressed by increasing the catalyst loading to 

5 mol% which enabled conversions in excess of 90% to be routinely achieved. As with the earlier 
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examples, cross-coupling of the resultant pyridyl boronate esters occurred efficiently. However initial 

attempts to employ methyl ester 7z in the SNAr step led to the formation of the corresponding amide 

13. Two strategies to circumvent this problem were developed. Simply replacing the methyl ester by a 

tert-butyl ester enabled the amino esters to be isolated in moderate yields (Table 1 entries 18-21) 

although aromatic amines were still not tolerated (Table 1, entry 20). Alternatively, using the more 

reactive 2-fluoropyridine starting material enhanced the facility of the SNAr reaction enabling lower 

reaction temperatures to be employed, leading to selective reaction at C-2 even in the presence of the 

methyl ester (Table 1 entries 13-17).  

 

 

 

Figure 3: Structure of amide 13. 

 

Having demonstrated the possibility for multidirectional approaches around a pyridine template it was 

of interest to explore other starting pyridine substitution patterns. Retaining a 2-halo substituent, as the 

borylation enabling (coordination blocking) but labile group, both 2,3- and 2,5-nicotinates were then 

explored (Table 2). As expected borylation of the 2,5-isomers 14 and 15 occurred preferentially at the 

sterically unencumbered C-5 site removed from the azinyl nitrogen.20-24 However small amounts (6-

9%) of the -azinyl (C-6) boronate ester could be observed in the crude reaction mixture but underwent 

rapid protodeborylation and was not isolable or detectable following the in situ cross coupling reaction. 

With the 2,3-isomer 16, similar sterically directed borylation led exclusively to the 3-borylated product. 

For this group of compounds use of the smaller 2-fluoro starting material led to a faster reaction 

consistent with other observations describing fluorine to act as a C-H activation enhancing group.25,26,27 

In both cases whilst the major boronate esters were isolable, it was more efficient to carry out a ‘one-

pot’ process to afford the corresponding biaryl (17-19) in acceptable yields following application of the 

standard cross coupling conditions. As before SNAr chemistry with a variety of amines proved facile 

with anilines again requiring the use of the more reactive fluorine leaving group. With the 2,3 series use 

of a diamine enabled double substitution to afford the pyridodiazepinone 23 (Scheme 1a). For these 

substrates, reflecting the higher stability of a non -azinyl boronate ester, the alternative order of events 

involving initial displacement with the amine and then borylation of the corresponding 2-amino-

pyridine proved to be equally effective (Scheme 1b). 
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Table 2: Sequential borylation cross-coupling amination of 2-halonicotinates             

 

Further extension of the levels of diversity possible can be realised through other standard functional 

group transformations (Scheme 1). For example, rather than exploit the 2-halo substituent through SNAr 

chemistry other options exist using further metal catalysed transformations, with simple reduction using 
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ammonium formate giving ester 25 (Scheme 1c) or via a second Suzuki-Miyaura reaction, the 

diarylpyridine 26 (Scheme 1d). Similarly, the ester substituents can easily be converted to the 

corresponding acid and hence provides a simple handle for the introduction of further variation into the 

reaction sequence (Scheme 1e).  

 

 

Scheme 1: Exemplar diversity synthesis of pyridines enabled by C-H borylation 

 

Conclusion 

In this report we have demonstrated that the combination of iridium catalysed C-H borylation and SNAr 

chemistry provide a very simple method to elaborate a 2-halopyridine ring and provide substitution 

patterns that would be difficult to achieve using traditional heterocycle synthesis. The functional group 

tolerant nature of the borylation reaction allows many alternative diverse elements to be incorporated 

in this sequence with minimal impact on the chemistry enabled. Given the wide scope for elaboration 
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of the intermediate boronate ester the potential of the approach to generate diversity extends beyond the 

examples presented. Overall this study provides further testimony for the use of C-H borylation as a 

powerful means to generating otherwise challenging pyridine, and other heterocycle, substitution 

patterns.  

 

Experimental 

General Procedure A: Tandem C-H Borylation-Suzuki-Miyaura Cross-Coupling Sequence: 

A solution of [Ir(COD)OMe]2 (5mol%), dtbpy (5mol%) and B2pin2 (1.2mol %)  in MTBE (0.4M) was 

prepared in a sealed vial and an aliquot then added to a thick-walled microwave synthesis vial containing 

the starting pyridine . The vessel was sealed with a crimp top septum cap and shaken until all of the 

substrate was dissolved. The reaction mixture was stirred on a magnetic stirring block or irradiated in a 

microwave reactor for the stated time and temperature. Upon completion, the volatiles were removed 

in vacuo to afford the crude borylated product. 

 

To the crude mixture under N2, was added palladium catalyst (5 mol%), base (2 eq.), aryl halide (1.1 – 

2.0 eq.) and the stated solvent. The reaction was heated at the stated temperature for the stated time. 

The reaction mixture was diluted with water and extracted into EtOAc. The organic phase was dried 

over MgSO4, filtered and concentrated in vacuo to give the crude product. This was dry-loaded onto 

silica gel and purified by silica gel flash column chromatography using the stated solvent system. 

 

General Method B SNAr substitution of 2-fluorinated pyridines: 

A mixture of the 2-fluorinated pyridine derivatives (1 eq.), K2CO3 (2 eq.) and amine (2 eq.) were heated 

under reflux in dioxane for 6 h. The reaction was cooled to room temperature and filtered through Celite. 

Purification was achieved by flash column chromatography using EtOAc in hexane.  

 

General method C SNAr substitution of 2-chlorinated pyridines (-CO2Me substituted):  

To a sealed, evacuated and N2 backfilled vial containing the 2-chloropyridine derivative, methanol was 

added. To this solution, the amine was added and the reaction mixture was irradiated in a microwave 

reactor at 130 oC for 30 mins. Following evaporation of volatiles, the resulting mixture was redissolved 

in DCM and washed with NaHCO3. Purification through column chromatography using EtOAc in 

hexane yielded the title compound.      
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General Method D SNAr substitution of 2-chlorinated pyridines (non -CO2Me substituted): 

2-Chloropyridine derivatives were transferred to microwave vessel which was then sealed, evacuated 

and backfilled with N2. The amine (2ml) was then added and the reaction mixture was irradiated in a 

microwave reactor at 130 oC for 30 mins. Following the reaction, the resulting mixture was dissolved 

in DCM and washed with NaHCO3. Purification was achieved by flash column chromatography using 

EtOAc in Hexane. 

 

(5z) 4-Trifluoromethyl-6-chloro-2(4’-nitrophenyl)-pyridine  

Following general procedure A and purification using toluene in hexane (0-50%) yielded the title 

compound as a white solid (175 mg, 58 %). mp 120-121 ºC. H (700 MHz, CDCl3) 8.36-8.33 (2H, m, 

3’,5’-H), 8.24-8.20 (2H, m, 2’,6’-H), 7.9 (1H, s, 3-H), 7.6 (1H, s, 5- H); C (176 MHz, CDCl3) 156.9 

(C-2), 153.0 (C-6), 149.2 (C-4’), 142.3 (q, J = 34.7 Hz, C-4), 142.1 (C-1’), 128.2 (C-2’,6’), 124.3 (C-

3’,5’), 122.1 (q, J = 274 Hz, CF3), 120.3 (q, J = 3.6 Hz, C-5), 115.4 (q, J = 3.4 Hz, C-3). max (ATR) 

1601, 1564, 1516, 1409, 1350, 1328, 1263, 1173, 1140, 1101, 1071, 860, 873, 818, 760, 707, 696, 675 

cm-1. m/z (GC-MS, EI+) 304 ([M] (37Cl)]+, 31%), 302 ([M] (35Cl)]+, 100%). Accurate mass (ES+) m/z 

found [MH]+ 303.0138; C12H7
35ClF3N2O2 requires M, 303.0148. 

 

(9zA) 4-Trifluoromethyl-6-(N-pyrrolidin-yl)-2(4’-nitrophenyl)-pyridine 

Following general procedure D and purification using EtOAc in hexane (0-8%) yielded the title 

compound as a yellow solid (263 mg, 78 %). mp 212-213 oC. δH (700 MHz, CDCl3) 8.31-8.27 (2H, m, 

3’,5’-H), 8.22-8.18 (2H, m, 2’,6’-H), 7.19 (1H, s, 3-H), 6.57 (1H, s, 5-H), 3.63-3.59 (4H, m, 2”,5”-H2), 

2.11-2.04 (4H, m, 3”, 4”-H2); δC (176 MHz, CDCl3) 157.16 (C6), 154.3 (C-2), 148.3 (C-4’), 145.1 (C-

1’), 140.39 (q, J = 32.9, C-4), 127.7 (C-2’,6’), 123.9 (C-3’,5’), 123.43 (q, J = 273 Hz, CF3), 103.6 (q, J 

= 3.3 Hz, C-3), 102.44 (q, J = 4.0 Hz, C-5), 47.1 (C-2”,5”), 25.6 (C-3”,4”); max (ATR) 1616, 1601, 

1564, 1519, 1492, 1480, 1443, 1390, 1344, 1322, 1290, 1249, 1159, 1108, 1093, 1010, 972, 849, 826, 

756, 722, 694, 671 cm-1. m/z (GC-MS, EI+) 337 ([M]+ 39%), 308 ([M-C2H5]+ 100%), Accurate Mass 

(ESI) m/z found [M+H]+ 338.1105; C16H15F3N3O2 requires M, 338.1116.  

 

(9zB) 4-Trifluoromethyl-6-(N-morpholin-yl)-2(4’-nitrophenyl)-pyridine 

Following general procedure D and purification using EtOAc in hexane (0-12%) yielded the title 

compound as a yellow solid (325 mg, 92 %). mp 268-269 oC. δH (700 MHz, CDCl3) 8.35-8.26 (2H, m, 

3’,5’-H), 8.23-8.12 (2H, m, 2’,6’-H), 7.33 (1H, s, 3-H), 6.85 (1H, s, 5-H), 3.9-3.86 (4H, m, 3”,5”-H2), 

3.71-3.67 (4H, m, 2”,6”-H2); δC (176 MHz, CDCl3) 159.4 (C-6), 154.4 (C-2), 148.5 (C-4’), 144.6 (C-
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1’), 141.3 (q, J = 33.0 Hz, C-4), 127 (C-2’, 6’), 124.1 (C-3’, 5’), 123.2 (q, J = 273 Hz, CF3), 106.1 (q, 

J = 3.3 Hz, C-3), 102.6 (q, J = 4.0 Hz, C-5), 66.7 (C-3”,5”), 45.4 (C-2”,6”). max (ATR) 1603, 1567, 

1517, 1438, 1324, 1302, 1242, 1161, 1111, 982, 967, 847, 825, 757, 711, 695, 675 cm-1. m/z (GC-MS, 

EI+) (353 [M]+), 68%, (334 [M-F]+, 17%), 308 ([MH-NO2]+, 24%). Accurate Mass (ESI) m/z found 

[M+H]+  354.1067; C16H15F3N3O3 requires M, 354.1066.  

 

(9zD) Diethyl-[6-(4’-nitrophenyl)-4-trifluoromethylpyridine-2-yl]amine  

Following general procedure D, and purification using EtOAc in hexane (0-8%) yielded the title 

compound as a yellow solid (207 mg, 61 %). mp 88-89 oC. δH (700 MHz, CDCl3) 8.32-8.27 (2H, 

m, 3’,5’-H),  8.21-8.15 (2H, m, 2’,6’-H), 7.20 (1H, s, 3-H), 6.7 (1H, s, 5-H), 3.63-3.59 (4H, q, J 

= 7.1 Hz, 2”,4”-H2), 1.26 (6H, t, J = 7.1 Hz, 3”,5”-H3); δC (176 MHz, CDCl3) 157.5 (C-6), 154.3 

(C-2), 148.3 (C-4’), 145.2 (C-1’), 140.7 (q, J = 32.7, C-4), 127.6 (C-2’,6’), 124.0 (C-3’,5’), 123.4 

(q, J = 273 Hz, CF3), 103.5 (q, J = 3.3 Hz, C-3), 101.4 (q, J = 4.0 Hz, C-5), 43.13 (C-2”,4”), 12.9 

(C-3”,5”). max (ATR) 1616, 1601, 1566, 1516, 1503, 1442, 1349, 1344, 1332, 1263, 1249, 1175, 

1123, 1110, 979, 853, 829, 758, 710, 695, 676 cm-1. m/z (GC-MS, EI+) 339 ([M]+, 43%), 324 ([M-

CH3]+, 64%), 310 ([M-C2H5]+, 100%). Accurate Mass (ESI) m/z found [M+H]+ 340.1270; 

C16H17F3N3O2 requires M, 340.1273.  

 

(9zE) Butyl-[6-(4’-nitrophenyl)-4-trifluoromethylpyridine-2-yl]amine 

Following general procedure D, and purification using EtOAc in hexane (0-8%) yielded the title 

compound as a yellow solid (255 mg, 75 %), mp = 163-164 oC. δH (700 MHz, CDCl3) 8.31-8.26 

(2H, m, 3’,5’-H), 8.18-8.11 (2H, m, 2’,6’-H), 7.2 (1H, d, J = 0.6 Hz, 3-H), 6.6 (1H, s, 5-H), 4.9 

(1H, s broad, NH), 3.44-3.39 (2H, m, 1”-H2), 1.69-1.64 (2H, m, 2”-H2), 1.51.44 (2H, m, 3”-H2), 

1.0 (3H, t, J = 7.4 Hz, 4”-H3); δC (176 MHz, CDCl3) 159.1 (C-6), 154.7 (C-2’), 148.4 (C-4’), 

144.7 (C-1’), 140.8 (q, J = 33.2 Hz, C-4), 127.7 (C-2’,6’), 124.0 (C3’,5’), 123.2 (q, J = 273 Hz, 

CF3), 105.3 (q, J = 3.3 Hz, C-3), 102.8 (C-5), 42.0 (C-2”), 31.6 (C-3”), 20.3 (C-4”), 14.0 (C-5”). 

max (ATR) 3401 (NH), 1625, 1604, 1573, 1533, 1459, 1413, 1396, 1331, 1257, 1158, 1117, 1096, 

860, 830, 757, 723, 695, 678, 639 cm-1. m/z (GC-MS, EI+) 339 ([M]+, 31%), 310 ([M-C2H5]+, 

52%), 296 ([M-C3H7]+, 100%). Accurate Mass (ESI) m/z found [M+H]+ 340.1276; C16H17F3N3O2 

requires M, 340.1273.  
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(5y) 4-Trifluoromethyl-6-chloro-2-(4’-methoxyphenyl)-pyridine 

Following general procedure A, and purification using Et2O in hexane (0-5%) yielded the title 

compound as a yellow oil (105 mg, 36 %). H (700 MHz, CDCl3) 7.99-7.94 (2H, m, 2’,6’-H), 7.73 

(1H, d, J = 0.6 Hz, 3-H), 7.37 (1H, d, J = 0.6 Hz, 5-H), 6.99-6.94 (2H, m, 3’,5’-H), 3.85 (3H, s, 

OCH3); C (176 MHz, CDCl3) 161.7 (C-4’), 159.1 (C-2), 151.2 (C-6), 141.5 (q, J = 34.1 Hz, C-

4), 129.0 (C-1’), 128.6 (C-2’,6’), 122.4 (q, J = 273 Hz, CF3), 117.0 (q, J = 3.7 Hz, C-5), 114.4 (C-

3’,5’), 113.4 (q, J = 3.7 Hz, C-3), 55.4 (O-CH3). max (ATR) 1606, 1557, 1518, 1408, 1394, 1331, 

1265, 1253, 1175, 1135, 1098, 1072, 1031, 830, 694, 665, 581 cm-1. m/z (GC-MS, EI+) 289 [M 

(37Cl)]+, 33%, 287 ([M (35Cl)]+, 100%). Accurate mass (ES+) m/z found [MH]+ 288.0401; 

C13H10
35ClF3NO requires M, 288.0403. 

 

(9yA) 4-Trifluoromethyl-6-(N-pyrrolidin-yl)-2-(4’-methoxyphenyl)pyridine 

Following general procedure D, the crude mixture of 4-trifluoromethyl-6-chloro-2-

(4’methoxyphenyl)-pyridine in (~1.0 mmol) and pyrrolidine (0.46 ml, 5.5 mmol) were combined 

at 130 oC for 30 min. Purification through flash chromatography using EtOAc in hexane (0-5%) 

yielded the title compound as an off white solid (65 mg, 20 % (over 3 steps)). mp 103-104 oC. δH 

(700 MHz, CDCl3) 8.06-8.00 (2H, m, 2’, 6’-H), 7.11 (1H, s, 3H), 7.01-6.96 (2H, m, 3’,5’-H), 6.42 

(1H, s, 5-H), 3.86 (3H, s, OCH3), 3.64-3.53 (4H, m, 2”,5”-H2), 2.08-2.00 (4H, m, 3”,4”-H2); δC 

(176 MHz, CDCl3) 160.7 (C-4’), 157.0 (C-6), 156.6 (C-2), 140.0 ( q, J = 32.4 Hz, C-4), 132.0 (C-

1’), 128.3 (C-2’,6’), 123.77 (q, J = 273 Hz, CF3), 114.0 (C-3’,5’), 102.1 (q, J = 3.4 Hz, C-3), 100.0 

(q, J = 4.0 Hz, C-5), 55.4 (O-CH3), 46.9 (C-2”,5”), 25.6 (C-3”,4”). max (ATR) 1613, 1563, 1497, 

1460 1439, 1408, 1389, 1351, 1333, 1304, 1293,1246, 1183, 1157, 1120, 1105, 1097, 1051, 1032, 

1014, 1004, 842, 825, 804, 782, 711, 680, 671, 648, 637, 618, 586, 522, 504 cm-1. m/z (GC-MS, 

EI+) 323 [MH]+, 7%, 322 [M]+, 42%, 293 [MHOCH3]+, 100%; Accurate Mass (ESI) m/z found 

[M+H]+ 323.1364; C17H18F3N2O requires M, 323.1371.  

 

(5w) 2-Chloro-4-(trifluoromethyl)-6-(3’-methoxyphenyl)pyridine 

Following general procedure A, and purification using Et2O in heptane (0-3%) yielded the title 

compound as an off-white amorphous solid (147 mg, 51%). δH (700 MHz, CDCl3) 7.83 (1H, s, 5-

H), 7.59 (1H, t, J = 2.3, 2’-H), 7.58 (1H, d, J = 7.9, 6’-H), 7.48 (1H, s, 3-H), 7.41 (1H, t, J = 7.9, 

5’-H), 7.03 (1H, dd, J = 7.9, 2.3, 4’-H), 3.91 (3H, s, OCH3); δC (176 MHz, CDCl3) 160.4 (C-3’), 

159.4 (C-6), 152.4 (C-2), 141.8 (q, J = 34.3, C-4), 138.0 (C-1’), 130.2 (C-5’), 122.3 (q, J = 274.0, 

CF3), 119.6 (C-6’), 118.7 (q, J = 3.7, C-3), 116.6 (C-4’), 114.8 (q, J = 3.5, C-5), 112.6 (C-2’), 

55.6 (OCH3); δF (376 MHz, CDCl3) −64.7 (s); νmax (ATR) 1600, 1561, 1459, 1400, 1333, 1274, 
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1221, 1177, 1142, 1102 cm−1; Accurate Mass (ASAP) m/z found [M]+ 287.0330; C13H9
35ClF3NO 

requires M, 287.0325. 

 

(6z) 4-Tert butyl-6-chloro-2-(4’-nitrophenyl)pyridine 

Following general procedure A and purification using EtOAc in hexane (0-6%) yielded the title 

compound as an off white solid (117 mg, 40 %). mp 192-193 oC. H (700 MHz, CDCl3) 8.33-8.27 (2H, 

m, 3’,5’-H) 8.19-8.12 (2H, m, 2’,6’-H), 7.69 (1H, d, J = 1.5 Hz, 3-H), 7.34 (1H, d, J = 1.5 Hz, 5-H), 

1.38 (9H, s, 4-C(CH3)3); C (176 MHz, CDCl3) 164.8 (C-4), 155.3 (C-2), 152.3 (C-6), 148.5 (C-4’), 

144.3 (C-1’), 128.0 (C-2’,6’), 124.1 (C-3’,5’), 121.4 (C-5), 117.2 (C-3), 35.5 (4-C), 30.6 (CH3) max 

(ATR), 1588, 1533, 1509, 1410, 1338, 1171, 1104, 856, 813, 762, 731, 698, 644 cm-1. Accurate mass 

(ES+) m/z found [MH]+ 291.0904; C15H16
35ClN2O2 requires M, 291.0900.  

 

(10zA) 4-Tert butyl-6-(N-pyrrolidinyl)-2-(4’-nitrophenyl)pyridine 

Following general procedure D and purification using EtOAc in hexane (0-8%) yielded the title 

compound as a red solid (100 mg, 31 %), mp 180.5-182.5 oC. δH (700 MHz, CDCl3) 8.3-8.23 (2H, 

m, 3’,5’-H), 8.21-8.17 (2H, m, 2’,6’-H), 7.09 (1H, d, J = 1.3 Hz, 3-H), 6.38 (1H, d, J = 1.3 Hz, 5-

H), 3.55-3.60 (4H, m, 2”,5”-H2), 2.06-2.01 (4H, m, 3”,4”-H2), 1.35 (9H, s, CH3); δC (176 MHz, 

CDCl3) 161.9 (C4),157.7 (C-6), 152.6 (C-2), 147.7 (C-4’), 146.9 (C-4’), 127.6 (C-2’,6’), 123.8 

(C-3’,5’), 107.03 (C-3), 103.4 (C-5), 47.0 (C-2”,5”), 35.12 (4-C), 30.8 (4-C-(CH3)3)), 25.7 (C-3˶, 

4˶). max (ATR) 1597, 1549, 1501, 1476, 1456, 1323, 1107, 1101, 1011, 865, 850, 842, 832, 760, 

698, 659, 631, 495 cm-1; m/z (GC-MS, EI+) 326 ([MH]+, 16%), 325 ([M]+, 78%). Accurate Mass 

(ESI) m/z found [M+H]+ 326.1869; C19H24N3O2 requires M, 326.1869.  

 

(6y) 4-Tert butyl-6-chloro-2-(4’-methoxyphenyl)pyridine 

Following general procedure A and purification using Et2O in hexane (0-5%) yielded the title compound 

as a colourless oil (121 mg, 44 %). H (700 MHz, CDCl3) 7.96-7.92 (2H, m, 2’, 6’-H), 7.55 (1H, d, J = 

1.5 Hz, 3-H), 7.18 (1H, d, J = 1.5 Hz, 5-H), 7.00-6.95 (2H, m, 3’,5’-H), 3.86 (3H, s, OCH3), 1.35 (9H, 

s, 4-C(CH3)3); C (176 MHz, CDCl3) 164.0 (C-4), 160.9 (C-4’), 157.7 (C-2), 151.6 (C-6), 131.0 (C-1’), 

128.5 (C-2’, 6’), 119.0 (C-5), 115.5 (C3), 114.2 (C-3’, 5’), 55.5 (OCH3), 36.3 (4-C), 30.6 (CH3). max 

(ATR) 1607, 1591, 1535, 1514, 1462, 1410, 1385, 1303, 1247, 1175, 1111, 1074, 1031, 878, 831, 780, 

650, 585, 507 cm-1. m/z (GC-MS, EI+) 277 ([M (37Cl)]+ , 31%), 275 ([M ( 35Cl)]+, 100%). Accurate 

mass (ES+) m/z found [MH]+ 276.1159; C16H19
35ClNO requires M, 276.1155. 
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(6v) 4-Tertbutyl-6-chloro-2-(3’-thiophenyl) pyridine 

Following general procedure A and purification using EtOAc in hexane (0-7%) yielded the title 

compound as a white solid (168 mg, 67%). mp 50-51 oC. H (700 MHz, CDCl3) 8.95 (1H, dd, J = 3.0, 

1.3 Hz, 2’-H), 7.6 (1H, dd, J = 5.0, 1.3 Hz, 4’-H), 7.5 (1H, d, J = 1.5 Hz, 3- H), 7.3 (1H, dd, J = 5.0, 3.0 

Hz, 5’-H), 7.18 (1H, d, J = 1.5 Hz, 5-H), 1.35 (9H, s, CH3); C (176 MHz, CDCl3) 164.2 (C-4), 153.9 

(C-2), 151.6 (C-6), 141.2 (C-3’), 126.5 (C-5’), 126.3 (C-4’), 124.5 (C-2’), 119.4 (C-5), 116.1 (C-3), 

35.3 (4-C), 30.6 (CH3). max (ATR) 1591, 1540, 1477, 1434, 1422, 1362, 1346, 1287, 1200, 1165, 1079, 

1062, 861, 831, 794, 774, 731, 671 cm-1. Accurate mass (ES+) m/z found [MH]+ 252.0596; C13H15
35ClNS 

requires M, 252.0614. 

 

(6u) 4-Tertbutyl-6-chloro-2-(2’-thiazolyl)pyridine 

Following general procedure A and purification using EtOAc in hexane (0-10%) yielded the title 

compound as an off white solid (106 mg, 42%). mp. 96.5-97.5 oC. H (700 MHz, CDCl3) 8.12 (1H, d, 

J = 1.5 Hz, 3-H) 7.9 (1H, d, J = 3.1 Hz, 5’-H), 7.5 (1H, d, J = 3.1 Hz, 4’-H), 7.3 (1H, d, J = 1.5 Hz, 5-

H), 1.36 (9H, s, CH3); C (176 MHz, CDCl3) 168.2 (C-2’), 165.0 (C-4), 151.6 (C-2), 151.4 (C-6), 144.1 

(C-5’), 122.2 (C-5), 122.0 (C-4’), 115.6 (C-3), 35.5 (4-C), 30.6 (CH3). max (ATR) 1591, 1541, 1500, 

1478, 1440, 1381, 1242, 1168, 1151, 1048, 874, 863, 794, 770, 745, 723, 620, 583, 515 cm-1. m/z (GC-

MS, EI+) 254 ([M (37Cl)]+, 24%), 252 ([M (35Cl)]+, 65%). Accurate mass (ES+) m/z found [MH]+ 

253.0584; C12H15
35ClN2S requires M, 253.0566. 

 

(6t) 4-Tertbutyl-6-chloro-2,2’-bipyridinyl-4’-carboxylic acid methyl ester 

Following general procedure A and purification using EtOAc in chloroform (0-5%) yielded the title 

compound as a white solid (200 mg, 66 %). mp. 103-104 oC. H (600 MHz, CDCl3) 8.9 (1H, bs, 3’-H) 

8.8 (1H, d, J = 5.0 Hz, 6’-H), 8.4 (1H, d, J = 1.6 Hz, 3-H), 7.86 (1H, dd, J = 5.0, 1.6 Hz, 5’-H), 7.3 (1H, 

d, J = 1.6 Hz, 5-H), 4.0 (3H, s, OCH3), 1.38 (9H, s, C(CH3)3); C (151 MHz, CDCl3) 165.8 (C=O), 164.7 

(C-4), 156.3 (C-2’), 155.7 (C-2), 151.5 (C-6), 150.0 (C-6’), 138.7 (C-4’), 123.3 (C-5’), 122.0 (C-5), 

121.0 (C-3’), 117.2 (C-3), 52.8 (OCH3), 35.5 (4-C), 30.6 (CCH3). max (ATR), 1726 (C=O), 1585, 1532, 

1478, 1438, 1373, 1365, 1356, 1315, 1294, 1268, 1165, 1133, 1100, 966, 891, 859, 769, 751, 694, 674, 

650 cm-1. m/z (GC-MS, EI+) 306 ([M(37Cl)]+, 8%), 304 ([M (35Cl)]+, 25%), 291 ([M (37Cl)-CH3]+, 37%), 

289 ([M (35Cl)-CH3]+, 100%). Accurate mass (ES+) m/z found [MH]+ 305.1065; C16H17
35ClN2O2 

requires M, 305.1057. 
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(7z) Methyl-6-chloro-2-(4’-nitrophenyl)pyridine-4-carboxylate 

Following general procedure A and purification using DCM in toluene (0-30%) yielded the title 

compound as a yellow solid (130 mg, 45 %), mp 166-167 oC. H (700 MHz, CDCl3) 8.36-8.33 (2H, m, 

3’,5’-H), 8.3 (1H, d, J = 1.1 Hz, 3-H), 8.3-8.23 (2H, m, 2’,6’-H), 7.9 (1H, d, J = 1.1 Hz, 5-H), 4.0 (3H, 

s, OCH3). C (176 MHz, CDCl3) 164.3 (C=O), 156.9 (C-2), 152.9 (C-6), 149.0 (C-4’), 142.8 (C1’), 

141.5 (C-4), 128.1 (C-2’,6’), 124.3 (C-3’,5’), 123.8 (C-3), 119.0 (C-5), 53.4 (OCH3). max (ATR) 1733 

(C=O), 1591, 1557, 1514, 1439, 1404, 1340, 1317, 1252, 1244, 1156, 1104, 982, 857, 818, 770, 755, 

742, 722, 689 cm-1; m/z (GC-MS, EI+) 294 ([M (37Cl)]+, 33%), 292 ([M (35Cl)]+, 100%). Accurate mass 

(ES+) m/z found [MH]+ 293.0344; C13H10
35ClN2O4 requires M, 293.0329.  

 

(7y) Methyl-6-chloro-2-(4’-methoxyphenyl)-pyridine-4-carboxylate 

Following general procedure A and purification using EtOAc in hexane (0-10%) yielded the title 

compound as a white solid (134.5 mg, 48 %). mp. 102-103 oC. H (700 MHz, CDCl3) 8.11 (1H, d, J = 

1.2 Hz, 3- H), 8.03-7.96 (2H, m, 2’,6’-H), 7.7 (1H, d, J = 1.2 Hz, 5-H), 7.01-6.93 (2H, m, 3’,5’-H), 4.0 

(3H, s, CO2CH3), 3.86 (3H, s, 4’-OCH3); C (176 MHz, CDCl3) 164.8 (C=O), 161.4 (C-4’), 158.7 (C-

2), 152.0 (C-6), 140.8 (C-4), 129.6 (C-1’), 128.6 (C-2’,6’), 121.1 (C-5), 117.3 (C3), 114.4 (C-3’,5’), 

55.5 (4’-OCH3), 53.1 (CO2CH3) max (ATR) 1734 (C=O), 1606, 1597, 1583, 1549, 1519, 1441, 1404, 

1390, 1302, 1256, 1180, 1161, 1113, 1071, 1021, 981, 824, 761, 732, 615, 585 cm-1. m/z (GC-MS, EI+) 

279 ([M (37Cl)]+, 32%), 277 ([M (35Cl)]+, 100%). Accurate mass (ES+) m/z found [MH]+ 278.0600; 

C14H13
35ClNO3 requires M, 278.0584. 

 

(7’y) methyl 2-fluoro-6-(4’-methoxyphenyl)pyridine-4-carboxylate 

Following general procedure A and purification using EtOAc in hexanes (0-20%) yielded the title 

compound as a colourless oil (157 mg, 55%). δH (700 MHz, CDCl3) 8.13 (1H, m, 5-H), 8.03 (2H, m, 

2’, 6’-H), 7.32 (1H, m, 3-H), 7.00 (2H, m, 3’, 5’-H), 4.00 (3H, s, CO2CH3), 3.88 (3H, s, COCH3); δC 

(176 MHz, CDCl3) 164.8 (d, J = 4.2, CO2CH3), 162.3 (d, J = 247.0, C-2), 161.5 (C-4’), 157.2 (d, J = 

14.0, C-6), 143.4 (d, J = 8.0, C-4), 129.5 (C-1’), 128.6 (C-2’, 6’), 116.3 (d, J = 5.0, C-5), 114.4 (C-3’, 

5’), 106.7 (d, J = 40.0 Hz, C-3), 55.6 (CO2CH3), 53.1 (OCH3); δF (376 MHz, CDCl3) -66.2 (s); νmax 

(ATR) 1733, 1608, 1568, 1520, 1420, 1396, 1352, 1252, 1206 1177 cm−1; GC/MS (EI) m/z 261 [M]+, 

246 [M−CH3]+, 230 [M−OCH3]. Accurate Mass (ASAP) m/z found [M]+ 261.0811; C14H12FNO3 

requires M, 261.0801. 
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(11yA) Methyl 2-(4’-methoxyphenyl)-6-(pyrrolidin-1”-yl)pyridine-4-carboxylate 

Following general procedure B and purification using EtOAc in hexane (0-15%) yielded the title 

compound as a white amorphous solid (32 mg 85%) H (600 MHz, CDCl3) 8.02 (2H, d, J = 8.8 Hz, 2’, 

6’-H), 7.46 (1H, d, J = 1.2 Hz, 3-H), 6.95 (2H, d, J = 8.8 Hz, 3’, 5’-H), 6.83 (1H. d, J = 1.2 Hz, 5-H), 

3.93 (3H, s, CO2CH3), 3.84 (3H, s, 4’-OCH3), 3.54-3.62 (4H, m, 2’’,5’’-H2), 2.11 – 1.92 (4H, m, 3’’H, 

4’’-H2). C (151 MHz, CDCl3) 166.86 (C=O), 161.08 (C-4’), 157.22 (C-2), 156.11 (C-2), 155.8 (C-6), 

132.1 (C-1’), 139.08 (C-4), 128.1 (C-2’, 6’), 113.8 (C-3’, 5’), 105.8 (C-3), 104.2 (C-5), 55.31 (4’-

OCH3), 52.36 (CO2CH3), 46.9 (C-2’’, 5’’), 25.5 (C-3’’, 4’’). νmax (ATR) 2949, 2848, 1719, 1611, 1554, 

1444, 1243, 1030, 1178, 766 cm-1. GC/MS (EI) m/z 313.1 [M+H]+ (100%). Accurate Mass (ES+) m/z 

found [M+H]+ 313.1562, C18H21N2O3 requires M, 313.1552. 

 

(7’x) Methyl 2-fluoro-6-(4’-trifluoromethylphenyl) pyridine-4-carboxylate 

Following general procedure A and purification using C18 reverse phase chromatography (H2O: 

MeCN, 0-100%) to yield the title compound as a white amorphous solid (151 mg, 50%). H (700 MHz, 

CDCl3) 8.22 (1H, dd, J = 2.0, 0.8 Hz, 5-H), 8.15 (2H, d, J = 8.4, 2’,6’-H), 7.74 (2H, d, J = 8.4, 3’,5’-

H), 7.46 (1H. dd, 0.8, 0.4 Hz, 3-H), 4.01 (3H, s, -OCH3). C (176 MHz, CDCl3) 164.3 (d, J = 4.1 Hz 

C=O), 163.8 (d, J = 241.1 Hz, C-2), 155.5 (d, J = 14.0 Hz, C-6) 143.7 (d, J = 6.9 Hz, C-4), 139.92 (C-

1’), 131.8 (q, J = 32.2 Hz, C-6’), 127.3 (C-2’, 6’), 125.8 (C-3’, 5’), 124.0 (q, J = 263.3 Hz, -CF3), 117.3 

(d, J = 4.7 Hz C-5), 108.8 (d, J = 39.7 Hz, C-3)  53.1 (-OCH3).  F
 (376 MHz, CDCl3) -62.78 (-CF3), -

65.15 (Ar-F). νmax (ATR) 2957, 2256, 1741, 1578, 1329, 1255, 1136, 905, 731 cm-1. GC/MS (EI) m/z  

found [M+H]+ 300.0, [M+MeCN+H]+ 341.1. Accurate Mass (ES+) m/z found [M+H]+ 300.0670, 

C14H10F4NO2 requires M 300.0648.  

 

(11xB) Methyl 2-(morpholin-4”-yl)-6-[4’-(trifluoromethyl)phenyl]pyridine-4-carboxylate 

Following general procedure B and purification using EtOAc in hexane (0-15%) yielded the title 

compound as an off white solid (28 mg, 83%). mp. 272-273 oC (ethanol). H (599 MHz, CDCl3) 8.14 

(2H, d, J = 8.3 Hz, 3’, 5’-H), 7.70 (2H, d, J = 8.3 Hz, 2’, 6’-H), 7.69 (1H, d, J = 1.0 Hz, 3-H), 7.25 (1H, 

d, J = 1.0 Hz, 5-H), 3.97 (3H, s, -OCH3), 3.90 – 3.83 (2H, m, 3’’, 5’’-H2), 3.71 – 3.64 (1H, m, 2’’, 6’’-

H2). C (151 MHz, CDCl3) 166.1 (C=O), 159.54 (C-2), 154.6 (C-4), 142.3 (C-6), 140.0 (C-1’), 130.9 

(q, J = 30.7 Hz, C-4’) 127.1 (C-2’’, 6’’), 125.5 (q, J = 4.0 Hz C-3’’, 5’’), 124.2 (q, J = 271.0 Hz -CF3), 

109.42 (C-3), 106.1 (C-5), 66.7 (C-3’’, 5’’), 52.6 (-OCH3), 45.5 (C-2’’, 6’’). F (376 MHz, CDCl3) -

62.56. νmax (ATR) 2960, 2860, 2259, 1734, 1604, 1563, 1444, 1237, 1124 cm-1. GC/MS (EI) m/z  found 

[M+H]+ 367.1. Accurate Mass (ES+) m/z found [M+H]+ 367.1279, C18H18F3N2O3 requires M 367.1270.  

 

(11xE) methyl 2-(butylamino)-6-[4’-(trifluoromethyl)phenyl]pyridine-4-carboxylate  
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Following general procedure B and purification using EtOAc in hexane (0-40%) yielded the title 

compound as a light yellow oil (36 mg, 64%). H (700 MHz, CDCl3) 8.10 (1H, d, J = 7.6 Hz, 2’, 6’-H), 

7.71 (2H, d, J = 7.6 Hz, 3’, 5’H), 7.55 (1H, d, J = 1.1 Hz, 3-H), 6.98 (1H, d, J = 1.1 Hz, 5-H), 3.95 (3H, 

s, -OCH3), 3.39 (2H, q, J = 6.7 Hz, 1’’-H2), 1.70 – 1.62 (2H, m, 2’’-H2), 1.46 (1H, m, 3’’-H2), 0.97 (3H, 

t, J = 7.4 Hz, 4’’-CH3). C (176 MHz, CDCl3) 166.1 (C=O), 166.0 (C-2), 158.98 (C-6), 154.3 (C-4) 

140.0 (C-1’), 130.8 (q, J = 30.8 Hz, C-4’) 127.1 (C-2’, 6’) , 125.5 (q, J = 3.8 Hz, C-3’, 5’), 124.1 (q, J 

= 272.0 Hz -CF3), 108.6 (C-3), 106.1 (C-5), 52.6 (-OCH3), 42.0 (C-1’’), 31.5 (C-2’’), 20.2 (C-3’’), 13.8 

(C-4’’). F (376 MHz, CDCl3) -62.58 (-CF3). νmax (ATR) 3423, 2960, 2259, 1724, 1571, 1329, 1249, 

1124 cm-1. GC/MS (EI) m/z  found [M+H]+ 353.5. Accurate Mass (ES+) m/z found [M+H]+ 353.1484, 

C18H20F3N2O2 requires M 353.1477.  

 

(8z) Tert butyl 2-chloro-6-(4’-nitrophenyl)pyridine-4-carboxylate 

Following general procedure A and purification using CHCl3 in hexane (0-60%) yielded the title 

compound as a bright yellow solid (203 mg, 61%). mp 141-142 oC (methanol). H (599 MHz, CDCl3) 

8.32 (2H, d, J = 8.9 Hz, 3’,5’-H), 8.23 – 8.19 (3H, m, 2’,6’, 5-H), 7.81 (1H, d, J = 1.1 Hz, 3-H), 1.62 

(9H, s, OC(CH3)3). C (151 MHz, CDCl3) 162.5 (C=O), 156.0 (C-6), 152.5 (C-2), 148.7 (C-4’), 143.32 

(C-4), 142.8 (C-1’), 127.9 (C-2’, 6’), 124.1 (C-3’, 5’), 123.6 (C-3), 118.9 (C-5), 83.7 (OC(CH3)3), 28.0 

((CH3)3). νmax (ATR) 2984, 1719, 1593, 1548, 1524, 1346, 1160, 861 cm-1.  GC/MS (EI) m/z  found 

325.3 ([M (35Cl)+H]+ 100%), 327.3 ([M (37Cl)+H]+ 31%). Accurate Mass (ES+) m/z found [M (35Cl)+H]+ 

335.0803 , [M-tBu+H]+ 279.0191, C16H16
35ClN2O4 requires M 335.0799. 

 

(12zB) Tert butyl 2-(morpholin-4”-yl)-6-(4’-nitrophenyl)pyridine-4-carboxylate 

Following general procedure D and purification using EtOAc in hexane (0-15%) yielded the title 

compound as a bright yellow solid (27 mg, 78%). mp 216-217 oC (ethanol). H (600 MHz, CDCl3) 8.30 

(2H, d, J = 8.9 Hz, 3’, 5’-H), 8.19 (2H, d, J = 8.9 Hz, 2’, 6’-H), 7.66 (1H, d, J = 1.0 Hz, 3-H),  7.24 

(1H, d, J = 1.0 Hz, 5-H), 3.88 (4H, t, J = 4.9 Hz, 3’’, 5’’-H2), 3.69 (4H, t, J = 4.9 Hz, 2’’, 6’’-H2), 1.63 

(9H, s, -(CH3)3). C (151 MHz, CDCl3) 164.4 (C=O) , 159.5 (C-2), 153.3 (C-4’), 148.1 (C-1’), 145.0 

(C-6), 142.1 (C-4), 127.6 (C-2’, 6’), 123.8 (C-3’, 5’), 110.0 (C-3), 106.8 (C-5), 82.6 (-C(CH3)3), 66.6 

(C-3’’, 5’’), 45.6 (C-2’’, 6’’), 28.1 (-(CH3)3). νmax (ATR) 2982, 2863, 1717, 1596, 1563, 1516, 1433, 

1341, 1251, 998 cm-1. GC/MS (EI) m/z  found 386.1 ([M+H]+ 100%), 330.1 ([M-tBu+H]+ 62%). 

Accurate Mass (ES+) m/z found [M+H]+ 386.1726, C20H24N3O5 requires M 386.1716. 

 

(8y) Tert butyl 2-chloro-6-(4’-methoxyphenyl)pyridine-4-carboxylate 

Following general procedure A and purification using CHCl3 in hexane (0-55%) yielded the title 

compound as an off white solid (182 mg, 57%). mp, 119-120 oC (methanol). H (600 MHz, CDCl3) 

8.07 (1H, d, J = 1.2 Hz, 3-H), 8.01 – 7.96 (2H, m, 2’, 6’-H), 7.63 (1H, d, J = 1.1 Hz, 5-H), 7.01 – 6.95 
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(2H, m, 3’,5’-H), 3.85 (3H, s, -OCH3), 1.61 (9H, s, -(CH3)3). C (151 MHz, CDCl3)163.2 (C=O), 161.2 

(C-4’), 158.4 (C-6), 151.8 (C-2), 142.7 (C-4), 129.7 (C-1’), 128.5 (C-5), 121.0 (C-2’, 6’), 117.3 (C-3), 

114.22 (C-3’ 5’), 83.01 (-C(CH3)3, 55.37 (-OCH3), 28.0 (OC(CH3)3). νmax (ATR) 2986, 2874, 1728, 

1595, 1548, 1415, 1323, 1238, 1147, 1027 cm-1. GC/MS (EI) m/z  found 320.6 ([M(35Cl)+H]+ 72%), 

322.5 ([M(37Cl)+H]+ 21%). Accurate Mass (ES+) m/z found [M(35Cl)+H]+ 320.1071, C17H19NO3
35Cl 

requires M 320.1053. 

 

(12yA) Tert butyl 2-(4’-methoxyphenyl)-6-(pyrrolidin”-yl)pyridine-4-carboxylate 

 

Following general procedure D and purification using EtOAC in hexane (0-20%) yielded the title 

compound as an off white amorphous solid (41 mg, 90%). H (600 MHz, CDCl3) 8.01 (2H, d, J = 8.7 

Hz, 2’, 6’-H), 7.40 (1H, d, J = 1.1 Hz, 3-H), 6.98 (2H, d, J = 8.7 Hz, 3’, 5’-H), 6.82 (1H, d, J = 1.1 Hz, 

5-H), 3.86 (3H, s, -OCH3), 3.57-3.63 (4H, m, 3’’, 4’’-H2), 2.13 – 1.93 (4H, m, 2’’,5’’-H2), 1.61 (9H, s, 

-(CH3)3). C (151 MHz, CDC3) 165.4 (C=O), 160.3 (C-4’), 155.5 (C-2) 141.0 (C-6), 128.2 (C-2’,6’), 

124.6 (C-1’), 121.6 (C-4), 113.8 (C-3’,5’), 106.0 (C-3), 104.2 (C-5), 81.7 (-C(CH3)3), 55.3 (-OCH3), 

47.0 (C-2’’,5’’), 28.1 (C(CH3)3), 25.5 (C-3’’,4’’). νmax (ATR) 2972, 2859, 1714, 1607, 1557, 1459, 

1382, 1246, 1030 cm-1. GC/MS (EI) m/z found 356.3 ([M+H]+ 100%), Accurate Mass (ES+) m/z found 

([M+H]+ 355.2022, C21H27N2O3 requires M 355.2022. 

 

(8x) tert-butyl 2-chloro-6-(4-trifluromethy-lphenyl)pyridine-4-carboxylate 

Following general procedure A and purification using C18 reverse phase chromatography (H2O: 

MeCN, 0-100%) yielded the title compound as a light brown amorphous solid (140 mg, 39%). H (700 

MHz, CDCl3) 8.19 (1H, d, J = 1.1 Hz, 3-H), 8.18 – 8.15 (2H, d, J = 1, 2’, 6’-H), 7.79 (1H, d, J = 1.1 

Hz, 5-H), 7.74 (2H, d, J = 8.1 Hz m, 3’, 5’-H), 1.63 (9H, s, -(CH3)3).  C (176 MHz, CDCl3) 162.7 

(C=O), 157.0 (C-2), 152.3 (C-1’), 143.1 (C-4), 140.4 (C-6), 127.4 (C-2’, 6’), 125.8 (q, J = 3.9 Hz, C-

3’, 5’), 123.9 (q, J = 272.2 Hz, -CF3), 123.0 (C-5), 118.5 (C-3), 83.4 (-C(CH3)3), 28.0 (-(CH3)3). F (376 

MHz, CDCl3) -62.72 (-CF3). νmax (ATR) 2975, 2887, 1726, 1557, 1471, 1382, 1326, 1261, 1131, 950 

cm-1. GC/MS (EI) m/z found 358.1 ([M(35Cl)+H]+ 100%), 360.1 ([M(37Cl)+H]+ 39%). Accurate Mass 

(ES+) m/z found [M(35Cl)+H]+ 358.0826, [M(35Cl)-tBu+H]+ 302.0210, C17H16
35ClF3NO2 requires M 

358.0822. 

 

(12xA) tert-butyl 2-(pyrrolidin-1-yl)-6-[4-(trifluoromethyl)phenyl]pyridine-4-carboxylate 

Following general procedure D and purification using EtOAC in hexane (0-10%) yielded the title 

compound as a white solid (39 mg, 90%). mp 168-169 oC (ethanol). H (600 MHz, CDCl3) 8.19 – 8.15 

(2H, d, J = 8.2 Hz, 2’, 6’-H), 7.69 (2H, d, J = 8.2 Hz, 3’, 5’-H), 7.48 (1H, d, J = 1.1 Hz, 3-H), 6.92 (1H, 

d, J = 1.1 Hz, 5-H), 3.62-3.58 (4H, m, 2’’, 5’’-H), 2.02-2.07 (4H, m, 3’, 4’H), 1.62 (9H, s, -(CH3)3). C 

(151 MHz, CDCl3) 165.1 (C=O), 157.36 (C-2), 154.32 (C-6), 142.81 (C-4), 141.2 (C-1’), 130.4 (q, J = 
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32.6 Hz C-4), 127.1 (C-2’,6’), 125.3 (q, J = 3.8 Hz C-3’, 5’), 124.3 (q, J = 273.4 Hz, -CF3), 107.0 (C-

3), 106.0 (C-5), 82.0 (-C(CH3)3), 46.9 (C-2’’, 5’’, 28.1 (-(CH3)3), 25.5 (C-3’’, 4’’).  F (376 MHz, 

CDCl3) -62.49 (-CF3). νmax (ATR) 2972, 2839, 2259, 1734, 1604, 1566, 1443, 1326, 1251, 1124 cm-1. 

GC/MS (EI) m/z found 393.5 ([M+H]+ 100%), Accurate Mass (ES+) m/z found [M+H]+  393.1785, 

C21H24F3N2O2 requires M 393.1789.   

 

13 2-(4’-nitrophenyl)-6-(pyrrolidin-1”-yl)-4-(pyrrolidine-1’’’-carbonyl)pyridine  

Following procedure D and purification using EtOAc in hexane (0-50%) yielded the title 

compound as a yellow solid (275 mg, 75 %). mp  239.5-240.5 oC. δH (500 MHz, CDCl3) 8.29-

8.21 (2H, m, 3’,5’-H), 8.21-8.14 (2H, m, 2’,6’-H), 7.1 (1H, s, 3-H), 6.4 (1H, s, 5-H), 3.7 (2H, t, J 

= 7.0 Hz, 2”’-H2), 3.60-3.49 (4H, m, 2”,5”-H2), 3.43 (2H, t, J = 6.7 Hz, 5”’-H2), 2.06-2.01 (4H, 

m, 3”,4”-H2), 2.0 (2H, p, J = 7.0 Hz, 3”’-H2), 1.9 (2H, p, J = 6.7 Hz, 4”’-H2); δC (125 MHz, CDCl3) 

168.4 (C=O), 157.2 (C-6), 153.3 (C-2), 148.0 (C-4’), 146.9 (C-4), 145.8 (C-1’), 127.5 (C-2’,6’), 

123.8 (C-3’,5’), 106.0 (C-3), 104.1 (C-5), 49.4 (C-5“’), 46.9 (C-2”,5”), 46.2 (C-2”’), 26.4 (C-4”’), 

25.6 (C-3”,4”), 24.5 (C-3”’); νmax 1618, 1616, 1598, 1541, 1512, 1478, 1456, 1442, 1419, 1344, 

1322, 1102, 858, 755, 702, 513 cm-1; m/z (LC-MS, ES+) 1121 ([M3Na]+, 38%), 755 ([M2Na]+, 

81%), 366 ([M]+, 100%); Accurate mass (ES+) m/z found [MH]+ 367.1781; C20H23N4O3 requires 

M, 367.1770.  

 

(17w) Methyl 6-chloro-5-(3-methoxyphenyl)pyridine-3-carboxylate 

Following general procedure and purification using EtOAc in heptane (0-15%) yielded the title 

compound as a white amorphous solid (229 mg, 76%). δH (700 MHz, CDCl3) 8.49 (1H, d, J = 2.2, 6-

H), 8.34 (1H, d, J = 2.2, 4-H), 7.48 (2H, m, 2’, 6’-H), 7.00 (2H, m, 3’, 5’-H), 4.10 (3H, s, 2-COCH3), 

3.93 (3H, s, CO2CH3), 3.86 (3H, s, 4’-OCH3); δC (176 MHz, CDCl3) 165.7 (CO2CH3), 161.4 (C-2), 

159.7 (C-4’), 148.2 (C-6), 139.7 (C-4), 129.8 (C-5), 129.3 (C-1’), 128.0 (C-2’, 6’), 114.7 (C-3’, 5’), 

113.9 (C-3), 55.5 (4’-OCH3), 54.6 (2-COCH3), 52.5 (CO2CH3); νmax (ATR) 1732, 1606, 1563, 1519, 

1474, 1417, 1327, 1285, 1245, 1181, 1087, 1060, 1014 cm−1; Accurate Mass (ASAP) m/z found [M+H]+ 

274.1075; C15H16NO4 requires M, 274.1079.  

 

(17’y) Methyl 6-fluoro-5-(4’-methoxyphenyl)pyridine-3-carboxylate 

Following general procedure A and purification using  EtOAc in hexane (0-50%) yielded the title 

product as a pale yellow amorphous solid (107 mg, 58%). δH (600 MHz, CDCl3) 8.77 (1H, m, 6-H), 

8.45 (1H, m, 4-H), 7.54 (2H, d, J = 8.6, 2’, 5’-H), 7.01 (2H, d, J = 8.6, 3’, 5’-H), 3.96 (3H, s, CO2CH3), 

3.86 (3H, s, OCH3); δC (151 MHz, CDCl3) 165.0 (CO2CH3), 162.6 (d, J = 246.2, C-6), 160.3 (C-4’), 

147.8 (dd, J = 16.7, 5.1, C-6), 141.5 (d, J = 6.4, C-4), 130.2 (d, J = 6.4, C-2’, 6’), 125.1 (m, C-1’), 123.7 
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(d, J = 28.6, C-3), 114.5 (C-3’, 5’), 55.5 (OCH3), 52.7 (CO2CH3); δF (376 MHz, CDCl3) −65.4 (s); νmax 

(ATR) 1725, 1609, 1518, 1434, 1411, 1313, 1250, 1200, 1181, 1120, 1047, 1029 cm−1; Accurate Mass 

(ASAP) m/z found [M]+ 261.0819; C14H12FNO3 requires M, 261.0801.  

 

(20yB) Methyl 5-(4’-methoxyphenyl)-6-(morpholin-4”-yl)pyridine-3-carboxylate 

Following general procedure B and purification using EtOAc in hexane (0-20%) yielded the title 

compound as a light yellow solid (22 mg, 88%). mp 242-243 oC. H (599 MHz, CDCl3) 8.78 (1H, d, J 

= 2.3 Hz, 6-H), 7.97 (1H, d, J = 2.3 Hz, 4-H), 7.44 (2H, d, J = 8.3 Hz, 3’, 5’-H), 6.95 (2H, d, J = 8.3 

Hz, 3’, 6’-H), 3.88 (3H, s, CO2CH3), 3.84 (3H. s, 4’-OCH3), 3.62 (4H, t, J = 4.5 Hz, 3’’, 5’’-H2), 3.24 

(4H, t, J = 4.5 Hz, 2’’, 6’’-H2). C (151 MHz, CDCl3) 159.2 (C=O), 147.9 (C-4’), 140.7 (C-2), 131.4 

(C-3), 128.7 (C-4), 127.8 (C-2’, 6’), 125.8 (C-1’) , 124.8 (C-6), 118.5 (C-4), 114.4 (C-3’, 5’), 66.6 (-

OCH3), 55.3 (CO2CH3), 51.9 (C-2’’, 6’’), 48.7 (C-3’’, 5’’). νmax (ATR) 2967, 2854, 1717, 1596, 1509, 

1411, 1361, 1249, 1234, 1100 cm−1. m/z (LC-MS, ES+) 329.1 ([M+H]+, 100%), Accurate mass (ES+) 

m/z found [M+H]+ 329.1511; C18H21N2O4 requires M, 329.1501. 

 

(17y) Methyl 6-chloro-5-(4’-methoxyphenyl)pyridine-3-carboxylate 

Following general procedure A and purification using CHCl3 in hexane (0-50%) yielded the title 

compound as an off white solid (169 mg, 61%). mp 171-172 oC. H (700 MHz, CDCl3) 8.93 (1H, d, J 

= 2.3 Hz, 6-H), 8.24 (1H, d, J = 2.3 Hz, 4-H), 7.42 (2H, d, J = 8.7 Hz, 2’, 6’-H), 6.99 (2H, d, J = 8.7 

Hz, 3’, 5’-H), 3.95 (3H, s, CO2CH3), 3.86 (3H, s, -OCH3). C (176 MHz, CDCl3) 165.0 (C=O), 159.9 

(C-4’), 153.8 (C-2), 148.9 (C-6), 140.2 (C-4), 136.5 (C-3), 130.5 (C-2’, 6’), 128.7 (C-1’), 125.2 (C-5), 

113.9 (C-3’, 5’), 55.3 (4’-OCH3), 52.6 (CO2CH3). νmax (ATR) 2960, 2849, 1726, 1614, 1591, 1523, 

1446, 1394, 1317, 1252, 1181 cm−1.  m/z (LC-MS, ES+) 279.0 ([M(35Cl)+H]+, 100%), 281.1 

([M(37Cl)+H]+, 28%), Accurate mass (ES+) m/z found [M(35Cl)+H]+ 278.0601, C14H13NO3
35Cl requires 

M 278.0584. 

 

(20yA) Methyl 5-(4’-methoxyphenyl)-6-(pyrrolidin-1”-yl)pyridine-3-carboxylate 

Following general procedure B and purification using EtOAC in hexane (0-15%) yielded the title 

compound as a light yellow amorphous solid (24 mg, 71%). H (599 MHz, CDCl3) 8.03 (2H, J = 8.8 

Hz, 3’, 5’-H), 7.46 (1H, d, J = 1.2 Hz, 6-H), 6.97 (2H, d, J = 8.8 Hz, 2’, 6’-H), 6.86 (1H, , d, J = 1.2 

Hz, 4-H), 3.95 (3H, s, CO2CH3), 3.85 (2H, s, 4’-OCH3), 3.62 (2H, m, 2’’, 5’’-H2), 2.08 – 2.01 (1H, m, 

3’’, 4’’-H2). C (151 MHz, CDCl3) 166.7 (C=O), 160.5 (C-4’), 157.0 (C-2), 155.6 (C-3), 139.1 (C-4), 

128.3 (C-2’, 6’), 113.8 (C-3’, 5’), 113.1 (C-1’), 105.9 (C-6), 104.4 (C-4), 55.3 (-OCH3), 52.4 (CO2CH3), 

47.0 (C-2’’, 5’’), 25.5 (C-3’’, 4’’). νmax (ATR) 2972, 1731, 1607, 1557, 1518, 1477, 1459, 1246, 1216, 
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1178, 1030 cm−1.  m/z (LC-MS, ES+) 313.1 ([M+H]+, 100%),  Accurate mass (ES+) m/z found [M+H]+ 

313.1571, C18H21N2O3 requires M 313.1552.  

 

(17x) Methyl 6-chloro-5-[4’-(trifluoromethyl)phenyl]pyridine-3-carboxylate 

Following General procedure A and purification using C18 reverse phase chromatography (H2O: 

MeCN, 0-100%) yielded the title compound as an off white amorphous solid (173 mg, 55%). H (599 

MHz, CDCl3)  9.02 (1H, d, J = 2.3 Hz, 6-H), 8.27 (1H, d, J = 2.3 Hz, 4-H), 7.85 – 7.67 (2H, m, 3’, 5’-

H ), 7.65 – 7.53 (2H, m, 2’, 6’-H), 3.98 (3H, s, CO2CH3). C (151 MHz, CDCl3) 164.6 (C=O), 153.5 (C-

2), 150.0 (C-6), 140.2 (C-4), 140.0 (C-1’), 135.5 (C-2), 131.01 (q, J = 32.8 Hz, C-4’) 129.7 (C-2’, 6’), 

127.7 (C-4), 125.5 (q J = 3.7 Hz C-3’,5’), 123.8 (q, J = 269.4 Hz, -CF3) 52.7 (CO2CH3). F (376 MHz, 

CDCl3) -62.73 (-CF3). νmax (ATR) 3070, 2964, 1714, 1596, 1397, 1323, 1261, 1169, 1124, 1071 cm−1.  

m/z (LC-MS, ES+) 316.4 ([M(35Cl)+H]+, 72%), 318.3 ([M(37Cl)+H]+, 22%), Accurate mass (ES+) m/z 

found [M(35Cl)+H]+ 316.0359, C14H10
35ClF3NO2 requires M 316.0352. 

 

(20xA) Methyl 6-(pyrrolidin-1”-yl)-5-[4’-(trifluoromethyl)phenyl]pyridine-3-carboxylate 

Following general procedure C and purification using EtOAc in hexane (0-15%) yielded the title 

compound as a light yellow amorphous solid (36 mg, 88%). H (599 MHz, CDCl3) 8.16 (2H, d, J = 8.1 

Hz, 3’, 5’-H), 7.68 (2H, d, J = 8.1 Hz, 2’, 6’-H), 7.53 (1H, d, J = 1.2 Hz, 6-H), 6.95 (1H, d, J = 1.2 Hz, 

4-H), 3.95 (3H, s, CO2CH3), 3.59 (4H, d, J = 6.4 Hz, C-2’’, 5’’-H2), 2.09 – 1.97 (4H, m, C-3’’, 4’’-H2). 

C (151 MHz, CDCl3) 166.44 (C=O), 157.3 (C-2), 154.50 (C-5), 142.6 (C-3), 139.2 (C-1’), 130.7 (q, J 

= 32.6 Hz C-6’), 127.1 (C-3’, 5’), 125.35 (C-2’, 6’), 124.1 (q, J = 263.78 Hz, CF3), 106.9 (C-6), 106.1 

(C-4), 52.5 (-OCH3), 47.0 (C-2’’, 5’’), 25.5 (C-3’’, 4’’). F (376 MHz, CDCl3) δ -62.52. νmax (ATR) 

2966, 2863, 1723, 1609, 1560, 1477, 1446, 1323, 1238, 1112 cm−1.  m/z (LC-MS, ES+) 351.1 ([M+H]+, 

100%),  Accurate mass (ES+) m/z found [M+H]+ 351.1308, C18H18F3N2O2 requires M 351.1320.  

 

(18y) Tert butyl 6-chloro-5-(4’-methoxyphenyl)pyridine-3-carboxylate 

Following General procedure A and purification using EtOAc in hexane yielded the title compound as 

an off white solid (140 mg 44%). mp. 177-178 oC (methanol). H (599 MHz, CDCl3) 8.86 (1H, d, J = 

2.5 Hz, 6-H), 8.16 (1H, d, J = 2.4 Hz, 4-H), 7.39 (2H, d, J = 9.1, 2’, 6’-H), 6.99 (2H, d, J = 9.1 Hz, 3’, 

5’-H), 3.86 (3H, s, 4’-OCH3), 1.59 (9H, s, (CH3)3). C (151 MHz, CDCl3) 163.6 (C=O), 159.9 (C-4’), 

153.3 (C-2), 148.9 (C-6), 140.1 (C-4), 136.3 (C-3), 130.5 (C-2’, 6’), 129.0 (C-1’), 126.9 (C-5), 113.9 

(C-3’ 5’), 82.5 (-C(CH3)3), 55.3 (-OCH3), 28.1 (C(CH3)3). νmax (ATR) 2987, 2830, 2164, 1726, 1593, 

1400, 1258, 1136, 1033 cm−1.  m/z (LC-MS, ES+) 320.1 ([M(35Cl)+H]+, 46%), 322.1 ([M(37Cl)+H]+, 

18%), 264.0 ([M(35Cl)-tBu+H]+, 100%), 266.0 ([M(37Cl)-tBu+H]+, 38%)   Accurate mass (ES+) m/z 

found [M(35Cl)+H]+ 320.1075, C17H19
35ClNO3 requires M 320.1053. 
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(21yA) Tert butyl 5-(4’-methoxyphenyl)-6-(pyrrolidin-1”-yl)pyridine-3-carboxylate 

Following general procedure D and purification using EtOAC in hexane (0-20%) yielded the title 

compound as a light yellow solid (26 mg, 75%). mp 248-249 oC (ethanol). H (700 MHz, CDCl3) 8.73 

(1H, d, J = 2.2 Hz, 6-H), 7.83 (d, J = 2.2 Hz, 1H), 7.24 – 7.20 (2H, m, 2’, 6’-H), 6.91 – 6.87 (2H, m, 3’, 

5’-H), 3.83 (3H, s, 4’-OCH3), 3.17 – 3.23 (4H, m, 2’’, 5’’-H2), 1.79 – 1.75 (4H, m, 3’’, 4’’-H2), 1.54 

(9H, s, C(CH3)3). C (176 MHz, CDCl3) 165.3 (C=O), 158.6 (C-4’), 148.2 (C-6), 140.6 (C-4), 132.4 (C-

1’) 130.1 (C-2’, 6’), 128.3 (C-2), 127.8 (C-3), 116.7 (C-5) 113.4 (C-3’, 5’), 80.5 (C(CH3)3), 55.7 (-

OCH3), 50.3 (C-2’’, 5’’), 28.3 (C(CH3)3), 25.6 (C-3’’, 4’’). νmax (ATR) 2985, 2880, 2256, 1699, 1598, 

1513, 1459, 1308, 1251, 1166 cm−1. m/z (LC-MS, ES+) 355.2 ([M+H]+, 100%), Accurate mass (ES+) 

m/z found [M+H]+ 355.2033, C21H27N2O3 requires M 355.2022 

 

(21yB) Tert butyl 5-(4’-methoxyphenyl)-6-(morpholin-4”-yl)pyridine-3-carboxylate 

Following general procedure D and purification using EtOAC in hexane (0-20%) yielded the title 

compound as a light yellow amorphous solid (30 mg, 87%). H (700 MHz, CDCl3) 8.74 (1H, d, J = 2.3 

Hz, 6-H), 7.92 (1H, d, J = 2.3 Hz, 4-H), 7.45 (2H, d, J = 8.7 Hz, 2’, 6’-C), 6.95 (2H, d, J = 8.7 Hz, 3’, 

5--H), 3.84 (3H, s, 4’-OCH3), 3.61 (4H, t, J = 4.7 Hz, 3’’, 5’’-H2), 3.21 (4H, t, J = 4.7 Hz, 2’’, 6’’-H2), 

1.56 (9H, s, C(CH3)3). C (176 MHz, CDCl3)  164.9 (C=O), 159.1 (C-4’), 147.7 (C-5), 140.5 (C-4), 

131.6 (C-1’), 128.8 (C-2’’, 6’’),  125.7 (C-2), 124.7 (C-3), 120.4 (C-5), 114.3 (C-3’’, 5’’), 81.1 

(C(CH3)3), 66.6 (C-2’’, 6’’), 55.3 (-OCH3), 48.8 (C-3’’, 5’’), 28.3 (C(CH3)3). νmax (ATR) 2967, 2246, 

1731, 1569, 1414, 1320, 1112 cm−1.  m/z (LC-MS, ES+) 371.2 ([M+H]+, 100%), Accurate mass (ES+) 

m/z found [M+H]+ 371.2000, C21H26N2O4 requires M 371.1971. 

 

(18x) Tert butyl 6-chloro-5-[4’-(trifluoromethyl)phenyl]pyridine-3-carboxylate 

Following General procedure A and purification using C18 reverse phase chromatography (H2O: 

MeCN, 0-100%) yielded the title compound as a white solid (177 mg, 32%). mp 105-106 oC. H (700 

MHz, CDCl3) 8.95 (1H, d, J = 2.3 Hz, 6-H), 8.18 (1H, d, J = 2.3 Hz, 3-H), 7.78 – 7.71 (2H, m, 2’,6’-

H), 7.61 – 7.56 (2H, m, 3’-5’-H), 1.61 (9H, s, C(CH3)3). C (176 MHz, CDCl3) 163.2 (C=O), 152.9 (C-

2), 150.0 (C-6), 140.24 (C-1’), 140.1 (C-4), 135.2 (C-3), 130.8 (q, J = 32.7 Hz, C-4‘) 129.7 (C-2’’, 6’’), 

127.1 (C-5), 125.4 (q, J = 3.7 Hz, C-3’’, 5’’) 123.8 (q, J = 272.6 Hz, -CF3) 82.9 (C(CH3)3), 28.1 

(C(CH3)3). F (376 MHz, CDCl3) -62.70 (-CF3). νmax (ATR) 2983, 2930, 1723, 1623,1598, 1392, 1320, 

1261, 1112 cm−1. m/z (LC-MS, ES+) 358.1 ([M(35Cl)+H]+, 42%), 360.1 ([M(37Cl)+H]+, 15%), 302.0 

([M(35Cl)-tBu+H]+, 100%), 304.0 ([M(37Cl)-tBu+H]+, 38%)   Accurate mass (ES+) m/z found 

[M(35Cl)+H]+ 358.0828, C17H16
35ClNO2F3 requires M 358.0822. 
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(21xB) Tert butyl 6-(morpholin-4”-yl)-5-[4’-(trifluoromethyl)phenyl]pyridine-3-carboxylate 

Following general procedure D and purification using EtOAC in hexane (0-20%) yielded the title 

compound as an off white amorphous solid (41 mg, 82%) H (599 MHz, CDCl3) 8.80 (1H, d, J = 2.2 

Hz, 6-H), 7.95 (1H, d, J = 2.2 Hz, 4-H), 7.67 (4H, m, Ar-H), 3.60 (4H, t, J = 4.7 Hz, 3’’, 5’’-H2), 3.20 

(4H, t, J = 4.7 Hz, 2’’, 6’’-H2), 1.56 (9H, s, C(CH3)3). C (151 MHz, CDCl3) 164.6 (C=O), 160.8 (C-2), 

149.1 (C-6), 143.26 (C-1’), 140.8 (C-4), 129.9 (q, J = 33.1 Hz C-4’)), 127.9 (C-2’, 6’), 125.9 (q, J = 3.7 

Hz, C-3’, 5’), 123.9 (q, J = 278.0 Hz, -CF3) 120.47 (C-5), 81.3 (-C(CH3)3, 66.4 (C-3’’, 5’’), 49.1 (C-

2’’, 6’’), 28.2 (C(CH3)3). F (376 MHz, CDCl3) -62.55 (-CF3). νmax (ATR) 2950, 2829, 1729, 1678, 

1610, 1497, 1343, 1265, 1184 cm−1. m/z (LC-MS, ES+) 409.1 ([M+H]+, 100%), 353.1 ([M-tBu+H]+, 

52%), Accurate mass (ES+) m/z found [M+H]+ 409.1750, C21H24F3N2O3 requires M 409.1739. 

 

(22zA) Methyl 5-(4’-nitrophenyl)-2-(pyrrolidin-1”-yl)pyridine-3-carboxylate 

Following general procedure A gave the crude aryl-nicotinate intermediate which was used without 

further purification according to general procedure C to yield, upon purification using EtOAc in hexane 

(0-25%) the title compound as a dark yellow amorphous solid (62 mg, 32%), H (700 MHz, CDCl3) 

8.58 (1H, d, J = 2.5 Hz, 6-H), 8.27 (2H, d, J = 8.8 Hz, 3’, 5’-H), 8.17 (1H, d, J = 2.5 Hz, 3-H), 7.67 

(2H, d, J = 8.8 Hz, 2’, 6’-H), 3.93 (3H, s, CO2CH3), 3.51 (4H, d, J = 6.6 Hz, 2’’, 5’’-H2), 1.99 (4H, d, J 

= 6.6 Hz, 3’’, 4’’-H2). C (176 MHz, CDCl3) 167.2 (C=O), 155.42 (C-2), 152.92 (C-3), 146.6 (C-4’), 

130.41 (C-6), 129.00, 126.2, (C-2’’, C-6’’), 124.4 (C-3’, 5’), 121.5 (C-5), 117.48 (C-1’), 52.49 

(CO2CH3), 50.30 (C-2’’, 5’’), 25.58 (C-3’’, 4’’). νmax (ATR) 2925, 2291, 1970, 1757, 1669, 1561, 1533, 

1371, 1280, 1168 cm−1. m/z (LC-MS, ES+) 328.1 ([M+H]+, 100%), Accurate mass (ES+) m/z found 

[M+H]+ 328.1291, C17H18N3O4 requires M 328.1297. 

 

(19y) Methyl 2-chloro-5-(4’-methoxyphenyl)pyridine-3-carboxylate 

Following general procedure A and purification using EtOAc in hexane (0-25%) yielded the title 

compound as a white amorphous solid. Purification using (0-35% EtOAc-hexane,) afforded the title 

compounds as an amorphous white solid (55 mg, 20%) δH (700 MHz, CDCl3) 8.71-8.64 (1H, m, 6-H), 

8.30 (1H, d, J = 2.5, 4-H), 7.54-7.50 (2H, m, 2-H), 7.04-6.98 (2H, m, 3',5’-H), 3.98 (3H, s, CO2CH3), 

3.86 (3H, s, 4'-OCH3); δC (176 MHz, CDCl3) 165.1 (C=O), 160.3 (C-2), 149.5 (C-6), 147.8 (C-5), 137.9 

(C-4), 135.2 (C-1), 128.2 (C-2'), 127.7 (C-1’), 126.4 (C-3), 114.8 (C-3'), 55.4 (5'-OCH3), 52.9 

(CO2CH3); νmax (ATR) 3019, 2961, 2933, 2839, 1737 (s) (C=O), 1608, 1582, 1552, 1515, 1324, 1310, 

1293, 1226, 1184, 1064, 1054, 1033, cm−1. m/z (LC-MS, ES+) [M+H]+ 279.8 (100), Accurate mass (ES+) 

m/z found [M+H]+ 278.0583, C14H13NO3Cl requires M 278.0584. 
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(22yB) Methyl 5-(4”-methoxyphenyl)-2-(morpholin-4’-yl)pyridine-3-carboxylate 

Following general method C and purification using EtOAc in heptane (20-30%) yielded the title product 

as a white amorphous solid (141 mg, 93%). δH (700 MHz, CDCl3) 8.51 (1H, s, 6-H), 8.20 (1H, s, 4-H), 

7.47 (2H, d, J = 8.0, 2’’,6’’-H), 6.98 (2H, d, J = 8.0, 3’’, 5’’-H), 3.91 (3H, s, CO2CH3), 3.85 (7H, m, 

OCH3, 3’, 5’-H2), 3.44 (4H, m, 2’, 6’-H2); δC (176 MHz, CDCl3) 167.5 (CO2CH3), 159.3 (C-4’’), 158.2 

(C-2), 148.4 (C-6), 138.8 (C-4), 129.5 (C-1’’), 127.6 (C-5), 127.4 (C-2’’, 6’’), 114.5 (C-3’’, 5’’), 113.6 

(C-3), 66.9 (C-3’, 5’), 55.4 (OCH3), 52.2 (CO2CH3), 49.9 (C-2’’, 6’’); νmax (ATR) 1717, 1601, 1472, 

1440, 1246, 1212, 1182, 1114, 1087 cm−1; Accurate Mass (ESI) m/z found [M+H]+ 329.1510; 

C18H21N2O4 requires M, 329.1501. 

 

(22yC) Methyl 5-(4”-methoxyphenyl)-2-(piperidin-1’-yl)pyridine-3-carboxylate 

Following general procedure C and purification using EtOAc in heptane yielded the title compound as 

a yellow amorphous solid (57 mg, 89%). δH (700 MHz, CDCl3) 8.47 (1H, d, J = 2.4, 6-H), 8.11 (1H, d, 

J = 2.4, 4-H), 7.45 (2H, d, J = 8.6, 2’’, 6’’-H), 6.97 (2H, d, J = 8.6, 3’’, 5’’-H), 3.91 (3H, s, CO2CH3), 

3.84 (3H, s, OCH3), 3.39 (4H, m, 2’, 6’-H2), 1.68 (6H, m, 3’, 4’, 5’-H2); δC (176 MHz, CDCl3) 168.4 

(CO2CH3), 159.2 (C-4’’), 158.6 (C-2), 148.3 (C-6), 138.7 (C-4), 130.0 (C-1’’), 127.5 (C-2’’, 6’’), 126.4 

(C-5) 114.6 (C-3’’, 5’’), 113.4 (C-3), 55.5 (OCH3), 52.3 (CO2CH3), 50.7 (C-2’, 6’), 26.1 (AlkC), 24.7 

(AlkC); max (ATR) 1716, 1694, 1608, 1441, 1247, 1180 cm−1; Accurate Mass (ESI) m/z found [M+H]+ 

327.1701; C19H23N2O3 requires M, 327.1709. 

 

(22yE) Methyl 2-(butylamino)-5-(4’-methoxyphenyl)pyridine-3-carboxylate 

Following general procedure C and purification using EtOAC in hexane (0-20%) yielded the title 

compound as a yellow amorphous solid (38 mg, 60%). H (700 MHz, CDCl3) 8.50 (1H, d, J = 2.5 

Hz, 6-H), 8.32 (1H, d, J = 2.5 Hz, 4-H), 7.42 (2H, d, J = 8.7 Hz, 2’, 6’-H), 6.96 (2H, d, J = 8.7 

Hz, 3’, 5’-H), 3.89 (3H, s, CO2CH3), 3.83 (3H, s, 4’-OCH3), 3.60-3.52 (2H, m, 1’’-H2), 1.71 – 

1.63 (2H, m, 2’’-H2), 1.52 – 1.42 (2H, m, 3’’-H2), 0.97 (3H, t, J = 7.4 Hz, 4’’-H3). δC NMR (176 

MHz, CDCl3) 162.6 (C=O), 159.0 (C-4’), 152.9 (C-2), 146.4 (C-6), 138.6 (C-4), 131.0 (C-1’), 

127.1 (C-2’, 6’), 123.9 (C-5), 117.8 (C-4), 114.4 (C-3’, 5’), 67.1 (C-1’’), 55.4 (-OCH3), 52.0 

(CO2CH3), 31.6 (C-2’’), 20.3 (C-3’’), 13.9 (C-4’’). max (ATR) 3381, 2960, 2259, 1693, 1611, 

1504, 1243, 1036 cm−1.  m/z (LC-MS, ES+) 313.3 ([M-H]-, 100%), Accurate mass (ES+) m/z found 

[M+H]+ 315.1705, C18H23N2O3 requires M 315.1709.  
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(19’y) Methyl 2-fluoro-5-(4-methoxyphenyl)pyridine-3-carboxylate 

Following general procedure A, and purification using EtOAc in heptane (0-20% ) yielded the title 

product as an off-white amorphous solid (715 mg, 62%). δH (700 MHz, CDCl3) 8.51 (2H, m, 4, 6-H), 

7.50 (2H, m, 2’, 6’-H), 7.01 (2H, m, 3’, 5’-H), 3.98 (3H, s, CO2CH3), 3.86 (OCH3); δC (176 MHz, 

CDCl3) 164.0 (d, J = 8.1, CO2CH3), 160.5 (d, J = 249.8, C-2), 160.3 (C-4’), 149.1 (d, J = 15.4, ArC), 

141.7 (d, J = 1.6, ArC), 135.0 (C-5), 128.3 (C-2’, 6’), 128.0 (C-1’), 114.9 (C-3, 5’), 113.4 (d, J = 25.6, 

C-3), 55.6 (OCH3), 53.0 (CO2CH3); δF (376 MHz, CDCl3) −66.3 (s); νmax (ATR) 1722, 1603, 1459, 

1446, 1327, 1292, 1249, 1179, 1089, 1042, 977 cm−1; Accurate Mass (ASAP) m/z found [M]+ 261.0824; 

C14H12FNO3 requires M, 261.0801 

 

(19’’y) Methyl 2-methoxy-5-(4-methoxyphenyl)pyridine-3-carboxylate 

Following general procedure A and purification using EtOAc in heptane (0-15%) yielded the title 

compound as a white amorphous solid (229 mg, 76%). δH (700 MHz, CDCl3) 8.49 (1H, d, J = 2.2, 

6-H), 8.34 (1H, d, J = 2.2, 4-H), 7.48 (2H, m, 2’, 6’-H), 7.00 (2H, m, 3’, 5’-H), 4.10 (3H, s, 2-

OCH3), 3.93 (3H, s, CO2CH3), 3.86 (3H, s, 4’-OCH3); δC (176 MHz, CDCl3) 165.7 (CO2CH3), 

161.4 (C-2), 159.7 (C-4’), 148.2 (C-6), 139.7 (C-4), 129.8 (C-5), 129.3 (C-1’), 128.0 (C-2’, 6’), 

114.7 (C-3’, 5’), 113.9 (C-3), 55.5 (4’-COCH3), 54.6 (2-COCH3), 52.5 (CO2CH3); νmax (ATR) 

1732, 1606, 1563, 1519, 1474, 1417, 1327, 1285, 1245, 1181, 1087, 1060, 1014 cm−1. Accurate 

Mass (ASAP) m/z found [M+H]+ 274.1075; C15H16NO4 requires M, 274.1079. 

(19x) Methyl 2-chloro-5-[4’-(trifluoromethyl)phenyl]pyridine-3-carboxylate 

Following general procedure A and purification using EtOAc in hexane (0-15%) to yield the title 

compound as a white amorphous solid (64 mg, 24%); δH (700 MHz, CDCl3) 8.74 (1H, m, 6-H), 8.,37 

(1H, d, J = 2.1, 4-H), 7.77 (2H, d, J = 8.1, C-2’, 6’), 7.70 (2H, d, J = 8.1, C-3’, 5’), 4.00 (3H, s, CO2CH3). 

δC (176 MHz, CDCl3) δ 164.9 (C=O), 149.9 (C-2), 149.8 (C-6), 139.1 (C-5), 138.9 (C-4), 134.2 (C-1’), 

131.2 (q, J=33.2 Hz, C-4’), 127.7 (C-2’, 6’), 126.5 (q, J=3.8 Hz, C-3’, 5’)), 124.0 (q, J=272.0 Hz, -

CF3), 121.5 (C-3), 53.2 (CO2CH3), δF (376 MHz, CDCl3) δ -62.83 (-CF3); νmax (ATR) 2174, 1982, 1730 

(C=O), 1555, 1520, 1414, 1224, 1111, 1052, 1033, 962, cm-1; m/z (LCMS-ESI) 318 ([M(37Cl)]+, 31 %), 

316 ([M(35Cl)+H]+), 100), Accurate Mass (ESI-TOF) m/z Found [M+H]+ 316.0345, C14H20NO2F3
35CI 

requires M 316.0352. 

 

(22xA) Methyl 2-(pyrrolidin-1”-yl)-5-[4’-trifluoromethylphenyl]pyridine-3-carboxylate 

Following general procedure C and purification using EtOAc in hexane (0-20%) yielded the title 

compound as an amorphous white solid (23 mg, 50%). δH (700 MHz, CDCl3) 8.53 (1H, bs, 6-H), 8.11 

(1H, d, J = 2.2, 4-H), 7.69-7.61 (4H, m, Ar), 3.92 (3H, s, CO2CH3), 3.47-3.45 (4H, m, 2", 5"-H2), 1.97-



412 
 

1.94 (4H, m, 3",4"-H2); δC (176 MHz, CDCl3) 167.7 (C=O), 155.3, 148.7, 141.1, 138.0 128.7, 126.6,  

126.1, 124.4, 122.7, 110.8, 52.4, 49.9, 25.8; δF (564 MHz, CDCl3) -62.42; νmax (ATR) 2979, 2954, 2876, 

1710 (C=O) , 1599, 1546, 1488, 1479, 1321, 1244, 1211, 1160, 1137, 1116, 1100,cm-1; m/z (LCMS-

ESI) 350 ([M]+, 86 %), 351 ([M+H]+, 100%), Accurate Mass (ESI-TOF) m/z Found [M+H]+ 351.1300, 

C18H19N2O2F3 requires M 351.1320. 

 

(22xB) Methyl 2-(morpholin-4"-yl)-5-[4’-(trifluoromethyl)phenyl]pyridine-3-carboxylate 

Following general procedure C and purification using EtOAc in DCM (0-20%) yielded the title 

compound as a white amorphous solid (16 mg, 43%) ; δH, (700 MHz, CDCl3) 8.56-8.54 (1H, m, 6-H), 

8.25 (1H, d, J 2.5 Hz, 4-H), 7.71-7.63 (4H, m, Ar), 3.93 (3H, s, CO2CH3), 3.85-3.81 (4H, m, 3", 5"-H2), 

3.52-3.49 (4H, m, 2", 6"-H2); δC (176 MHz, CDCl3) 167.3 (C=O), 158.6 (C-2), 148.7 (C-6), 140.6 (C-

1’), 139.5 (C-4) 129.4 (q, J = 32.4 Hz, C-4'), 126.4 (C-2’,6’), 126.0 (q, J = 33.1 Hz, C-3’, 5’), 124.1 (q, 

J = 272.2 Hz, CF3), 123.1 (C-5) 113.1 (C-3), 66.8 (C-3", 5"), 52.4 (CO2CH3), 49.6 (C-2", 6"); δF (376 

MHz, CDCl3) -62.47 (CF3); νmax 2957, 2925, 2847, 1707 (C=O), 1599, 1537, 1526, 1478, 1452, 1441, 

1422, 1324, 1252, 1213, 1162, 1109, 1098, 1073, 1052, 1043, 1016 cm-1, m/z (LCMS-ESI) 367 

([M+H]+, 100%). Accurate Mass (ESI-TOF) m/z Found [M+H]+ 367.1265, C18H18N2O3F3 requires M 

367.1270 

 

(22xC) Methyl 2-(piperidin-1"-yl)-5-[4’-(trifluoromethyl)phenyl]pyridine-3-carboxylate 

Following general procedure C and purification using EtOAc in DCM (0-20%) yielded the title 

compound as a white amorphous solid; (5 mg, 13%); δH (700 MHz, CDCl3) 8.52 (1H, d, J = 2.5, 6-H), 

8.17 (1H, d, J = 2.5, 4-H), 7.70-7.61 (4H, m, Ar), 3.91 (3H, s, CO2CH3), 3.45 (4H, bs, 2", 6"-H2), 1.69 

(6H, bs,  3",4" ,5"-H2); δC (176 MHz, CDCl3) 168.0, 157.3, 148.6, 141.0, 139.3, 129.4, 126.4, 126.0, 

125.2, 123.6, 112.9, 52.4, 50.4, 26.0, 24.7; δF (376 MHz, CDCl3) -62.42 (-CF3); νmax 2952, 2876, 2360, 

1711 (C=O), 1599, 1541, 1489, 1480, 1461, 1448, 1434, 1322, 1244, 1211, 1160, 1138, 1102, 1086, 

1071, 1052, 1014 cm-1; m/z (LCMS-ESI) 364 ([M]+, 60%), 365 ([M+H]+, 100%), Accurate Mass (ESI-

TOF) m/z Found [M+H]+ 365.1464, C19H21N2O2F3 requires M 365.1477. 

 

(19v) Methyl 2-chloro-5-(thiophen-3’-yl)pyridine-3-carboxylate 

Following general procedure A and purification using EtOAc in hexane (0-35%) yielded the title 

compound as an off white amorphous solid (55 mg, 19%). δH (400 MHz, CDCl3) 8.72 (1H, m, 6-H), 

8.32 (1H, d, J = 2.4, 4-H), 7.58 (1H, dd, J = 3.0, 1.4, 4'-H), 7.47 (1H, dd, J = 5.0, 3.0, 3'-H), 7.38 (1H, 

dd, J = 5.0, 1.4, 2'-H), 3.98 (3H, s, CO2CH3); δC (101 MHz, CDCl3) 168.0 (C=O), 159.6, 157.3, 150.1, 

143.2, 140.8, 136.5, 127.8, 125.7, 123.1, 53.0 (CO2CH3). νmax (ATR) 3091, 2960, 2360, 1738, 1722 

(C=O), 1596 , 1562, 1525, 1432, 1418, 1404, 1327, 1296, 1242, 1194, 1134, 1101, 1064, 918, 776 cm−1. 
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m/z (GC-MS, ES+) 222 ([M-OMe]+), 253 ([M]+); Accurate Mass (ESI-TOF) m/z Found [M+H]+ 

254.0048, C11H9NO2S35CI requires M 254.0043. 

 

(19s) Methyl 2-chloro-5-phenylpyridine-3-carboxylate 

Following general procedure A and purification using EtOAc in hexane (0-35%) yielded the title 

compound as an off white amorphous solid (27 mg, 38%); δH, (700 MHz, CDCl3) 8.71 (1H, d, J = 2.6, 

6-H), 8.35 (d, J = 2.6, 1H, 4-H), 7.58 (2H, m, 2',6’-H), 7.50 (2H, m, 3',4’-H), 7.45 (1H, t, J = 7.4, 4'-

H), 3.99 (3H, s, CO2CH3); δc (176 MHz, CDCl3) 165.0 (3-CO2CH3, 149.9 (C-6), 138.5 (C-4), 135.6, 

135.4, 129.3, 129.3 (C- 3'), 128.9 (C-4), 127.0 (C-2'), 126.5, 52.9 (3-CO2CH3); νmax (ATR) 2359, 2184, 

1731 (C=O), 1425, 1317, 1255, 1129, 1064 cm−1. m/z (LCMS-ESI) 247 ([M]+, 67%), 248 ([M+H]+, 

100).  

 

(19r) Methyl 2-chloro-5-[4’-(methoxycarbonyl)phenyl]pyridine-3-carboxylate 

Following general procedure A and purification using EtOAc in hexane (0-35%) yielded the title 

compound as a white amorphous solid (57 mg, 65 %); δH (700 MHz, CDCl3) 8.76 (1H, bs, 6-H), 8.39 

(1H, d, J = 2.4, 4-H), 8.17 (2H, d, J = 8.3, Ar-H), 7.66 (2H, d, J = 8.3, Ar -H), 4.00 (3H, s, 4’-CO2CH3), 

3.96 (3H, s, 3-CO2CH3); δc (176 MHz, CDCl3) 166.4 (4’-CO2CH3), 164.8 (3-CO2CH3) 149.9 (C-6), 

149.5 (C-2), 139.7 (C-4), 138.7 (C-3), 130.5 (C-3’,5’), 130.5 (C-4'), 127.0 (C-5), 123.3 (C-2’, 6’), 121.8 

(C-1’), 53.0 (3-CO2CH3), 52.3 (4’-CO2CH3); νmax (ATR) 2364, 1711 (C=O), 1427 , 1275, 1108, 1060, 

767, 421 cm−1. m/z (LCMS-ESI); 306 ([M+H]+ 100 %), 307 ([M+2]+, 32%), 328 ([M+Na]+, 9%); 

Accurate Mass (ESI-TOF) m/z Found [M+H]+ 306.0540, C15H13ClNO4 requires M 306.0533. 

 

(22rA) Methyl 5-[4’-(methoxycarbonyl)phenyl]-2-(pyrrolidin-1”’-yl)pyridine-3-carboxylate 

Following general procedure C and purification using EtOAC in hexane (0-20%) yielded the title 

compound as an off white amorphous solid (19 mg, 81%). H (700 MHz, CDCl3) 8.56 (1H, d, J = 2.5 

Hz, 6-H), 8.15 (1H, d, J = 2.5 Hz, 4-H), 8.07 (1H d, J = 8.4 Hz, 2’, 6’-H), 7.59 (2H, d, J = 8.4 Hz, 3’, 

5’-H), 3.89-3.94 (6H, m, CO2Me), 3.48 (4H, t, J = 7.0, 2’’, 5’’-H2), 1.97 (4H, t,  J = 7.0, 3’’, 4’’-H2); 

C (176 MHz, CDCl3) 168.9 (4’-C=O), 166.9 (3-C=O), 144.1, 142.0, 138.3, 138.2, 134.0, 130.3, 128.4, 

125.6, 122.8, 52.3, 52.1, 49.9, 25.6. νmax (ATR) 3025, 2957, 1719, 1591, 1536, 1477, 1462, 1438, 1326, 

1273, 1089 cm−1. m/z (LCMS-ESI); 341.2 ([M+H]+ 100 %), Accurate mass (ES+) m/z found [M+H]+ 

341.1509, C19H21N2O4 requires M 341.1501.  
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(23) 1,4-dimethyl-7-phenyl-1H,2H,3H,4H,5H-pyrido[2,3-e][1,4]diazepin-5-one 

Following general procedure C and purification with EtOAc in DCM (0-10%), yielded the title 

compound as a white amorphous solid (10 mg, 60 %); δH (700 MHz, CDCl3) 8.56 (1H, m, 6-H)), 8.29 

(1H, d, J = 2.8, 8-H), 7.56 (2H, dd, J = 8.2, 1.4, 2’-H, 6’-H), 7.43 (2H, td, J = 7.5, 8.2, 3', 5’-H), 7.33 

(1H, td, J = 7.5, 1.4 Hz , m , 4'-H), 3.67-3.58 (4H, m, 2-H2, 3-H2), 3.22 (3H, s, 4"-H), 3.13 (3H, s, 1"-

H); δC (176 MHz, CDCl3) 169.3, 153.9, 149.5, 146.0, 139.5, 130.6, 129.3, 127.8, 127.7, 127.6, 126.7, 

118.8, 52.6, 48.4, 39.4, 36.0. vmax 2925, 1716, 1632 (C=O) , 1599 , 1513, 1450, 1412, 1379, 1312, 1260, 

1054, 1028  cm-1. m/z (LC-MS, ES+) 268 ([M+H]+, 100), Accurate Mass (ESI-TOF) m/z found [M+H]+ 

268.1456, C16H13N3O requires [M+H] 268.1450. 

 

(24) Methyl 2-(pyrrolidin-1’-yl)pyridine-3-carboxylate 

Following general procedure C and purification by 3 successive washes of the organic layer with water, 

the title compound was isolated as an orange oil (492 mg, 80%); δH (700 MHz, CDCl3) 8.21-8.17 (1H, 

m, 6-H), 7.80 (1H, m, 5-H), 6.53 (1H, m, 4H), 3.82 (3H, s, CO2CH3), 3.35 (4H, t,  J  = 6.3, 2’,5’-H2), 

1.87 (4H, m, 3’,4’-H2). δC (176 MHz, CDCl3) 167.9 (C=O), 155.8 (C-2), 150.4 (C-6), 139.5 (C-5), 110.9 

(C-4), 110.7 (C-3), 52.0 (OCH3), 49.5 (C-2’,5’), 25.6 (C-3’, 4’); vmax 2948, 2872, 1709 (C=0), 1585, 

1549, 1470, 1444, 1284, 1247, 1220, 1114, 1083, 1053, 764, 746 cm-1; m/z (LCMS-ESI) 175 ([M-

OMe]+, 75%), 206, ([M]+, 65%), 208 ([M+2H]+, 100%), 209 ([M+3H]+, 20%) Accurate Mass (ESI-

TOF) m/z found [M+H]+ 207.1124, C11H15N2O2 requires M, 207.1134 

 

(25) Methyl 2-(4’-methoxyphenyl)pyridine-4-carboxylate 

Following general procedure A, the crude cross-coupling reaction product used without further 

purification and was dissolved in ethanol (20 mL) to which ammonium formate (2.5 g, 40 mmol) was 

added. The reaction vessel was evacuated and backfilled with nitrogen (3 cycles) before 10% Pd/C (106 

mg, 0.1 mmol) was slowly added under a positive pressure of nitrogen. The reaction was stirred at room 

temperature for 2 h then filtered through a plug of Celite and absorbed onto silica. Purification using 

EtOAc in hexane (0-20%) yielded the title compound as a white amorphous solid (230 mg, 47%). δH 

(700 MHz, CDCl3) 8.77 (1H, d, J = 5.0 6-H), 8.22 (1H, s, 3-H), 8.01 (2H, m, 2’, 6’-H), 7.69 (1H, d, J 

= 5.0, 5-H), 7.00 (2H, m, 3’, 5’-H), 3.97 (3H, s, CO2CH3), 3.86 (3H, s, OCH3); δc (176 MHz, CDCl3) 

166.0 (CO2CH3), 161.0 (C-4’), 158.2 (C-2), 150.4 (C-6), 138.1 (C-4), 131.2 (C-1’), 128.4 (C-2’, 6’), 

120.4 (C-5), 119.0 (C-3), 114.3 (C-3’, 5’), 55.5 (OCH3), 52.8 (CO2CH3); νmax (ATR) 1730, 1607, 1580, 

1557, 1516, 1467, 1436, 1421, 1390, 1301, 1274, 1249, 1176, 1111, 1060, 1031 cm−1; Accurate Mass 

(ASAP) m/z found [M+H]+ 244.0957; C14H14NO3 requires M, 244.0974. 
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(26) methyl 2-(4’-nitrophenyl)-6-phenylpyridine-4-carboxylate 

Methyl 2-chloro-6-(4-nitrophenyl)pyridine-4-carboxylate (2cz) (130 mg, 0.45mmol, 1equiv.) was 

combined with phenyl boronic acid (1.2 equiv)) and CsCO3 (1.5 equiv) and was subjected to 3 N2 

purge/refill cycles. DMAC (0.5M) was added and the vial was subjected to microwave irradiation for 

18 hours at 100 oC. Purification using C18 reverse phase chromatography yielded the title compound 

as a yellow oil (36 mg, 24%). δH (700 MHz, CDCl3) 8.40 – 8.35 (4H, m), 8.33 (1H, d, J = 1.2 Hz), 

8.31(1H, d, J = 1.2 Hz), 8.21 – 8.18 (2H, m), 7.54 (2H dd, J = 8.2, 6.7 Hz), 7.49 (1H, d, J = 6.7 Hz,), 

4.04 (3H, s, OCH3). δc (176 MHz, CDCl3) 165.5, 158.5, 155.3, 148.4, 144.4, 139.6, 138.0, 129.9, 128.9, 

127.9, 127.1, 124.0, 119.3, 118.5, 53.0. νmax (ATR) 2970, 2801, 2299, 1731, 1662, 1572, 1496, 1331, 

1271, 1146 cm−1.  m/z (LCMS-ESI) 335.1 ([M+H]+, 100%), Accurate Mass (ES+) m/z found [M+H]+ 

335.1046, C19H15N2O4 requires M, 335.1032. 

 

(27) Ethyl 2-{[2-(4’-methoxyphenyl)-6-(pyrrolidin-1”-yl)pyridin-4-yl]formamido}propanoate 

Tert butyl 2-(4-methoxyphenyl)-6-(pyrrolidin-1-yl)pyridine-4-carboxylate (3dyA) (38 mg, 0.1mmol, 

1equiv.) was treated with TFA for 1 hour when the reaction was concentrated in a stream of nitrogen. 

The crude residue was combined with HBTU (1.1equiv.), DMAP (1.1equiv.) and DCM (0.1M). The 

mixture was allowed to stir for 16 hours and quenched with water and extracted with DCM. Purification 

by column chromatography using EtOAc in Hexane (0-70%) afforded the title compound as a light 

yellow oil (31 mg, 67% (over 2 steps)). δH (700 MHz, CDCl3) 8.01 (2H, d, J = 8.8 Hz, 2’, 6’-H), 7.16-

7.20 (1H, m, 3-H), 6.95 (2H, d, J = 8.8 Hz, 3’, 5’-H), 6.60-6.68 (1H, m, 5-H),  4.76 (1H, q, J = 7.2 Hz), 

4.25 (2H, q, J = 7.1 Hz, OCH2), 3.84 (3H, s, OCH3), 3.56-3.60 (4H, m, 2’’, 5’’-H), 1.99-2.03 (4H, m, 

3’’, 4’’-H2), 1.54 (3H, d, J = 7.2 Hz, C CH3), 1.31 (t, J = 7.1 Hz, CH2CH3). δC (176 MHz, CDCl3) 173.0 

(NHC=O), 166.5 (OC=O), 165.9 (C-4’), 160.5 (C-2), 143.4 (C-6), 131.0 (C-3), 128.4 (C-2’, 6’), 128.3 

(C-5), 127.8 (C-4), 125.8 (C-1’), 113.8 (C-3’, 5’), 61.7 (-OCH2), 55.3 (OCH3), 48.6 (C ) 48.2 (C-2’’, 

5’’), 25.5 (C-3’’, 4’’), 18.2 (C CH3), 14.1 (CH2CH3). νmax (ATR) 3227, 2975, 2259, 1738, 1655, 1604, 

1518, 1456, 1349, 1026 cm−1. m/z (LCMS-ESI) 398.7 ([M+H]+, 100%), Accurate Mass (ES+) m/z found 

[M+H]+ 398.2079, C22H28N3O4 requires M, 398.2080  
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